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ABSTRACT Studies were made on the structures of the liver lecithins and tri-
glycerides of essential fatty acid_ (EFA)-deficient male rats of the Sprague-Dawley
strain fed 5% supplements of CIS, cis-linoleate, cis-9, trans-12-linoleate or trans-9,
trans-12-linoleate or various mixtures of each of these compounds with CIS, cis-
linoleate or linolenate for 18 to 20 days. Enzymatic hydrolysis of lecithins with phos-
pholipase A and triglycerides with pancreatic lipase showed that the CIS, CIS and
cis-9, trans-12 isomers of linoleic acid were esteriiied predominately in the secondary
positions, and that the trans, trans isomer was esteriiied predominately in the pri-
mary positions in these compounds. The precise positional arrangement of the geo-
metric isomers of linoleic acid, as well as of other fatty acids, in any single molecular
species, was influenced not only by the position to which they were directed dom-
inantly but also by the relative degree that the other fatty acids were directed
into the same position. The saturated fatty acids were esteriiied predominately in
the primary positions in all molecular species; the trans, trans isomer of linoleic
acid was esteriiied predominately in the primary positions in all molecular species
except those containing saturated fatty acids. The CIS, CIS isomer of linoleic acid
was esteriiied predominately in the /3-position in all molecular species, except when
it was associated with arachidonic acid which was esteriiied predominately in the
/3-position in all molecular species in which it was a constituent. Oleic acid and
cis-9, trans-12-linoleic acid were distributed in the /3-position with saturated or trans,
iraws-linoleic acid, and in the a-position with all other polyunsaturated fatty acids.

It is well-established that fatty acids
containing trans double bonds fed to rats
are readily absorbed (1-5) and deposited
in the tissue lipids (6-17). The nutri-
tional effects of trans acids have not been
clearly delineated although it has been
well-demonstrated that they have no es-
sential fatty acid activity (6, 8, 18, 19).
The metabolic pathways of trans acids
likewise have not been completely defined.
Studies in this laboratory (6, 20) showed
that little if any linoelaidate was con-
verted to tetraene in the rat and that the
cis-9, trans-12 isomer of linoleic acid was
converted, but less efficiently than the cis,
cis isomer, to eicosatetraenoic acid. Re-
cently Selinger and Holman (21) also
concluded that little if any linoelaidic acid
was converted to tetraene in the rat, al-
though earlier Holman (18) observed an
increase in tetraene on feeding this isomer
of linoleate and had concluded that it was
converted to eicosatetraenoic acid. Knip-
prath and Mead (22) reported that the
trans, trans isomer of linoleic acid was
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converted to eicosatetraenoic acid at least
as efficiently as that of the naturally oc-
curring cis, cis isomer on the basis of
radioactive tracer experiments, although
some of their other experiments did not
appear to support this conclusion. A num-
ber of studies (21, 23)23 have shown that
trans acids are preferentially esteriiied in
the primary positions of lecithins and tri-
glycerides. Raulin et als4 also showed
that trans acids are preferentially esteri-
fied in the primary position of phospha-
tidylethanolamine.

In general, studies on the metabolism
of trans acids have been made with par-
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tially hydrogenated, or elaidinized fats,
linoelaidic acid or elaidic acid. In a re-
cent study, Dr. W. E. M. Lands and the
authorss demonstrated that the config-
uration and location of the double bonds
influenced the rate of acyltransferase-
catalyzed esterification of the geometric
isomers of linoleic acid with a- or (3-lyso-
lecithin. It was also shown that the trans,
trans and cis-9, trans-12 isomers of lino-
leic acid were preferentially esterified in
the primary and secondary positions, re-
spectively, in liver triglycerides and leci-
thins of the rat in in vivo experiments.

Presented here are further studies on
the structures of liver lecithins and tri-
glycerides of male rats of the Sprague-
Dawley strain fed cis-9, cis-12; cis-9, trans-
12; and trans-9, trans-12 isomers of methyl
linoleate alone, in various mixtures and
with linolenate.

MATERIALS

Highly purified > 99% methyl linoleate,
linoelaidate (trans, trans isomer of lino-
leate), and all-cis-linolenate were obtained
from The Hormel Institute. Methyl cis-9,
trans-12-octadecadienoate (cis-9, trans-12
isomer of linoleate) was prepared from
pure ricinoleic acid via dehydration and a
combination of fractional distillation and
crystallization of the methyl esters as de-
scribed by Jackson et al. (24). This com-
pound contained only traces of impurities
of other positional isomers as shown by a
study of its structure by a special ozono-
lysis technique.s

METHODS

Nine groups of a minimum of 5 male
rats of the Sprague-Dawley strain, main-
tained from weaning to 4 months of age
with a fat-free diet to make them deficient
in essential fatty acids, were used in the
present experiments. They were fed for
short periods (18 to 20 days), 5% by
weight as supplements to a fat-free diet,
the above compounds in various combina-
tions as follows: 1) fat-free (F.F. group
(no supplement); 2) cis, cis-linoleate
(cis,cis group); 3) cis-9, trans-12-linoleate
(cis,trans group); 4) trans, tnms-linoleate
(trans, trans group); 5) trans, trans and
cis, cis isomers of linoleate (1:1) (trans,
trans and cis, cis group); 6 ) trans, trans-
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linoleate, linolenate (1:1) (trans, trans
and linolenate group); 7) cis-9, trans-12-
linoleate and cis, cis-linoleate (1:1) (cis,
trans and cis, cis group); 8) cis-9, trans-
12-linoleate and linolenate (1:1) (cis,
frans-linoleate and linolenate group); 9)
linolenate (linolenate group).

The fat-free diet consisted of 17%
vitamin-test casein, 73% sucrose, 4%
non-nutritive cellulose,7 4% Wesson salt
mixture (25), 1% of casein containing
10% choline chloride and 1% of casein
containing 5.2% of the following vitamin
mixture: (in per cent) vitamin K5 0.35;
vitamin Bi, 5.25; vitamin B2 5.25; vita-
min Be, 1.4; vitamin Bi2 0.09; vitamin D2
0.70; Ca pantothenate, 17.5; niacin, 17.5;
inositol, 38.57; p-aminobenzoic acid, 13.15;
folic acid, 0.20; and biotin, 0.04. Also,
added separately to diet in ether solution
(per kg of diet): vitamin A acetate, 4.8
mg, and vitamin E (dl-alpha-tocopherol
N.F.), 33.6. Fresh diet was made every
two days and stored at —20 °.

At the end of each experiment the
animals were lightly anesthetized with
diethyl ether and Kkilled by withdrawal
of blood from their aortas. The tissues
of each group were excised, frozen on dry
ice and then stored at —2 0 ° until used.

Analysis of triglycerides and lecithins.
The lipids were extracted from the pooled
livers of each group with chloroform-
methanol, 2:1 (v/v). The extracts were
evaporated to dryness under vacuum at
room temperature and re-extracted with
chloroform, leaving most of the non-lipid
material as a residue.

The crude lipid extracts were then frac-
tionated on a DEAE-cellulose column as
described by Rouser et al. (30). The neu-
tral lipids were separated first by elution
with chloroform. Next a fraction contain-
ing the lecithin was eluted with chloro-
form-methanol, 9:1 (v/v). The triglycer-
ides were isolated in pure form from the
first fraction by preparative TLC with pre-

5Lands, W. E. M, M. L. Blank, L. J. Nutter and
O. S. Privett, unpublished data, 1966 (a manuscript,
“A Comparison of Acyltransferase Activities in vitro
with Distribution of Fatty Acids in Lecithin and Tri-
glycerides in vivo,” has been submitted for publica-
tion).

62’rivett, 0. S., and E. C. Nickell 1966 Determina-
tion of the specific position of cis and trans double
bonds in polyenes. Lipids, in press.

7Alphacel, Nutritional Biochemicals
Cleveland.

Corporation,



METABOLISM OF TRANS ACIDS

washed plates coated with Silica Gel G
with a solvent system of 15% diethyl
ether in petroleum ether. The lecithin was
isolated from the second fraction by chro-
matographic fractionation on a column of
“ammonium silicate” as described by Rou-
ser et al. (26). The first fraction to
emerge from the column was eluted with
chloroform-methanol, 70:30 (v/v) con-
taining 0.4% water. It contained no
lecithin. The lecithin was eluted next by
increasing the water in this solvent to
1.5%. Virtually complete recovery of the
lecithin in pure form was obtained by this
procedure as determined by TLC and in-
frared spectral analysis.

Triglyceride species composition was
determined by a combination of thin-layer
chromatography with plates coated with
silicic acid impregnated with silver nitrate
and pancreatic lipase as described in
detail in previous work from this labora-
tory (27). Species composition of leci-
thins was determined by the same pro-
cedure applied to the corresponding aceto-
1, 2-diglycerides derived via hydrolysis
with phospholipase C and acetylation. The
general technique has been described by
Renkonen (28).

The species composition of lecithins
was expressed in some experiments only
in terms of the positional arrangement of
the saturated and unsaturated fatty acids
as groups. These analyses were deter-
mined from the distribution of the fatty
acids between the a- and (3-positions of the
molecule and the amount of the disatu-
rated lecithin as described 8 previously or
calculated from data obtained from the
complete structural analysis as described
above (27, 28).
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Gas-liquid chromatography (GLC) of
methyl esters was carried out with an
F & M Model 609 flame ionization instru-
ment equipped with a 213 cm (7 foot)
by 0.6 cm (V4 inch) column packed with
10% ethyleneglycol succinate polymer
phase 9 on Chromosorb W, 100-120 mesh,
at 185°. Fatty acid composition was de-
termined directly from the proportionalities
of the peak area; linear response of the
detectors of the instrument was established
with standards obtained from The Hormel
Institute.

RESULTS AND DISCUSSION

The analyses of the fatty acids of the
liver triglycerides of each group of ani-
mals are shown in table 1. Comparison
with the fatty acid composition of the
EFA-deficient (fat-free) group showed that
the supplements of the isomers of lino-
leate were incorporated into the liver tri-
glycerides and the changes in the com-
position obviously were related to the
composition of the supplements. Since the
liver triglycerides in the fat-free group of
animals were devoid of 18:2 and higher
polyunsaturated fatty acids, the presence
of these acids in the other groups obviously
arose from the dietary fatty supplements
that were fed. Thus the 18:2 acids de-
tected in each group, except for the lino-
lenate group, consisted of the fed acid. In
a previous study (6) the deposition of
trans, ircms-linoleate was confirmed by di-
rect chemical evidence. Thus the 18:2
in the cis, cis group was cis, cis-linoleate,
in the trans, trans group trans, trans-lino-

8Blank, M. L., and L. J. Nutter 1966 Determina-
tion of lecithin structure. Lipids, in press.

9EGSS-X, Applied Science Laboratories.

TABLE 1
Fatty acid composition of liver triglycerides of rats fed isomers of linoleate 1 (wt %)

cis, trans

trans,trans trans,trans cis, trans Li _
Group EF.2 . . is.t t t N ino
Iement) Bl cis,ciIs cis, trans rans,trans . . . 4 '+ . . + lenate
(supp cis,cis linolenate cis,cis linolenate
16:0 31.6 29.4 27.1 28.6 26.2 29.0 34.3 29.0 25.5
16:1 13.5 7.7 10.3 13.2 10.8 9.3 14.2 8.9 11.0
18:0 2.1 2.4 1.5 3.3 2.5 2.2 1.2 2.4 2.2
18:1 51.5 53.5 55.0 49.2 41.1 34.8 40.9 44.3 35.8
18:2 5.4 5.3 5.7 17.1 9.2 8.1 7.9 2.7
18:3 0.8 14.0 5.8 21.8
1Major fatty acids. Small amounts of 14:0, 14:1, 17:0, 17:1, and a number of unidentified minor and

trace acids were also detected.
2F.F. = group maintained with a fat-free diet.
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leate, and in the cis, trans group cxs-9,
tra?zs-12-linoleate. The origin of the 18:2
in the linolenate group is not known.
Analysis of the triglycerides permitted
an insight into the mode in which the
isomers of linoleate were incorporated
into these compounds. Table 2 shows the
percentage of each of the fatty acids es-
terified in the 13-position of the molecule.
If the fatty acids are distributed randomly
between all 3 positions in the triglyceride
molecule a value of 33.3 should be ob-
tained for the percentage in the 3-position.
A value greater than 33% is considered to
indicate a predominance in this position.
In order to have a preference for the
3-position over a possibility of esterifica-
tion in either one of the primary positions
the value should have to be greater than
50% . The trans, trans isomer of linoleic,
palmitic and stearic acids were obviously
incorporated predominately into the pri-
mary positions of the molecule because
less than 33% of these acids were noted
in the 3-position. Regardless of the selec-
tivity that might exist between the 2
primary positions, cis, czs-linoleate, cis,
frans-linoleate and oleic acids were esteri-
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fied predominately in the 3-position. The
16:1 and linolenic acids appeared to be
distributed fairly evenly among the pri-
mary and secondary positions. Because
the small amounts of trans, trans and cis-9,
trans-12 isomers of linoleic acid incorpo-
rated into triglycerides were distributed
among many molecular species, it was not
possible to isolate sufficient amounts of
these species to determine the precise
positional arrangement of these isomers
of linoleic acid. However, in a previous
study (29) with animals that were fed
corn oil the saturated fatty acids were
esterified predominately in the primary
positions in all molecular species. Oleic
acid was distributed predominately in the
3-position in the triglyceride containing
saturated fatty acids, and in the primary
position in those glycerides containing
polyunsaturated fatty acids. Linoleic acid
was distributed primarily in the 3-position
in all species except those containing
arachidonic acid.

Lecithin analysis. The fatty acid com-
position of the liver lecithins of all groups
are shown in table 3. The fatty supple-
ments influenced the fatty acid composi-

TABLE 2
Distribution of each fatty acid in the j3-position of the liver triglycerides (wt %)

trans,trans trans,trans cis, trans cis, trans

Group . . . Lino-
F.F.1 cis,cis cis, trans trans,trans L+ + + +

(supplement) cis,cis linolenate cis,cis linolenate lenate
16:0 7.2 6.8 5.8 un 12.7 13.5 10.3 15.5 14.9
16:1 28.0 34.6 35.8 40.5 34.8 41.2 36.6 39.0 32.7
18:0 2.4 20.8 trace 11.7 18.0 18.1 trace 19.5 15.0
18:1 51.7 44.5 47.0 47.5 39.5 52.5 48.0 44.5 44.8
18:2 71.0 41.0 19.3 40.4 14.5 56.0 39.3 65.4
18:3 38.0 28.2 35.0
1F.F. = group maintained with the basic fatfree diet.

TABLE 3
Fatty acid composition of liver lecithins 1 (wt % )
trans,trans trans,trans cis, trans cis, trans f
Group . . . ! ! ! Lino-
F.F.2 cis,cis cis, trans trans,trans + + + +

su lement . . .

(supp ) cis,cis  linolenate  cis,cis  linolenate '€Nate
16:0 24.1 20.9 21.9 18.5 16.1 19.1 18.2 24.8 26.1
16:1 8.5 1.5 5.0 10.2 3.2 3.5 3.8 3.2 3.4
18:0 15.6 19.2 15.7 11.6 14.0 17.0 17.8 22.4 19.9
18:1 29.1 9.2 29.3 35.7 13.3 13.9 14.9 15.3 12.7
18:2 1.7 14.6 8.7 13.3 36.9 15.2 18.4 7.0 5.6
18:3 0.5 3. 3.5 1.4 1.7 2.8
20:3 14.9 1.5 7.4 5.0 1.9 2.4 3.4 3.4 1.0
20:4 2.2 33.0 12.0 1.4 13.5 1.7 17.4 4.2 7.6
20.5 22.4 17.1 20.1
1M ajor fatty acids. Small amounts of 14:0, 14:1, 17:0, 17:1, and a number of unidentified minor and

trace acids were also detected.
2F.F. = group maintained with the basic fat-free diet.
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tion of the liver lecithins more than the
liver triglycerides, and the changes were
fairly consistent throughout all groups.
The effect of feeding the cis, cis isomer
of linoleic acid to EFA-deficient rats is
well-documented (30-32). In general,
dietary linoleic acid gives a lowering of
monoenoic acids and 5, 8, 11-eicosatrienoic
acid with a simultaneous increase in lino-
leic and arachidonic acids. The fatty acid
composition of the livers of the cis, cis-
linoleate group in this study follows pre-
cisely this pattern. Similar effects were
produced by the czs-9, trans-12-linoleate
but to a lesser degree, and this effect
could be observed through all the groups
to which it was fed in the mixtures. The
effect of dietary linolenate has also been
documented and the changes noted here
follow those reported previously (33-35).
The trans, trans isomer of linoleate ap-
peared to provide an even more severe
effect in some respects in the direction
indicated by lipid starvation. For example,
the 20:4 was not increased yet the 20:3
was decreased, as we had noted previously
(5). Less oleic acid was apparently con-
verted to 5, 8, 1ll-eicosatrienoic acid in
the trans, trans-linoleate groups of ani-
mals. As a result the amount of oleic acid
built up to approximately 36% in the liver
lecithin in the animals receiving the trans,
traw,s™-linoleic acid, except where it was
fed in mixtures with linolenic or cis, cis-
linoleic acid. In these groups the effect
of the all-czs acids prevailed.

Since appreciable amounts of the die-
tary fat supplements were incorporated
into the lecithins, an insight could be ob-
tained into the manner in which the iso-
mers of linoleic acid were incorporated
into the molecule. The distribution of
the fatty acids between the a- and (3-posi-
tions of the lecithins followed the same
general pattern as in the triglycerides,
except for oleic acid in the cis, cis group
and linolenic acid (table 4). Linolenic
acid, as well as the other unsaturated
fatty acids were preferentially esterified in
the [3-position, except oleic acid in the
cis, cis group and the trans, trans isomer
of linoleic acid. This isomer, as well as
palmitic and stearic acids, were esterified
predominately in the primary position of
the molecule.
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A further insight into the mode of in-
corporation of the fatty acids into lecithin
was indicated from the analysis of the
types formed in each group (table 5).
These results show a well-defined pattern
relating to the structure of the isomer of
linoleic acid that was fed. Only trace
amounts of disaturated and small amounts
of a-unsaturated-p-saturated types were
formed, in accord with the observation
that the saturated and unsaturated fatty
acids were esterified preferentially in the
a- and [3-position respectively. The a-satu-
rated-P-unsaturated type was formed in
largest amounts and it varied in the groups

in decreasing amounts in the following
order: cis, cis-linoleate > fat-free > cis,
trans group > trans, trans. The relative
amounts of the diunsaturated type de-
creased in the opposite order. It is ap-
parent from these and the results of the
other groups that, although certain pat-
terns appear to exist, the processes in-
volved in the synthesis of specific molecu-
lar species of lecithin are highly complex.

The positional arrangement of the fatty
acids in the lecithins (table 6) also fol-
lowed a pattern that related to composi-
tion in accordance with their relative
tendencies to be esterified in the a- or

TABLE 5
Species analysis of liver lecithins of rats fed isomers of linoleate 1 (% by wt)

Group
(supplement)

1 FF2

2 ciscis

3 cis,trans

4 ftranstrans |

5 trans,trans + _cis,cis
6 cis,itrans + CIS,CIS

7 trans,trans + linoleate
8 cls,trans + linolenate
9 Linolenate

Species

a-saurated, a-unsaturated, a-unsaturated

/3unsaturated  /3-saurated ' /3-unsaturated
76.2 14 22.2
80.3 29 16.8
69.3 4.4 26.3
59.8 3.6 36.6
56.1 5.3 38.6
69.2 5.6 25.2
67.1 6.3 26.6
92.1 33 4.6
89.4 4.2 6.4

1Disaturated lecithins were present in only trace amounts.
2F.F. = group maintained with a fat-free diet.
TABLE 6
Structural analysis of liver lecithins of rats fed isomers of linoleate (% by wt)
(Sup%fggﬁ’ent, F.F.1 cis,cis cis, trans trans,trans
Lecithin species 2
a-Sat, jSsat tr - — —
a-Sat, (3-mono 39.9 9.2 29.0 45.5
a-Mono, (3-sat 0.8 18 0.9 3.0
a-Sat, /3-diene 34 25.4 13.7 35
a-Diene, (3-sat 0.1 0.2 04 0.1
a-Sat, ,8-triene 26.8 33 125 9.2
a-Triene, /3-sat 0.2 0.2 2.2 0.4
a-Sat, /3-tetra 6.1 42.4 14.1 16
a-Tetra, /3-sat 0.3 0.7 0.9 0.1
a-Mono, /3-mono 11.2 14 9.0 11.7
a-Mono, /3-diene 18 4.7 34 37
a-Diene, /3-mono 0.8 0.4 55 13.6
a-Mono, /3-triene 8.0 0.2 24 4.4
a-Triene, /3-mono 04 - 0.2 0.2
a-Mono, /3-tetra - 7.3 35
a-Tetra, /3-mono - - 0.2
a-Diene, /3-tetra - 17 12
a-Tetra, /3-diene - - 0.1 -

1F.F. =

group maintained with the basic fat-free diet.

Sat = saturat?g}at%)qo = mom(%msaturated; diene = diunsaturated; triene = triunsaturated- and

tet2ra = tetraunsai
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[3-position. The saturated fatty acids were
esterified predominately in the a-position
in all molecular species. Phospholipase
A hydrolysis showed that the trans, trans
isomer of linoleic acid was distributed
predominately in the a-position also, but
in those molecular species in which it was
a constitutent with saturated fatty acids
it was predominately in the 3-position.
Oleic acid was also distributed predomi-
nately in the 3-position, as indicated by
phospholipase A hydrolysis, but it was in
the a-position predominately in those spe-

cies in which it was associated with cis,
cis-linoleic acid, trienoic or tetraenoic
fatty acids. The tendency of cis, cis-lino-

leic acid to force oleic acid into the a-posi-
tion was indicated by the results of the
phospholipase A hydrolysis of the lecithin
of the cis, cis group. Relative composition
of the 18:2 in the group fed mixtures of
these isomers was not determined. It
would be expected that the 18:2 in these
groups of animals in the a- and 3-positions
would correspond generally to the cis, cis
and trans isomer composition of this frac-
tion. Since cis, cis-linoleic acid and ara-
chidonic acid exhibited strong preferences
for esterification in the 3-position, this
position may be important in the inter-
conversion of essential fatty acids. Thus,
it appears that the positional arrangement
of the fatty acids in lecithin depends not
only on the position that they are directed
dominantly, but the relative degree that
the other constituent fatty acids are also
directed into the same positions. The main
factors involved in the structure of the
fatty acids that accounts for these charac-
teristics is the degree of unsaturation and
the configuration of the double bond. The
chain length and positions of the double
bonds within these structural variations
may also influence the structure of leci-
thins and triglycerides but no data are
presently available on this aspect of the
biosynthesis of lecithins and triglycerides.
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Metabolism of Physiological Doses of Thiazole-2-4C-
labeled Thiamine by the Rat%
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ABSTRACT

The metabolism of thiazole-2-1C-labeled thiamine was studied in the

rat in order to compare its metabolism to that of pyrimidine-14C-labeled thiamine.
The catabolic products of the thiazole-2-14C-labeled thiamine in the urine were sepa-

rated by column and paper chromatographic techniques.

More than 20 urinary

metabolites were detected. The generation of “ CO. indicated breakdown of the thia-

zole moiety of thiamine.

The marked similarity in the urinary chromatographic

pattern found in this study to that obtained previously with pyrimidine-l4C-labeled
thiamine suggests that most of the urinary metabolites are derivatives of the entire

thiamine molecule.

Recent studies of the catabolism of
pyrimidine-14C-labeled thiamine have dem-
onstrated the presence of a minimum of
22 different metabolites in rat urine (1).
Of these metabolites only thiamine and
2-methyl-4-amino-5-pyrimidinecarboxylic
acid have been identified (2). In an at-
tempt further to elucidate the nature of
the remaining unidentified thiamine me-
tabolites, studies of the overall catabolism
of thiazole-“C-labeled thiamine have been

carried out and are presented in this
report.
MATERIALS AND METHODS
Adult female rats of the Sprague-

Dawley strain were used throughout the
experiment. Housing of the animals, col-
lection of urine and feces, and the compo-
sition of the thiamine-deficient diet have
been described previously (3). Thiazole-
2-14C-labeled thiamine was purchased from
the Nuclear Chicago Corporation (specific
activity 5600 cpm/pg). The purity of the
compound was checked by column chro-
matography, paper chromatography, ra-
dioautography, thiochrome analysis and
treatment of thiamine deficiency in rats.

The rats were depleted for 3 weeks with
a thiamine-free diet and then intraperito-
neal injections of radioactive thiamine
were started. They were maintained for
4 weeks at each thiamine dosage level so
that equilibrium was attained and the ex-
cretion of radioactivity in the urine, feces,
and the respiratory C02 was studied. Daily
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thiamine intake levels of 30 pg, 50 pg and
100 pg were studied.

At the end of each 24-hour collection
period, the urine was pooled and an ali-
quot was taken for liquid scintillation
counting. Feces samples were homoge-
nized with 10 volumes of 0.2 n sulfuric
acid in a Waring Blendor. The homoge-
nate was steamed in an autoclave for
30 minutes and centrifuged for 45 min-
utes at 10,000 rev/min. The precipitate
was resuspended in another volume of
acid and re-extracted in a similar man-
ner. The combined supernatant solutions
were stirred for 30 minutes and duplicate
samples were taken for scintillation count-
ing. For respiratory studies, the rats were
placed in a respiration chamber and the
expired carbon dioxide was collected by
drawing the expired air first through a
column of Drierite and then through 2
successive cylinders, each containing 300
ml of a mixture of ethanolamine and
ethylene glycol monomethyl ether (1:3 by
volume) as suggested by Jeffay and Al-
varez (4). At the end of each experiment,
the ethanolamine trapping mixtures were
combined and stirred for 30 minutes, and
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duplicate samples were taken for scintilla-
tion counting.

The radioactive metabolites in urine
were purified by adsorption upon acid-
washed charcoal and elution with a mix-
ture of pyridine/ethanol/water (10/45/
45 by volume). Eighty-five per cent of
the radioactivity was adsorbed on charcoal
and 75% of the adsorbed radioactivity
was eluted by this method. The eluate
was then subjected to chromatography on
Amberlite CG-50 resin. Each peak ob-
tained from this column was further re-
solved by ascending paper chromatography
and the radioactive bands were localized
by radioautography. The details of these
procedures have been described by Neal
and Pearson (1).

For determination of radioactivity in
the fractions collected from ion exchange
chromatography, 0.5 ml of each fraction
was placed on an aluminum planchet,
and 1ml of ethanol was added. The
planchets were then dried and counted in
a Nuclear Chicago D-47 gas-flow counter
equipped with a Model M5 sample
changer. The radioactivity of the urine
samples, feces extracts, and the pooled
peaks obtained from column chromatog-
raphy of urine were determined by liquid
scintillation counting. The scintillation
fluid used consisted of a mixture of: naph-
thalene, 100 g; PPO (2,5-diphenyloxazole)
7 g; POPOP (1, 4-bis-2-(5-phenyloxazolyl)-
benzene) 0.3 g; and sufficient p-dioxane
to make the volume up to one liter. The
scintillation fluid used for counting the
ethanolamine CO02 trapping mixture was
a 2:1 mixture of toluene and ethylene
glycol monomethyl ether which contained
5.5 g of PPOlliter. In each case 10 ml of
scintillation fluid were used per ml of
sample and the internal recovery tech-
nigue was used for correction of
quenching.

Bioautography with the medium of
Deibel et al. (5) was used to determine
the biological activity of radioactive com-
pounds found in urine. For this purpose
200 ml of single strength Lactobacillus
viridescens thiamine assay medium 4 con-
taining 2% agar was autoclaved, cooled
to 45°, seeded with a washed suspension
of a 24-hour-old culture of L. viridescens,
and poured into a rectangular glass dish.
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When the medium solidified, the entire
paper chromatograph or the excised bands
containing the radioactive metabolites
were put on the surface of the plate for
1 to 5 minutes. The paper was then
removed and a layer of 400 ml of sterile
2% agar containing 25 ml of a 2% aque-
ous solution of 2,3,5-triphenyltetrazolium
chloride was poured on the plate. When
the second layer solidified, the plate was
covered and incubated at 30° for 24 hours.
The growth areas appeared as diffuse red
spots against a yellow background. It was
possible to detect the biological activity of
0.1 mug of thiamine by this method.

RESULTS

When the injection of thiazole-14C-la-
beled thiamine at a level of 30 ag daily
was initiated in the thiamine-depleted rats,
only 3.1% of the injected radioactivity
appeared in the urine during the first 24
hours. This percentage increased slowly
day by day and reached 43.7% on the
twelfth day of injection. As the dosage of
thiamine increased, a larger percentage of
the radioactivity appeared in the urine. In
table 1 it is shown that the urinary excre-
tion of radioactivity accounts for 29 to
42% of that injected when the thiamine
intake is between 30 and 100 ag/day. The
rather large standard deviations observed
were due in part to the difficulty of ob-
taining complete urine collections.

Analysis of the feces collected during a
9-week period from 16 rats maintained
with 30 ag of 14C-thiamine/day yielded an
average daily fecal excretion of 17.5% of
the dose. As in the case of urine, the
radioactivity of the feces increased grad-

TABLE 1

Urinary excretion of 14C-labeled thiamine
compounds, expressed as percentage of
the dose of radioactive thiamine 1

Dose I_Excre_ted
in urine
fi9 %
30 29.18+ 6.70 2
50 38.29+ 5.45

100 42.00+ 10.08

1 Each figure represents the mean daily excretion
of 16 rats for 4-week periods (30 and 50 fig) or
one-week period (100 fig).

2.

4Difco Laboratories, Detroit, Michigan.
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TABLE 2
Excretion of radioactive C02 by rats receiving various dosage levels of
thiazole-liC-labeled thiamine
Dosage levels
30 /¢glday 50 (1ig/day 100 ;jtg/day

Total Total Total
140021 HCCV ~3Go1

% of dose % of dose % of dose
7.0 235 7.3 14.6 7.2 7.2
5.4 18.3 6.8 13.6 7.8 7.8
8.1 27.0 6.6 13.2
8.1 27.0 6.5 13.0
7.2 242
71+ 112 240+ 361 6.8+ 0.35 13.6+ 1.24 75+ 0.42 75+ 0.42

1Each value represents the 14CC-2 excreted in a 24-hour period by a single rat expressed as micro-

grams of injected thiamine or as percentage of the dose.

The values at the 30- and 50-/£Eg dosage

levels represent 24-hour collections but those at the 100-/£g dosage level are extrapolations of 8-hour

collections.
2Mean t sd.

ually after initiation of the injections and
only 11.8% of the intake appeared in the
feces during the first week.

Table 2 shows the results of the respira-
tory studies. These were carried out at
various times during the fifth and sixth
weeks after initiation of the particular
dosage in question. With thiamine in-
takes of 30, 50 and 100 ug/day, 24.0, 13.6
and 7.5% of the injected dose is excreted
as radioactive carbon dioxide, respectively.
The absolute excretion of WCO02 was rela-
tively constant at the 3 levels of intake.

To study the rate of turnover of the
urinary thiamine compounds, 6 rats were
depleted for a period of 3 weeks by feed-
ing a thiamine-deficient diet. The animals
then received daily injections of 30 ug
thiazole-14C-labeled thiamine for 3 weeks.
At the end of this period the injection of
14C-thiamine was stopped and daily injec-
tions of 30 ug of unlabeled thiamine were
begun. The excretion of radioactivity in
the urine was studied over the 32-day
period starting with the last injection of
the 14C-thiamine. Figure 1 shows that the
rate of loss is a hyperbolic function with
a half-life of about 9 days. The effect of
thiamine deficiency on the urinary excre-
tion of these compounds was studied in
another group of rats whose body thia-
mine stores were labeled by daily injec-
tions of 30 ag of thiazole-14C-labeled thia-
mine. Thiamine deficiency was then
induced by discontinuing the thiamine
injections. Measurement of the radioac-

tivity in the urine of these animals gave
a curve similar to that in figure 1, but the
early part of the curve was steeper and
the half-life of the radioactive components
was about 6 days, 33% shorter than in
the case of thiamine-sufficient rats.

A typical Amberlite CG-50 elution pat-
tern of the radioactive metabolites of thi-
azole-14C-labeled thiamine is shown in
figure 2. In most experiments between
75 to 90% of the radioactivity placed on

Fig. 1 The daily urinary radioactivity of rats
receiving 30 yg of thiazole-14C-labeled thiamine/
day for 3 weeks when transferred to 30 yg of un-
labeled thiamine/day. Each point represents the
total radioactivity excreted in the 24-hour urine
samples of 6 rats.



268

the column was recovered by liquid scin-
tillation counting. The radioactive metab-
olites were resolved into 5 peaks. Table 3
shows the percentage of total radioactivity
residing in each of the 5 peaks at the
30- and 50-ug levels of intake. More than
50% of the total radioactivity appears in
the third peak. Peak IV (which contains
thiamine) was found to contain an in-
creasing percentage of the total radioac-
tivity as the intake is increased.

Since it was known that the main com-
ponent of peak | is a pyrimidine carbox-
ylic acid (3) and since urinary pigments
render studies of this peak difficult, this
peak was not studied further. Peaks II,
I, 1V, and V were reduced in volume

Fig. 2 Column chromatography of desalted
rat urine on Amberlite CG-50 (200—400 mesh;
H+ form, 1 X 40 cm column). Flow rate 60 ml/
hour, fraction size, 5 ml. The activity in counts
per minute as determined by gas flow counting is
that of 0.50-ml aliquots of the 5-ml fractions.

TABLE 3
Distribution of radioactivity among the 5 peaks
obtained from Amberlite CG-50 chromatography
of desalted urine from rats receiving 30 or 50 fig
of thiazole-14C-labeled thiamine/day

Daily intake of thiamine 1

Peak

no. 30 /ig/day 50 /(g/day
% of total urinary radioactivity

i 7.0+ 1.22 9.3+ 3.3

h 12.9+ 1.0 10.7 £1.2

hi 63.2+ 1.7 53.2+4.9

v 5.6+ 0.9 19.9+ 5.9

\% 11.0+ 1.7 6.5+ 5.9
1The values at the 30 /;g intake level are the

average of 5 experiments, each experiment represent-
ing the metabolites from a pooled one-week wurine
collected from 16 rats. The values at the 50-/ig intake
Iev2els are the average of 6 such experiments.

sD.
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under vacuum at 40°, lyophylized, and
dissolved in 0.5 ml of water. Ascending

chromatography was then carried out for
18 hours on Whatman no. 40 filter paper
in ?z-propanol/water/l » acetate buffer,
pH 5.0 (70/20/10 by volume). The dried
paper was exposed to Eastman No-Screen
x-ray film for 5 to 30 days depending
upon the radioactivity of the sample.
Figure 3 shows a schematic representa-
tion of the radioautograms with the 5
compounds of quantitative importance be-
ing accented with thick lines. The mean
r ¢ Vvalues of the 10 radioactive metabo-
lites found by this method are also shown.
These values varied considerably from
one chromatogram to another because of
the variable amounts of brown urinary
pigments that were present. The latter

appeared in rather large amounts prin-
cipally in peaks Il and III.

After the compounds were located on
the paper by radioautography, their bio-
Solvent Front

+ + 0.70
0.64
0.65 = 0.60-
0.58 '
0.53 -
0.50 m 0.51 -
++++  0.50%
0.45
0.25
Peoks H m 1ff ~T
Origin

Fig. 3 Schematic drawing of radioautograms
of radioactive peaks seen in figure 2. Solvent
n-propanol/water/1 m acetate buffer pH 5.0 (70/
20/10 by volume). Ascending technique for 18
hours. Chromatograms were exposed to the x-ray
film for 10 days. The thick lines represent the
main components of each peak. The mean RF
values are shown to the right of each band and
the biological activity for L. viridescens is shown
on the left. (++++ extensive growth; +-f+
good growth; + + slight growth, — no growth.)
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logical activity was checked by bioautog-
raphy. The results of these studies are
also shown in arbitrary growth units in
figure 3. All of the 10 metabolites except
the metabolite with the Rt of 0.25 in peak
111 and the metabolite of RF 0.64 in peak
V showed traces of biological activity for
L. viridescens. Tube assay of the urine,
however, indicated that the percentage of
microbiological activity was no more than
2% of that found by measurement of
radioactivity.

DISCUSSION

As the dosage of thiamine was in-
creased, the amount of radioactivity ap-
pearing in the urine also increased (table
1). For example, when the daily thia-
mine intake was increased from 30 to
100 ug the amount of the radioactivity
appearing in urine increased from 29 to
42% of intake. Under these conditions
the metabolite in urine that increased dis-
proportionately with the dosage was thia-
mine itself (table 3), i.e.,, when the daily
thiamine intake was increased from 30 to
50 ug, the percentage of total urinary
radioactivity in peak 4 (which contains
thiamine) increased 3 times (from 5.6 to
19.9%). This observation agrees with
other data reported from this laboratory
(6) and is consistent with the concept
that urinary free thiamine represents an
amount in excess of the minimal physio-
logical needs of the animal.

lacono and Johnson (8) reported that
16 urinary metabolites of thiazole-lC-
labeled thiamine were excreted by the rat.
In this study using a more elaborate sepa-
ration procedure we have detected 19 in
addition to those present in peak | of the
Amberlite CG-50 column. Had the latter
been considered, our total would have ex-
ceeded 20, i.e., comparable to the number
found in our previous studies with pyrimi-
dine 14C-labeled thiamine (1). The data
of lacono and Johnson (8) also indicate
that three of their radioactive bands con-
tained the bulk of the radioactivity. This
is in reasonable agreement with our ob-
servation of 5 major radioactive metabo-
lites because it is likely that their major
radioactive bands contained more than
one compound.

“C THIAZOLE THIAMINE
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The breakdown of the thiazole ring as
evidenced by the generation of 14C02 is in
accord with other reports in the literature.
Borsook et al. (7) studied the metabolism
of 33S-labeled thiamine in man and found
up to 25% of the intake as inorganic sul-
fate in the urine. lacono and Johnson
(8) recovered 0.2 to 3.7% of a 1-mg dose
of thiazole-“C-labeled thiamine as respira-
tory 14C02 The quantitative aspects of the
data reported by these 2 groups of workers
cannot, however, be compared with those
recorded here since their data were ob-
tained in acute studies, whereas ours were
derived from long-term studies at physio-
logical levels of thiamine intake. In these
studies, with daily thiamine intakes of 30,
50 and 100 ug, 24%, 13.6% and 7.5%
of the radioactivity was excreted as KCO02
and the absolute values for radioactive
CO02 excreted were equivalent to 7.1, 6.8
and 7.5 ug of thiamine, respectively.

These data indicate that the thiazole
ring of thiamine is considerably more la-
bile than when it exists as the free thia-
zole moiety. The latter is quite stabile
metabolically as shown by the experiments
of Imai et al. (9). These workers injected
3S-labeled 4-methyl-5-(2 hydroxyethyl) thi-
azole into rats and recovered more than
95% of the dose as 4-methylthiazole-5-
acetic acid, a derivative of the intact
thiazole ring. This stability difference can
be demonstrated in vitro as well, i.e., a
pH of 8.2 is sufficient to open the thiazole
ring of thiamine to give a thiol form
which readily oxidizes to the disulfide in
air at room temperature. Under similar
conditions, the free thiazole molecule re-
mains intact.

According to currently accepted theory,
the carbon in the 2-position of the thiazole
ring is the active metabolic site of the
thiamine molecule. Because, in our stud-
ies, the absolute amount of thiamine de-
stroyed by oxidation of this carbon atom to
“C02 approximates the minimum thia-
mine requirement of the rat (10) (7—8 ug)
it is tempting to suggest that this oxida-
tive loss may be a measure of the “endog-
enous” thiamine utilization (minimal re-
quirement?) of the rat. Our data suggest
further that this oxidation may be inde-
pendent of thiamine intake. Whether it is
also independent of body stores cannot be
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decided since no estimates of the latter
were made.

The pattern of urinary radioactivity ob-
tained by column chromatography on CG-
50 (fig. 2) strongly resembles that reported
by Neal and Pearson (1) in similar studies
with pyrimidine-1XC-labeled thiamine. Since
the pyrimidine ring is not broken down to
form CO2 it would be anticipated that a
higher percentage of radioactivity from thi-
amine containing 4C in the pyrimidine
ring would appear in urine than from thi-
azole-14C-labeled thiamine. This has actu-
ally been observed by Neal and Pearson
(unpublished data) who recovered 76 to
81% of the injected radioactivity from the
urine of rats that had received 100 ng of
pyrimidine-labeled thiamine daily for a
long period. In these studies which were
carried out with thiazole-14C-labeled thia-
mine under essentially equivalent experi-
mental conditions the recovery of radioac-
tivity from urine was only about 40 to
45%.

The marked similarities of the urinary
chromatographic pattern obtained with
both thiazole-4C- and pyrimidine-lC-la-
beled thiamine suggest that the large num-
ber of thiamine metabolites found in
urine by Neal and Pearson (1) may be
derivatives of the entire thiamine mole-
cule rather than metabolic products of its
pyrimidine or thiazole moieties. Further-
more, the marked lability of the thiazole
ring observed in this study makes it highly
unlikely that free thiazole or its deriva-
tives occur in any quantity in rat urine.
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ABSTRACT Chick growth trials were conducted which established that lysine
was the only limiting amino acid in sunflower meal. Plasma amino acid titers were
determined on chicks fed sunflower meal and on chicks fed 2 crystalline amino acid
mixtures which were shown to support equal rates of growth. One of the amino
acid mixtures had 5 essential amino acids at levels greater than the other and hence
could be considered in excess of the chicks' requirement for growth. A lower amino
acid titer in the plasma of chicks fed the sunflower meal than in chicks fed the
reference diet was taken as an indication of a deficiency of this amino acid in the
intact protein. Using the amino acid mixture containing the excess amino acids as
a reference, sunflower meal appeared to be limiting in several amino acids. When
the other mixture was used as a reference, only lysine appeared to be limiting, The
use of plasma titers to evaluate proteins by this method therefore depends on a
reference diet which contains neither deficient nor excessive levels of amino acids.

Previous reports in this series described
a method of using free amino acid levels
in blood plasma to predict the adequacy
of intact proteins for chick growth (1,2).
The method accurately predicted those
amino acid deficiencies in the test protein
which could be readily revealed in growth
trials, but also indicated the presence of
certain amino acid deficiencies which
could not be so demonstrated.

It was suggested that these false pre-
dictions could be attributed to the use of
a reference diet (3) which contained
several amino acids at levels in excess of
the chick’s requirement. A revised refer-
ence diet has since been formulated (4)
which contains five of the essential amino
acids at lower levels. The present study
was conducted to compare the 2 reference
diets, using sunflower meal as the test
protein.

EXPERIMENTAL

A series of growth trials was conducted
to determine the limiting amino acids in
sunflower meal (exps. 1-3). Sunflower
meal with and without supplemental ly-
sine was then compared with the 2 ref-
erence amino acid mixtures in a growth
trial (exp. 4) and in a plasma amino
acid study (exp. 5).

J. Nutrition, 89: '66

TABLE 1
Composition of the basal diets

%

Basal diet A

Glucose 1 50.74
Sunflower meal2 42.79
Salts 59A 3 5.27
Corn oil 1.00
Choline chloride 0.20
Vitamins (2.0 g/kg) 4 +
Penicillin (11 mg/kg) +

Total 100.00

Basal diet B

Cornstarch var.
Nitrogen source var.
Corn oil 15.00
Salt mixture 5 5.37
Cellulose 6 3.00
NaHCOs 1.00
Choline chloride 0.20
Vitamins (2.0 g/kg) 4 +

Total 100.00

1Cerelose, Corn Products Company, New York.

2Equivalent to 18.00% crude protein in the diet.

3 Salt mixture as a percentage of the total diet:
CaC03,2.166; KH2P 04, 1.05; CaHP04-2H20, 0.94; NacCl,
0.8; MgS04, 0.25; FeS04-7H20, 0.03; MnS04 H20, 0.02;
ZnCOs, 0.01; CuS04-5H20, 0.002; KI, 0.001; Na2M 004-
2H»0, 0.001. Total, 5.27.

* Klain et al. (6).

5Klain et al. (6)
salt mixture).

0Solka Floe,

(ZnCC>»3 substituted for zZnCl2 in
Brown Company, Chicago.
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TABLE 2

The supplementation with lysine of sunflower meal when fed as the sole source
of protein to growing chicks

Exp. Diet Supplement to sunflower Gain Gain
no. no. meal-glucose basal diet A 1 Feed
9
i i None 147 2 0.44
2 0.20% L-)ysine 183 0.53
3 0.40% L-lysine 174 0.50
4 0.60% L-lysine 183 0.53
5 0.80% x.-lysine 179 0.53
6 1.00% L-lysine 179 0.53
2 1 0.25% L-lysine 199 2 0.54
2 As 1+ 0.10% DL-methionine 203 0.55
3 As 1+ 0.20% DL-methionine 195 0.55
4 As 1+ 0.30% DL-methionine 197 0.56
5 As 1+ 0.40% DL-methionine 201 0.54
6 As 1+ 0.50% DL-methionine 199 0.56
3 1 0.25% L-lysine+ 0.10% DL-methionine 243 3 0.55
2 As 1+ 0.05% L-histidine 239 0.55
3 As 1+ 0.10% L-histidine 238 0.55
4 As 1+0.15% L-histidine 241 0.56
5 As 1+ 0.20% L-histidine 238 0.53
6 As 1+ 0.25% L-histidine 251 0.56
1Table 1.

2Average gain of 10 chicks in each of 3 replicates from 7 to 19 days of age.
3Average gain of 10 chicks in each of 3 replicates from 7 to 21 days of age.

Experiments 1-3. The basal diet used
in experiments 1-3 is shown in table 1
as basal diet A. In experiment 1, this
basal diet was supplemented with graded
levels of lysine, added at the expense of
glucose. Each diet was fed to 30 chicks
in 3 replicates of 10 chicks each for a
period of 12 days commencing when the
chicks were 7 days of age.

Maximal growth occurred at the 0.20%
level of added lysine (table 2) in this
experiment. There was no further growth
response when methionine was added on
top of 0.25% lysine (exp. 2), or when
histidine was added in addition to both
lysine and methionine (exp. 3).

Thus Ilysine appears to be the only
amino acid in sunflower meal which can
be shown as limiting for chick growth by
growth trials.

Experiment 4. Experiment 4 was de-
signed to test the growth-promoting po-
tential of sunflower meal and sunflower
meal plus lysine as compared with that
of the 2 reference amino acid mixtures
shown in table 3. Each amino acid source
was incorporated into basal diet B (table
1) and fed to 9 chicks in 3 replicates of

3 chicks for the period from 8 to 14 days
of age (table 4).

The sunflower meal provided the same
level of crude protein (18.34%) as the
original reference amino acid mixture.
The revised amino acid mixture provided
only 17.61% calculated crude protein
(N X 6.25).

TABLE 3
Composition of reference amino acid mixtures

Amino acid mixtures

Original Revised
% %
L-Arginine sHC1 1.33 1.33
L-Histidine sHC1 sH »0 0.62 0.41
L-Lysine-HCI 1.40 1.19
L-Tyrosine 0.63 0.63
L-Tryptophan 0.225 0.225
L-Phenylalanine 0.68 0.68
DL-Methionine 0.55 0.35
L-Cystine 0.35 0.35
L-Threonine 0.85 0.65
L-Leucine 1.20 1.20
L-Isoleucine 0.80 0.80
L-Valine 1.04 0.82
Glycine 1.60 1.60
L-Glutamie acid 12.00 12.00
L-Proline 1.00 1.00
Total 24.275 23.235
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Chick growth with the revised amino
acid mixture was equivalent to that with
the original amino acid mixture, indicat-
ing that the latter did in fact contain
excess levels of at least the 5 amino acids
which were altered (table 4). The poor
growth with the sunflower meal and
the marked response to lysine supple-
mentation, confirmed the results of ex-
periment 1.

Experiment 5. In experiment 5, plasma
amino acid titers were determined on
chicks fed diets similar to those fed in
experiment 4. For this purpose, each diet
was fed to 8 individually caged chicks by
offering 0.8 g diet/chick every 30 min-

AND REFERENCE DIETS
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utes for a period of 6 hours. Thirty min-
utes after the final feeding, blood samples
were taken and pooled for analysis. Pre-
treatment training of the chicks and de-
tails of the feeding, blood sampling and
analytical procedures are described in a
previous publication (1).

Chicks fed the revised reference mix-
ture had lower plasma levels of nearly
all amino acids than chicks fed the orig-
inal reference mixture (table 5). As
might be expected, the greatest differ-
ences in plasma pattern occurred with
those amino acids present at lower levels
in the revised diet. The reduction in all
amino acid levels of the plasma implies a

TABLE 4
Growth of chicks fed 4 diets differing in amino acid sources and composition (exp. 4)

?]'gt Description of diet chi%l?/lgéy 1 S:;Q
9

i Original reference diet2 144 a 0.70

2 Revised reference diet3 140 a 0.63

3 Sunflower meal 4 126 b 0.54

4 Sunflower meal+ 0.25% L-lysine 5 1734 0.65

1Means are
2Basal diet B (table
3Basal diet B
4Basal diet B
5As footnote 4 plus lysine.

(tablel)+

not significantly different (P < 0.05) if followed by the same superscript letter.
1) + original amino acid mixture (table 3);
revised amino acid mixture (table 3);
(tablel)-+ sunflower meal to provide the equivalent of 18.34%

provides 18.34% crude protein.
provides 17.61% crude protein.
crude protein.

TABLE 5
Free amino acid levels in chick blood plasma resulting from the feeding of 2 crystalline

amino acid reference diets and diets containing sunfloiver meal with and
without supplemental 1-lysine 1

Original
reference
diet
A)

lig/ml

plasma
1 Threonine 139.1
2 Valine 425
3 Cystine 18.9
4 Methionine 2 23.0
5 Isoleucine 9.0
6 Leucine 10.2
7 Tyrosine 11.8
8 Phenylalanine 7.1
9 Lysine 335
10 Histidine 3 21.0
11 Arginine 28.5
12  Serine 54.0
13 Proline 38.6
14 Glutamic acid 455
15 Glycine 74.6
16 Alanine 188.3

1See footnotes table 4 for description of diets.
2Corrected for methionine sulfoxides.
3Corrected for 1-methyl- and 3-methyl-histidine.

Revised Sunflower Sunflower

reference meal meal + 0.25%
diet L-Iglne
(B) © (D)

lig/ml lig/ml lig/ml
plasma plasma plasma
90.0 95.5 91.8
9.9 36.3 26.1
14.3 16.3 12.0
13.8 13.7 125
7.2 16.9 12.0
8.5 16.2 9.6
12.7 18.2 13.2
7.4 15.7 14.1
24.6 10.5 24.6
13.0 22.9 12.8
22.0 71.0 58.6
57.3 40.7 43.5
32.6 23.0 16.7
49.2 22.8 16.8
71.6 34.4 27.6
177.2 46.1 37.7
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better utilization of all amino acids when
none are present in excess.

Plasma amino acid levels with the sun-
flower meal diets have been expressed as
a percentage of those with each reference
diet in table 6. Compared with the origi-
nal reference diet, sunflower meal gave
lower plasma levels of a number of amino
acids, suggesting that sunflower meal is
deficient in these amino acids. However,
when compared with the revised reference
diet the only apparent deficiency in sun-
flower meal was lysine. This points up
the importance of the reference diet in
evaluating proteins by this method.

When the sunflower meal was supple-
mented with lysine, there was a general
lowering of the plasma levels of most of
the other amino acids so that there were
more “apparent” deficiencies after supple-
mentation than before. Thus, correction
of a deficiency has the same effect in
promoting better utilization of the plasma
amino acids as does removal of excess
amino acids. As would be expected, com-
parison with the original reference mix-
ture showed more apparent deficiencies
than comparison of the supplemented

R. E. SMITH

sunflower meal with the revised mixture.
In the latter case, only the sulphur amino
acids appeared to be deficient.

DISCUSSION

Changing the composition of the refer-
ence diet markedly improved the accuracy
of the prediction of amino acid deficien-
cies in the intact protein of sunflower
meal. It is clear that the presence of excess
amino acids in the reference diet can give
rise to false predictions of deficiencies in
the test protein as suggested earlier (1, 2).

The fact that neither reference diet
supported chick growth equal to that with
the supplemented sunflower meal diet
suggests that more information is needed
on the utilization of intact protein diets
versus crystalline amino acid diets for
chick growth.

The plasma amino acid technique was
originally conceived as a means of evalu-
ating the amino acid adequacy of intact
proteins. It is now apparent that it may
be just as valuable in assessing the amino
acid requirements of the chick. When the
plasma amino acid titers of chicks fed a
test protein indicate deficiencies in the

TABLE 6

Comparisons of the data from table 5 expressing the free amino acid levels of the chick
blood plasma as a percentage of each of the reference standards

Original reference diet 1

Sunflower

meal 3
C/A x 100
i Threonine 69
2 Valine 85
3 Cystine 86
4 Methionine 4 60
5 Isoleucine 188
6 Leucine 159
7 Tyrosine 154
8 Phenylalanine 221
9 Lysine 31
10 Histidine 5 109
11  Arginine 249
12 Serine 75
13  Proline 60
14 Glutamic acid 50
15 Glycine 46
16 Alanine 24

Revised reference diet 2

Sunflower Sunflower

meal 3 Sunflower meal 3

+ 0.25% meal 3 + 0.25%

L-lysine L-lysine

C/B x 100
D /A x 100 D/B X 100

66 106 102
61 367 264
63 114 84
54 99 91
133 235 167
94 191 113
112 143 104
199 212 191
73 43 100
61 176 98
206 323 266
81 71 76
43 71 51
37 46 34
37 48 39
20 26 21

1Calculated using the original reference diet as a standard.
2Calculated using the revised reference diet as a standard.
3Sunflower meal equivalent to 18.34% crude protein.

4 Corrected for methionine sulfoxides.

5Corrected for 1-methyl- and 3-methyl-histidine.
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protein which are known not to exist, it
indicates that the reference amino acid
mixture is at fault. This use of plasma
amino acids as a measure of amino acid

3.
requirements was suggested by Almquist
(5) some years ago.
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Use of a-Aminoisobutyric Acid as an Internal Indicator
in Chick Plasma Amino Acid Studies 12
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ABSTRACT

Research Branch,

a-Aminoisobutyric acid (AIBA), a non-metabolizable amino acid, was

incorporated into the diets of one-week-old chicks to serve as an indicator of amino

acid absorption.
plasma were subsequently determined.
to be proportional to dietary levels fed.

The levels of AIBA and of the metabolizable amino acids in the
Plasma concentrations of AIBA were found

In general the indicator revealed that im-
balanced diets were not as rapidly absorbed as balanced diets.

Relating the metabo-

lizable amino acid uptake to that of the indicator improved the precision with which
known amino acid deficiencies in both crystalline amino acid and intact protein diets
could be predicted by the plasma amino acid method described.

In our original communication on
plasma amino acid titers as indicators of
protein quality (1) it was emphasized
that valid comparisons between the ref-
erence and test diets could be achieved
only under conditions of equal feed intake
and after absorption had reached a steady
state. To ensure these conditions, the
chicks were trained to consume 0.8 g of
feed every 30 minutes for a period of 6
hours prior to blood sampling.

However, in subsequent investigations
(2, 3) it was observed that diets with
amino acid deficiencies tended to accumu-
late in the crop in greater quantities than
balanced diets. This was taken as an in-
dication that the diets were not reaching
the absorptive areas of the intestinal tract
at equal rates.

It was reasoned that if an indicator
were added to each diet, its level in the
plasma would provide a relative measure
of the amounts of feed reaching the
small intestine. The indicator selected was
a-aminoisobutyric acid (AIBA), which has
been shown to be a non-metabolizable
amino acid (4, 5 and 6).

The experiments reported here were
conducted to determine whether the use
of an indicator in this manner would im-
prove the precision of the plasma amino
acid method of evaluating proteins, and
whether the indicator selected was suit-
able for the purpose.
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EXPERIMENTAL

Three of the four experiments described
below were plasma amino acid studies,
and one was a growth trial. In the growth
trial, each diet was fed ad libitum to 3
replicates of 3 chicks each for the 6-day
period from 8 to 14 days of age. For the
plasma amino acid studies, the diets were
fed individually to 8 chicks in equal allot-
ments every 30 minutes for 6 hours. Blood
samples were taken 30 minutes after the
final feeding. Pre-trial training of the
chicks and details of the feeding, blood
sampling and analytical procedures are
described in a previous publication (1).

Experiment 1. To establish the suit-
ability of AIBA as an indicator, it was
necessary first to determine whether its
level in the plasma reflected the level
present in the diet, and second, whether
it interfered with the absorption of other
amino acids. These points were checked
in the first experiment, in which graded
levels of AIBA were added to the reference
diet. Plasma amino acid titers on these
diets are shown in table 1.

a-Aminoisobutyric acid appeared in the
plasma in amounts which were propor-3
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TABLE 1

Free amino acid levels in blood plasma of chicks fed a crystalline amino acid reference dietl
containing various levels of a-aminoisobutyric acid (exp. 1)

Level of a-aminoisobutyric acid, %

0.0

jig/ml

plasma

i Threonine 165.8
2  Valine 47.5
3 Cystine 20.2
4 Methionine 2 31.6
5 Isoleucine 19.9
6 Leucine 11.7
7 Tyrosine 145
8 Phenylalanine 10.5
9 Lysine 53.6
10 Histidine 3 24.5
11  Arginine 39.1
12 Serine 62.4
13  Proline 47.2
14 Glutamic acid 46.2
15 Glycine 88.6
16 Alanine 176.5
17 AIBA 4 0.0

0.5 1.0 1.5
tig/ml fig/ml fig/ml
plasma plasma plasma
180.2 219.8 205.5
47.8 41.0 56.7
26.1 21.6 23.6
29.1 24.9 36.6
19.9 19.8 19.5
14.7 9.0 18.8
14.2 14.7 15.0
13.3 12.0 13.7
81.1 60.8 65.7
34.7 37.3 44.0
45.9 33.6 50.2
68.5 67.3 71.7
57.8 50.9 87.7
31.3 25.6 52.4
89.6 84.5 117.1
158.3 151.4 215.3
23.0 52.4 80.7

1Smith, R. E. (3).

2 Corrected for methionine sulfoxides.
3Corrected for 1-methyl- and 3-methyl-histidine.
4AIBA denotes a-aminoisobutyric acid.

tional to the levels present in the diet.
Even though plasma levels varied widely
in the case of a few amino acids, the
variation was not related to the level of
AIBA in the diet. There was, therefore,
no indication that AIBA interfered with
absorption of other amino acids. Thus it
appeared that AIBA met the stipulated
requirements of a suitable indicator.

Experiment 2. Experiment 2 was de-
signed to show whether the use of AIBA
as an indicator would improve the pre-
cision of the plasma amino acid method
in evaluating proteins with single amino
acid deficiencies. Sesame meal and soy-
bean meal are two such proteins known
to be deficient in lysine and methionine,
respectively.

Diets were prepared in which sesame
meal and soybean meal replaced the amino
acid mixtures of the reference diets. The
test diets were fed with and without the
appropriate limiting amino acid. Both the
original and the revised reference diets
were used in this experiment (3), and
0.50% AIBA was added to all diets.

Compared with the original reference
diet, sesame meal appeared to be deficient

in 4 essential amino acids in addition to
lysine (table 2). Similarly soybean meal
appeared to be deficient in a number of
amino acids in addition to methionine.
Supplementation of the proteins with their
respective limiting amino acids increased
rather than decreased the number of
“apparent” deficiencies.

Using the revised reference diet as the
standard for comparison, there were fewer
apparent deficiencies in all cases, but a
number remained which cannot be dem-
onstrated in growth trials. A possible ex-
planation for these anomalous indications
of amino acid deficiencies may lie in the
low AIBA titers for the test diets as com-
pared with the reference diets. This was
interpreted to mean that absorption of
the test diets was occurring at a slower
rate.

In table 3 the amino acid titers of each
treatment in table 2 were converted to a
per 100 ng/ml AIBA-basis and then ex-
pressed as a percentage of those of the
revised reference diet. Expressed in this
way, only lysine appears to be deficient
in the sesame meal diet, and only the
sulfur amino acids in the soybean meal
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diet.

R. E. SMITH

In both diets the deficiencies dis-

appear with adequate amino acid supple-

mentation.

Experiment 3.

The proteins tested in

the previous experiment were limited to
those with a single amino acid deficiency.

EE R REBo o~ oo s wom
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Threonine
Valine
Cystine
Methionine 3
Isoleucine
Leucine
Tyrosine
Phenylalanine
Lysine
Histidine 4
Arginine
Serine
Proline
Glutamic acid
Glycine
Alanine

AIBAS

1Smith, R. E. (3).

2Equivalent to 18.34% C.P.

3Corrected for methionine sulfoxides.
4 Corrected for 1-methyl- and 3-methyl-histidine.
5a-Aminoisobutyric acid (0.50% ) added to all diets.

A more stringent test of the plasma amino
acid method of evaluating proteins is
posed by diets with more than one amino
acid deficiency. With this in mind a
growth trial was conducted with diets
having single and multiple amino acid

TABLE 2
Free amino acid levels in blood plasma of chicks fed reference and test diets (exp. 2)

fofotenat  rotorence  Sesame  STUS  soybean YL

diet 1 diet 1 meal 2 L-lysine meal 2 p) .methionin®
tig/ml lig/mi| lig/ml lig/ml lig/ml jig/ml
plasma plasma plasma plasma plasma plasma
165.6 111.3 104.2 57.1 81.7 67.2
55.0 20.3 29.2 22.4 22.6 15.2
24.8 18.5 26.8 14.7 4.2 10.4
36.4 32.8 25.8 22.3 6.8 14.5
17.7 19.4 13.2 9.4 14.4 10.6
15.1 16.5 18.2 13.0 17.8 12.9
9.7 12.7 22.2 18.9 9.9 13.6
10.4 11.0 14.8 13.6 16.1 13.1
61.6 43.5 10.8 20.1 46.1 43.3
28.0 14.4 30.8 20.1 18.4 21.2
43.7 46.3 102.8 114.3 58.7 51.5
69.2 66.7 61.2 47.9 84.3 58.5
55.1 55.2 37.8 30.8 29.3 24.0
74.4 67.9 14.8 14.9 19.6 15.0
114.9 123.4 34.8 26.2 31.0 26.3
185.8 208.1 44.8 37.3 53.3 39.9
29.5 33.4 14.8 11.6 17.0 14.2

TABLE 3

Amino acid levels in test diets corrected for absorption rate and expressed as a percentage

of the revised reference dietl (exp. 2)

Sesame

meal

1 Threonine 211

2 Valine 325

3 Cystine 327

4  Methionine 178

5 lIsoleucine 154

6 Leucine 249

7 Tyrosine 395

8 Phenylalanine 304

9 Lysine 56

10 Histidine 482
11 Arginine 501
12 Serine 207
13  Proline 155
14 Glutamic acid 49
15 Glycine 64
16 Alanine 49
17 AIBA —

*

SEE spen  SopEm
L-lysine mea DL-methionine
148 144 142
318 219 176
229 45 132
196 41 104
139 146 128
227 212 184
429 153 252
356 288 281
133 208 234
401 251 345
711 249 262
207 248 206
161 104 102
63 57 52
61 49 50
52 50 45

duiuiuie values ox eacn treatment in taoie a were coRverted 6 a per 186 Mg/m| AIBA basis,

then were expressed as a percentage of those values of the revised reference diet
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deficiencies. A description of the diets
and the growth data are shown in table 4.

The revised reference diet served as a
control, and was modified to produce diet
2, which was deficient in lysine, diet 3,
which was limiting first in lysine and
second in valine, and diet 4 which was
deficient in valine alone. Casein isonitrog-
enously replaced the amino acid mixture
of the reference diet to give diet 5. Casein
has been shown to be limiting first in
arginine, then glycine, and then methio-
nine (7). In diet 6 the casein was sup-
plemented with these amino acids as well
as with histidine. The last 2 diets were
included in the trial to determine the ef-
fect of AIBA on growth rate when added
at levels of 0.25% and 0.50% .

Growth rates with diets 2, 3, 4 and 5
were all below the rate with the reference
diet, indicating deficiencies of one or
more amino acids in each case. Lysine,
as planned, proved to be more deficient
than valine in the crystalline amino acid
diets. Growth rate with the casein diet
was particularly poor because of its de-
ficiencies, but these were largely corrected
by amino acid supplementation in diet 6.
Growth with the last 2 diets indicated
that AIBA has no influence on growth at
the 0.25% level. There may have been
some growth depression when 0.50% was
added.

Experiment 4. In this experiment the
first 6 diets of the preceding growth trial
were supplemented with 0.50% AIBA and
fed to chicks for the purpose of determin-

IN PLASMA AMINO ACID STUDIES
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sultant plasma amino acid levels are shown
in table 5.

Those amino acids known to be de-
ficient in the test diets were in every case
present at low levels in the plasma, i.e.,
less than the level for the corresponding
amino acid on the reference diet. Where
there was more than one deficient amino
acid (diets 3 and 5) the plasma titers
indicated the order in which they were
limiting. However, in all cases except diet
5, plasma titers indicated deficiencies in
addition to those known to be present.

Plasma levels of AIBA were lower for
all test diets than for the reference diet,
but did not differ greatly among the test
diets. This suggested that the test diets
were again being absorbed at a slower
rate than the reference diet.

In an attempt to correct for these pre-
sumed differences in rate of absorption,
all plasma amino acid levels were con-
verted to a per 100 unit AIBA-basis and
then expressed as a percentage of the ref-
erence levels in table 6.

Examination of the data of table 6
shows that when the amino acid levels
in the plasma are expressed in terms of
the level of AIBA present, anomalous de-
ficiencies disappeared in diets 2, 3, 4 and
5. Plasma amino acid comparisons for
casein alone suggest that there is ample
histidine in casein. It may be that sup-
plementing the casein with histidine
created an imbalance rather than correct-
ing one. This might account in part for
the low levels of threonine, isoleucine and

ing plasma amino acid titers. The re- arginine after supplementation. However,
TABLE 4
Growth of chicks fed the revised reference diet and various test diets (exp. 3)
R Gain/
Dnloe.t Description of diets C;ai;kl/ E:elz
9
i Revised reference diet 12.7 0.58
2 As 1 with lysine at 0.65% (50% of requirement) 5.7 0.38
3 As 2 with valine at 0.62% (75% of requirement) 5.6 0.36
4 As 1 with valine at 0.62% (75% of requirement) 10.0 0.53
5 Casein 2 3.6 0.22
6 As 5+ amino acid supplement3 11.6 0.52
7 As 1+ 0.25% AIBA 12.7 0.58
8 As 1+ 0.50% AIBA 11.7 0.56
1Mean daily gain of 3 chicks in 3 replicates from 8 to 14 days of age.
2 Casein incorporated to provide 17.61% crude protein in the diet.
3 As a percentage of the diet: L-arginine HCI, 0.681; glycine, 2.093; L-histidine HCI H20, 0.384;

DL-methionine, 0.384.
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TABLE 5
Plasma amino acid levels in chicks fed reference and test diets (exp. 4)

Revised As (1) with As (2) with As (1) with As(5)+
reference lysine at valine at valine at Casein 1 supplemental
diet 50% of 75% of 75% of amino acids 2
reqU|rement requirement requirement
cD (2) (3) (4) (5) (6)
fig/ml plasma fig/ml plasvia fig/ml plasma
1 Threonine 84.6 112.5 107.7 83.9 106.6 53.8
2 Valine 22.7 35.0 19.6 9.6 58.8 30.5
3 Cystine 22.5 20.6 20.3 19.2 15.6 13.1
4 Methionine 25.7 25.0 22.0 25.1 16.9 49.5
5 Isoleucine 17.8 26.8 25.0 23.5 25.4 14.2
6 Leucine 16.7 24.6 23.2 23.6 34.9 18.6
7 Tyrosine 14.5 21.2 18.9 17.4 29.0 27.2
8 Phenylalanine 10.0 12.2 11.0 121 20.7 13.8
9 Lysine 64.4 6.1 4.6 58.1 112.1 62.5
10 Histidine 12.4 9.8 14.7 12.3 22.9 22.6
11 Arginine 44.8 62.4 58.4 57.2 8.4 35.1
12  Serine 64.9 64.1 59.8 67.5 88.5 105.1
13 Proline 58.9 56.9 53.0 66.3 148.7 126.1
14  Glutamic acid 40.6 19.1 26.6 37.6 20.2 16.0
15  Glycine 99.7 76.3 75.5 108.4 24.8 135.1
16 Alanine 148.9 115.0 109.5 155.3 55.6 55.9
17 AIBA3 32.1 24.3 25.9 27.4 26.6 27.5

Casein to provide 17.61% crude protein.

2As a percentage of the diet: i.-arginine®dC1, 0.681: glycine, 2.093; L-histidinesHC1m4,0, 0.384; DL-methio-
nine, 0.384.

3a-Aminoisobutyric acid (0.50% ) added to all diets.

TABLE 6

Data of table 5 corrected, for absorption rate and expressed as a percentage
of the revised reference dietl (exp. 4)

Lysine at |5_ &:ngnag Valine at Casein +
0% of valine at 75% of Casein supplemental
requirement 75% of requirement amino acids
requirement
1 Threonine 176 158 116 152 74
2 Valine 204 107 50 313 157
3 Cystine 121 112 100 84 68
4 Methionine 128 106 114 79 225
5 Isoleucine 199 174 155 172 93
6 Leucine 195 172 166 252 130
7 Tyrosine 193 162 140 241 219
8 Phenylalanine 161 136 142 249 161
9 Lysine 13 9 106 210 113
10 Histidine 104 147 116 223 213
11 Arginine 184 162 150 23 91
12 Serine 130 114 122 165 19
13  Proline 128 111 132 305 250
14  Glutamic acid 62 81 108 60 46
15 Glycine 101 94 127 30 160
16 Alanine 102 91 122 45 44
17 AIBA — -

1The absolute values of each treatment in table 5 were converted to a per 100 tig/ml AIBA basis,
then were expressed as a percentage of those values of the revised reference diet.
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threonine and isoleucine could be the
fourth and fifth limiting amino acids in
casein.

DISCUSSION

The experiments in this report were
conducted to evaluate the usefulness of
non-metabolizable AIBA as a marker in
plasma amino acid techniques. The re-
sults of the first experiment demonstrate
that AIBA is absorbed into the blood stream
at a rate which is proportional to dietary
levels, and at the same time does not
materially affect the plasma levels of the
metabolizable amino acids. In all of this
work it has been assumed that AIBA is
absorbed at a rate proportional to that of
all other amino acids, and that AIBA
travels down the gastrointestinal tract at
the same rate as all other components of
the diet. This is a particularly important
assumption when comparing crystalline
amino acid diets with intact protein diets.

The reason for using AIBA in the diet
was that although diets may be fed to
chicks in equal portions, and even though
the chicks are able to ingest equal amounts,
there apparently is no guarantee that the
components of such diets will be digested
and absorbed at equal rates. That such a
difference exists has been demonstrated
where the more deficient (imbalanced)
diets and the natural diets (possibly also
imbalanced) exhibit lower AIBA levels in
the plasma than the complete reference
crystalline diet.

The different rates of uptake have been
shown to result in erroneous interpreta-
tion of plasma data, but conversion of the
plasma titers to an equi-AIBA ratio helps
to reduce the number of “apparent” de-
ficiencies by yielding plasma amino acid
titers which are more or less proportional
to dietary uptake. The data presented
prove that plasma amino acid titers are
useful for predicting the limiting amino
acids in proteins exhibiting one limiting
amino acid. In order to achieve reliable
results, however, the technique used must
embody the refinements of the revised
reference diet, precise feeding practices
and the incorporation of an indicator
(AIBA) into the diet under present con-
ditions.
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Where multiple amino acid deficiencies
exist in proteins they can also be demon-
strated by this technique. In general, the
first-limiting amino acid will exhibit a
lower titer than the reference, but because
of the accumulation in the plasma of the
remaining amino acids as a result of
this deficiency, second- and third-limiting
amino acids may have higher levels than
the reference and thus appear adequate.
Supplementation with the first-limiting
amino acid then allows amino acid de-
ficiencies of a lower order to become ap-
parent.

Many problems remain to be solved
before this technique attains the precision
desired. Of prime importance is the con-
tinual improvement of the reference diet,
not only with respect to the essential
amino acid components but also to the
so-called nonessential group. As men-
tioned earlier, an essential amino acid de-
ficiency results in the accumulation of the
other essential amino acids in the plasma.
However, certain of the nonessential amino
acids frequently decrease rather than in-
crease under these circumstances. This
suggests that the nonessential amino
acids, in addition to their role in protein
synthesis, may function in the elimina-
tion of amino acid excesses in the plasma,
and in such a way, possibly through their
contribution to uric acid formation, be re-
quired for the maintenance of a homeo-
static plasma environment. Not only will
the optimal levels of the nonessential
amino acids have to be determined in the
reference diet but it is perhaps time that
the heretofore nonessential amino acids
be regarded as essential for maximal ef-
ficiency in protein metabolism.
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Comparative Absorption of Calcium from Calcium
Gluconate and Calcium Lactate in Man

HERTA SPENCER, JOSEPHINE SCHECK, ISAAC LEWIN and
JOSEPH SAMACHSON

Metabolic Section, Veterans Administration Hospital, Hines,

ABSTRACT Calcium balance and radiocalcium (4/Ca) studies were performed
under controlled metabolic conditions in 8 patients during the intake of calcium
gluconate and of calcium lactate in order to determine the absorption of calcium
from these 2 salts. The calcium balances were somewhat more positive in all but one
of the patients during the intake of calcium lactate than that of calcium gluconate,
the average improvement in calcium balance being statistically significant at a level
of P < 0.05. This improvement was due mainly to a slight but consistent decrease in
fecal calcium excretions. The average net absorption was increased by 96 mg in the
lactate study, significant at a level of P < 0.001. 4/Ca studies also indicated greater
absorption of calcium from calcium lactate than from calcium gluconate, as evidenced
by the increase in the average 4/Ca plasma level and the decrease in average fecal

Ilinois

4/Ca excretions during the intake of calcium lactate.

calcium on calcium lactate

The increased absorption of

intake was also observed at different intake levels of

protein and calcium in a patient receiving long-term corticosteroid therapy.

The availability of calcium from differ-
ent sources has been the subject of inves-
tigation for many years (1-3). The utili-
zation of different calcium salts has been
reported to be similar (2, 3) as well as
dissimilar (4, 5) in experimental animals.
In studies performed in man the absorp-
tion of calcium from different calcium
salts has been reported to be similar (6,7).

Supplemental calcium is indicated in
certain conditions of calcium deficiency
and this type of treatment has been sug-
gested for patients with osteoporosis (8-
10). The present studies were performed
to investigate the intestinal absorption of
calcium from 2 calcium salts, calcium glu-
conate and calcium lactate, under con-
trolled dietary conditions in man, using
tracer techniques and metabolic balances.

EXPERIMENTAL

The comparative absorption of calcium,
administered as the gluconate and as the
lactate was studied under controlled die-
tary conditions in 8 male patients on the
Metabolic Research Ward. The age and
diagnoses of the patients and the type and
duration of the studies are listed in table 1.
All patients were fully ambulatory and in
good physical condition despite the diag-
noses indicating minor chronic abnormali-
ties; the renal and intestinal function and

J. Nutrition, 89: '66

the clinical laboratory tests of all patients
were normal. All patients received the
same constant, analyzed low calcium diet,
which contained an average of 200 mg
calcium and 820 mg phosphorus./day. The
composition of the basal diet is listed in
table 2. The patients received this diet
from 30 to 60 days before the studies were
performed. The energy intake was not
the same for all patients and adjustments
in calories and in nitrogen intake were
made according to the ideal weight, the
previous dietary habits, the activity and
the age of the patients. Although the same
food lots were used, there was some vari-
ability in nitrogen content of the 6-day
food aliquots, especially due to the differ-
ences in nitrogen content of the meats.
Supplements of calcium in equivalent
amounts were added to this diet as the
gluconate or as the lactate, all other con-
stituents of the diet remaining unchanged.
During supplementation with calcium glu-
conate, the calcium intake averaged 1,657
mg/day; during supplementation with cal-
cium lactate, 1,672 mg/day. The average
intake of phosphorus in the 2 study phases
was 865 mg and 870 mg/day, respectively.

Received for publication December 27, 1965.

1Supported in part by Public Health Service Re-
search Grant no. A-5572 from the Natonal Institute of
Arthritis and Metabolic Diseases, and in part by the
National Dairy Council.
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TABLE 1
List of patients studied

Study
Patient A Di i

atien ge lagnosis Type Days
1 61 Pulmonary calcifications calcium gluconate 66
calcium lactate 30

2 51 Osteoporosis, mild calcium gluconate 36
calcium lactate 38

3 51 Osteoarthritis calcium gluconate 40
calcium lactate 14

4 40 Peripheral neuropathy calcium gluconate 50
calcium lactate 24

5 43 Peripheral neuropathy calcium gluconate 24
calcium lactate 32

6 47 Osteoporosis calcium gluconate 48
calcium lactate 38

7 42 Osteoporosis calcium gluconate 48
calcium lactate 18

8 48 Cortisone osteoporosis calcium gluconate 1 30
calcium lactate 1 30

calcium gluconate 1 30

calcium gluconate 2 42

calcium lactate 2 32

calcium gluconate 3 54

calcium lactate 3 24

1During high protein-high calcium intake.
2During normal protein-high calcium intake.
3During high protein-medium calcium intake.

TABLE 2

Composition of metabolic low calcium diet (2223

Fruit juice, 200 ml

Rice,130 g 1

Bread, 150 g f
Spaghetti,120 g J

Jelly, 120 g

Potatoes,2 100 g \

Canned vegetables, 175 g J
Sweetened canned fruit, 225 g
Sugar, 28 g

Meat (beef and turkey), 200 g
Butterfat, 50 g

Cream, 20 g

Total

1Weight of raw food.
2Weight of cooked food.

The average duration of the calcium gluco-
nate studies was 45 days and of the cal-
cium lactate studies, 28 days. The patients
did not receive any medications, except for
patient 8, who received 20 mg prednisone/
day throughout all study phases. In this
latter patient, the comparative effect of

kcal) (basal diet)

Protein Carbohydrate Fat
Siday 9/day g/day
24
24
22 78
15
78
19
5 15
44
28
44 28
41
2
71 325 71

calcium gluconate and calcium lactate was
studied during 2 intake levels of both cal-
cium and protein.

The calcium lactate studies followed the
calcium gluconate studies immediately in
4 patients (patients 4, 5, 6, and 8) and
were performed from 2 weeks to 2 months
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after the calcium gluconate study in 3
patients (patients 1-3). In patient 7, the
time interval between the calcium gluco-
nate and calcium lactate study was 7
months. The studies were performed from
October to April in 5 patients (patients 1,
3-6), from January to April in patient 2
and continuously from February to July in
patient 8. In patient 7, the calcium gluco-
nate studies were performed in November
and December and the calcium lactate
studies in June and July.

Complete collections of urine and stool
were obtained throughout the studies. De-
mineralized water containing 4 to 5 mg
calcium/liter, was used for drinking and
food preparation. The body weight, the
fluid intake, the urine output and the uri-
nary excretions of creatinine, calcium and
phosphorus were determined daily. Meta-
bolic balances of calcium, phosphorus and
nitrogen were determined on aliquots of
6-day pools of urine and stool and on ali-
quots of the diet in each 6-day metabolic
period.

Radioisotope studies were carried out
during the intake of both calcium gluco-
nate and calcium lactate. A single tracer
dose of 4fCa as the chloride (30 to 50 aCi)
was administered orally with breakfast in
each study. The plasma levels of 4Ca were
determined at 1, 4, 8 and 24 hours after
the oral administration of 4Ca, daily in the
first week of the study and at less frequent
intervals thereafter. The urinary 4Ca ex-
cretions were determined daily on aliquots
of each 24-hour urine collection and the
fecal 4Ca excretions on each stool speci-
men. The studies averaged 24 days during
the intake of calcium gluconate and 20
days during the intake of calcium lactate.

The radioassays of 4Ca in plasma, urine
and stool were performed in a well-type
Nal crystal y-scintillation counter equipped
with a single channel pulse height anal-
yzer. Standards equivalent to the admin-
istered dose were always counted along
with the samples of plasma, urine and
stool. The 4Ca level in plasma was ex-
pressed as percentage of the administered
dose per liter, the urinary 4fCa excretion
as percentage of dose per total urine vol-
ume per day and the fecal 4/Ca as percent-
age of dose per stool specimen.

IN MAN 285

The net absorption of 4fCa, as percent-
age of the administered dose, was deter-
mined by subtracting the fecal 4Ca ex-
cretion (in per cent) from 100. The true
absorption was calculated by correcting
for endogenous fecal 4Ca excretion, deter-
mined from excretion values following the
intravenous injection of 4Ca to the same
patient. For patients who did not receive
4fCa intravenously, the endogenous fecal
4fCa excretion was estimated to be 15%
of the absorbed dose. This estimate is
usually very close to the true value, and
the error introduced is small (11).

Urinary calcium was determined by a
modification of the method of Shohl and
Pedley (12), serum calcium by a modifi-
cation of the Kramer-Tisdall method (13),
nitrogen by the Kjeldahl method (14) and
phosphorus by the method of Fiske and
Subbarow (15). Stool calcium and phos-
phorus were determined on dry-ashed ali-
quots of 6-day stool pools which were dis-
solved in hydrochloric acid.

RESULTS

The results obtained in the calcium glu-
conate and calcium lactate studies are
shown in table 3. The slight variations in
nitrogen and calcium intake from patient
to patient and also in the same patient in
the 2 study phases are due to differences
in food intake, to inherent differences in
the composition of the different food lots
and to rejection of small amounts of food.
The lower protein and calcium intake of
patient 5 was due to caloric adjustments
which had to be made in accordance with
the previous dietary habits of this patient.
In patients 1 to 5 the average urinary cal-
cium excretion was similar during the in-
take of calcium gluconate and of lactate;
in patients 6 and 7, the calciuria was ap-
proximately 50 mg and 100 mg higher per
day during the intake of calcium lactate,
respectively. The fecal calcium excretion
decreased in 6 of the 7 patients (patients
1, 3—7), during the intake of calcium lac-
tate but was little changed in patient 2.
The calcium intake of patients 2 and 4
was slightly greater during the intake of
calcium lactate than during the intake of
calcium gluconate. The calcium balances
became more positive in patients 1 to 7
during the intake of calcium lactate, the
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improvement in balance ranging from 52
to 156 mg/day. The average improvement
in calcium balance for all patients includ-
ing patient 8 (table 4), during the intake
of calcium lactate as compared with cal-
cium gluconate, was 71.6 mg/day, which

is significant at a level of P < 0.05. The
net absorption of calcium which is the
difference between intake and fecal ex-

cretion was greater in the calcium lactate
phase by 96 mg/day with a significance
of P < 0.001. The changes in the phos-
phorus balances were consistent with the
changes in calcium and nitrogen balances
in most patients. The nitrogen balances
of all patients were positive and showed
fluctuations during the two study phases.

Although the average urinary calcium
excretion did not differ markedly in the
calcium gluconate and calcium lactate
studies, in some of the patients the urinary
calcium excretion increased distinctly dur-
ing the initial phase of calcium lactate in-
take. Figure 1 shows that the urinary cal-
cium excretion of patient 6 was about
300 mg/day in a 36-day study, during the
intake of calcium gluconate. When cal-
cium lactate was substituted in equivalent
amounts for calcium gluconate, the uri-

CALCIUM GLUCONATE CALCIUM LACTATE

Fig. 1 Urinary calcium excretion during in-
take of calcium gluconate and calcium lactate.
Each bar represents the average urinary calcium
excretion per day for each 6-day metabolic period.
Equivalent amounts of calcium were given as
calcium gluconate and as calcium lactate. Pa-
tient 6.
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nary calcium excretion increased promptly

> % pooQm %{g by an average of about 100 mg/day in the
TR oom first 6 days of calcium lactate administra-
g P tion and decreased gradually in the subse-
quent 6-day periods. However, the urinary
> :_1'% A A calcium excretion was still higher after
N 0?5)303 o b & 30 days of calcium lactate intake than dur-
£ o ™ ing the intake of calcium gluconate. A
prompt increase in calciuria was also ob-
=0 ®in . ® o® _served_ during _the intake of czfllcium Iac_tate
s 1 ba R <Jv11 in patient 7 (fig. 2). The urinary calcium
= o excretion of this patient ranged from 173
mg/day to 132 mg/day in the six 6-day
> o . periods of calcium gluconate intake. When
N B o 9 an equivalent amount of calcium was ad-
g - . . ministered as the lactate 7 months later,
the urinary calcium excretion was consid-
Ecooo N @ e!‘ably highe_r. The average u_rinary cal-
S i cium excretion per 6-day period ranged
£ 111 4. 1. from 260 mg/day to 236 mg/day. When
? oo . calc_ium lactate was ther_1 replaced by
TR % ©D D equivalent amounts of calcium as the glu-
L conate, the daily urinary calcium excre-
> tion decreased promptly (fig, 2).
T in % in ;;%ﬁ " @ The mineral and protein balances of
g patient 8 are listed in table 4. This patient
> ® o had received corticosteroid therapy for 8
N G@% B® &@ years and continued to receive 20 mg
g prednisone/day during the present study.
Two intake levels of protein and of cal-
cium were used. During the high protein-
° C:UE . : high calcium intake, the urinary calcium
gg’o gg o Z '% excretion was high, approximately 500
B on 1BE G ? mg/day, with an intake of either calcium
e T ® e gluconate or calcium lactate. The average
2 38. a 38. a 2 a calciuria was, however, slightly higher (by
S g g ¢ % g 3 an average of 31 mg/day) in the calcium
WEg oY E lactate study and decreased promptly by
an average of 41 mg/day when calcium
lactate was again replaced by calcium glu-
% & B oo |TH o conate. The average fecal calcium excre-

tion was lower by approximately 100 mg/
day during the intake of calcium lactate
than during the intake of calcium gluco-
nate and the calcium balance improved by

é&/l approximately 100 mg/day in the calcium
M *e B lactate study. On re-administration of cal-

> cium gluconate, the fecal calcium in-
creased to about the same level as in the
first calcium gluconate study, and the cal-
cium balance became somewhat more neg-
ative. During the intake of the intermedi-
ate amount of protein, the calcium intake
XD 0 remaining unchanged, similar observa-
tions were made: the fecal calcium de-

e
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.Ca LACTATE  Ca GLUCONATE

Fig. 2 Urinary calcium excretion during intake of calcium gluconate and calcium lactate.
Each bar represents the average urinary calcium excretion per day for each 6-day metabolic
period. The daily urinary calcium excretions during the intake of calcium lactate and cal-
cium gluconate are those of the second study phase. Patient 7.

creased by 120 mg/day during the admin-
istration of calcium lactate and the urinary
calcium excretion increased very slightly,
resulting in an improvement of the calcium
balance by 106 mg/day. When the calcium
intake was decreased from an average of
1979 mg to 922 mg/day, the protein intake
remaining high, the urinary calcium excre-
tion was lower than during high calcium
intake and averaged 411 mg/day in the
calcium gluconate phase. When calcium
gluconate was replaced by calcium lactate
during this high protein-intermediate cal-
cium intake, both the urinary and the fecal
calcium excretions decreased slightly and
the average calcium balance improved by
107 mg/day. The phosphorus balances of
this patient varied with the changes in
calcium and nitrogen balances, similar to
the changes observed in the remaining
patients. The nitrogen balances were posi-
tive during high protein intake; they be-
came markedly less positive and were even
slightly negative when the nitrogen intake
was decreased to approximately 11,000

mg/day.

Table 5 lists the cumulative fecal 4Ca
excretions in the calcium gluconate and
calcium lactate studies. The fecal 4Ca

excretions were consistently lower during
the intake of calcium lactate than during
the intake of calcium gluconate, although
the differences were not great in most

patients. The average difference of 7.9%
was significant at a level of P < 0.05.
Figure 3 shows that the plasma levels of
4/Ca of patient 1 were higher after the
oral administration of this tracer during
the intake of calcium lactate than during
the intake of calcium gluconate. Simi-
lar results were obtained in five other
patients (patients 1, 2, 4, 6 and 7),
while they remained in the same range in
both studies in 2 patients (patients 5 and
8), and were slightly lower in the calcium
lactate study in patient 3 (table 6). The

TABLE 5

Fecal 4/Ca excretion in patients receiving calcium
gluconate and calcium lactate supplements

Cumulative 47Ca excretion 12

Patient Difference 3

Calcium Calcium

gluconate lactate

% of dose % of dose
i 78.9 68.4 10.5
2 78.6 73.7 4.9
3 78.5 71.9 6.6
4 72.3 70.6 1.7
5 63.0 60.5 2.5
6 65.5 61.4 4.1
7 85.9 61.4 24.5
8 64.3 4 56.1 4 8.2

1A single tracer dose of 47Ca was given orally on
the first day of the study.

2The excretions represent the cumulative fecal 47Ca
excretions up to the time when less than 1% of the
dose was excreted daily in stool.

3 Difference between fecal 47Ca excretion during the
intake of calcium gluconate and calcium lactate.

4 With high protein diet. This patient received 20
mg prednisone per day in both study phases.
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Fig. 3 Plasma levels during intake of calcium
gluconate and calcium lactate (oral 47Ca). A
single tracer dose of 4/CaClo was given orally dur-
ing the intake of calcium gluconate and of cal-
cium lactate.

4fCa plasma levels at 4, 8 and 24 hours,
during the intake of calcium lactate, were
compared with those of the calcium glu-
conate study and a ratio was obtained
which indicated the relative absorption
during the intake of calcium lactate and
calcium gluconate. The average value of
this ratio for the 8 patients was 1.19, sig-
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nificantly higher than 1.00, at a level of
P <0.05, indicating that the absorption of
4Ca was higher during the ingestion of
calcium lactate than of calcium gluconate.

DISCUSSION

Several reports in the literature have
indicated that calcium lactate is a poor
source of calcium (2). Most studies, how-
ever, were performed in young animals
or in young adults in whom the difference
in utilization of calcium from various cal-
cium salts may not be appreciable.

In experiments continued over 3 gener-
ations in rats, the addition of calcium lac-
tate and of disodium phosphate to a low
calcium-low phosphorus diet was reported
to be as effective as milk in promoting
growth in the first generation of rats but
was less effective in maintaining this
growth rate in succeeding generations (4).
Calcium acetate, chloride, levulinate and
gluconate have been used in calcium ab-
sorption studies with isolated loops of the
upper part of the small intestine of rats
(16). The absorption of calcium from the
isolated loops was found to be higher from

TABLE 6

i7Ca Plasma levels during the intake of

calcium gluconate and calcium lactate

(oral administration of aCa)

Patient Study

1

- Ca gluconate 0.28
: Calactate 0.27
2 Ca gluconate 0.54
Ca lactate 0.51

3 Ca gluconate 0.62
Ca lactate 0.45

a Ca gluconate 0.38
Ca lactate 0.42

5 Ca gluconate 0.58
Ca lactate 0.39

6 Ca gluconate 0.65
Ca lactate 0.52

7 Ca gluconate 0.21
Ca lactate 0.38

8 Ca gluconate 0.82
Ca lactate 0.59

1Hours after the oral administration of 47Ca.
2Values are averages. Ratios were determined
4, 8 and 24 hours in the 2 study phases.

47Ca plasma levels 47Ca plasma

ratio: 2
Hours 1
Ca lactate
4 8 24 Ca gluconate
% of dose/liter of plasma

073 053 036
098 076 052 140
054 048 026
071 063 043 138
187 153 102
160 130 101 0.:86
078 064 039
084 074 060 1.20
101 078 055
093 083 056 0.99
096 078 050
122 096 059 1.24
102 078 051
1.41 108 076 141
150 108  0.74
148 113  0.76 1.02

by relating the sum of 47Ca plasma levels at
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calcium gluconate than from other salts.
However, no differences in absorption of
calcium from the various salts were ob-
served in intact rats (16). In another
study, calcium from calcium lactate was
found to be absorbed to a lesser extent
than from calcium chloride when intro-
duced into Thiry-Vella fistulas in dogs (5).
More recently, studies of the absorption of
calcium in dogs with Thiry-Vella fistulas
have been reported (17). In a limited
series of experiments the absorption of cal-
cium from the chloride, lactate and gluco-
nate in distilled water or in a hypotonic
solution has been found to be similar.2

In studies performed in man, Patton
and Sutton (6) found no significant dif-
ference in the utilization of calcium from
the lactate, gluconate, sulfate or carbonate
in young college women. However, the
order in which the calcium salts were ad-
ministered was found to be a significant
factor and the salt taken first was utilized
to a greater extent, regardless of which
salt was used. In a subsequent study in
college women Patton (7) found that cal-
cium in milk, calcium carbonate, and cal-
cium gluconate were utilized to the same
extent. In a study in children comparisons
were made on the effect of calcium lactate
with that of milk, and the criteria used
were those of height and weight incre-
ments (18). Since milk supplies many
nutrients, in addition to calcium, that fav-
orably influence growth, the effect of a
calcium salt alone cannot be used for com-
parison.

The results obtained in the present in-
vestigation indicate that calcium is ab-
sorbed better from calcium lactate than
from calcium gluconate in man as judged
by three separate sets of analytical data,
i.e., the changes in stool calcium analyses
and calcium balances, in fecal 4fCa excre-
tions and in 4fCa plasma levels. The dif-
ferences in the results obtained with the
2 calcium salts for the group of patients
are statistically significant for each of
these criteria. It cannot be predicted
whether the fecal excretions of calcium
and of 4Ca would have increased if cal-
cium lactate had been administered for a
prolonged period of time. The increase in
calcium balance in patient 2 in the cal-
cium lactate phase cannot be interpreted

SCHECK, 1.
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with certainty because the calcium intake
was 85 mg higher in this study than in the
calcium gluconate study.

All patients were studied with cal-
cium gluconate before they were studied
with calcium lactate. Since the sequence
of administration of the calcium salts was
reported to influence the absorption of cal-
cium (6), the order of administration of
the calcium salts in the present study
should have favored the absorption of cal-
cium from the gluconate. The greater ab-
sorption of calcium lactate than of cal-
cium gluconate in the present study would,
therefore, be even more significant.

The difference in the results reported
here and those obtained by other investiga-
tors (5, 6) may be due in part to the fact
that the amount of calcium added to the
diet in the present study was high in com-
parison with the dietary calcium intake.
The amount of calcium contained in
the calcium supplements constituted from
87% to 90% of the total calcium intake
in this study. In investigations reported
in the literature the total calcium intake
was often relatively low and the amounts
of calcium given in the form of calcium
salts represented 50% or less of the total
calcium intake. The estimation of the
effects of the calcium supplements may
be difficult under these circumstances. For
instance, in the studies of Patton and
Sutton (6), the amounts of calcium added
as gluconate, lactate and in forms of other
salts was low, 400 mg/day, and the diet
contained a similar amount of calcium, 347
mg calcium/day. In a study of the com-
parative utilization of calcium in milk and
of calcium contained in carrots (19), the
dietary calcium averaged 270 mg/day, and
the additional calcium supplied by 700 g
carrots/day was 202 mg. In the latter
study, the lower absorption of calcium
from carrots than from milk may have
been due to the low concentration of cal-
cium in a relatively large mass of un-
absorbable vegetable material.

In most of the patients in the present
study the urinary calcium excretions were
similar during the intake of calcium glu-
conate and of calcium lactate except in
patients 6 and 7. The increased calciuria

2Cramer, C. F., personal communication.
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was probably the result of greater intesti-
nal absorption of calcium from calcium
lactate than from calcium gluconate. The
increase in urinary calcium excretion in
patient 7, during the intake of calcium
lactate, must be interpreted with caution,
since the calcium lactate study was per-
formed 7 months after the calcium gluco-
nate study and the possibility of a spon-
taneous increase in urinary calcium excre-
tion must be considered. However, the
prompt decrease in urinary calcium ex-
cretion upon replacing calcium lactate by
calcium gluconate in this patient (fig. 2),
indicated that the increase in calciuria
most probably resulted from the higher
absorption of calcium lactate; the lower
excretion of fecal calcium during the in-
take of calcium lactate was also indicative
of greater absorption of calcium.

It is of interest that the results in pa-
tient 8 were similar to those of the other
patients despite prolonged corticosteroid
therapy. Also, the effect of calcium lac-
tate in decreasing fecal calcium excretion
was independent of the intake level of pro-
tein and of calcium. The slightly higher
urinary calcium excretions during supple-
mentation with calcium lactate on inter-
mediate as well as on high protein-high
calcium intake, also indicated better ab-
sorption of calcium lactate than of cal-
cium gluconate. The decrease in urinary
calcium excretion during the intake of the
intermediate level of calcium as the lactate
in patient 8 may have been a consequence
of lowering the intake of calcium.

It has been claimed that calcium gluco-
nate causes diarrhea in man (20). Both
calcium gluconate and calcium lactate in
the amounts given were well tolerated by
the patients reported here and neither of
the 2 calcium salts caused untoward side
reaction.

Gluconate S Its have been used as com-
plexing agents, but the binding constant,
Kp, for calcium gluconate, is low, 1.21,
and is almost the same as the value of 1.07
given for calcium lactate (21). As com-
plexing agents, neither lactate nor gluco-
nate ions would be expected to bind cal-
cium more strongly than the proteins and
carbohydrates of food. The reason for the
better absorption of calcium from calcium
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lactate than from calcium gluconate in
man remains conjectural.
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Growth Response of Turkey Poults to
Fractions of Soybean Mealz

MELVIN GRIFFITH2 ana ROBERT J. YOUNG

Department of Poultry Science and Graduate School of Nutrition,
Cornell University, Ithaca, New York

ABSTRACT A study was conducted to concentrate and characterize the component
of soybean meal which has been reported to improve the growth of turkey poults.
A water extract of raw soybean meal increased the growth of turkey poults when
added to purified diets based on isolated soybean protein or casein-gelatin. The
factor could be extracted from heated soybean meal with methanol. This factor
appeared to be partially dialyzable, and insoluble in phenol. Extraction of the water
extract with methanol brought about a concentration of the growth factor in the
methanol-soluble portion. The factor appeared to be organic in nature, although a
small response to the ash was also obtained. Extraction of the methanol-soluble
fraction with chloroform-methanol inactivated or destroyed the factor. The growth
factor could be made unavailable to the poult by reacting it with acetic anhydride.
It was then reactivated by KOH hydrolysis.

Several investigators (1-6) have shown
that soybean meal contains a factor which
increases the growth of turkey poults fed
an isolated soybean protein diet adequate
in all known nutrients. Kratzer et al. (1,
2) reported that the factor could be ex-
tracted from 44% soybean meal with
methanol, and could then be partially
extracted from the methanol extract by
benzene. Wilcox et al. (3—5) and Carlson
et al. (7) reported the concentration of a
growth factor in a water extract of 50%
soybean meal, either raw or heated. The
factor could not be extracted from soy-
bean meal by acetone or ethanol. Grif-
fith et al. (6) noted that the factor could
be extracted with water from unheated
solvent-extracted soybean flakes, but little
was extracted with water from heated
50% protein soybean meal.

The present report describes experi-
ments conducted to concentrate and char-
acterize the component of soybean meal
responsible for the improved growth of
turkey poults.

MATERIALS AND METHODS

The compositions of the purified basal
diet and the positive control diet contain-
ing soybean meal are shown in table 1.
In addition, a casein-gelatin basal diet was
used in one experiment. It consisted of
30.9% casein, 10% gelatin, 31% sucrose,
7.1% cellulose, 5% soybean oil, 0.5%

J. Nutrition, 89: '66

arginine, 0.25% methionine and the vita-
mins and minerals shown in table 1. The
fractions prepared from soybean meal
were substituted for sucrose in the basal
diet. Diets were fed ad libitum from one
day to 3 weeks of age to either Broad
Breasted Empire White or Wrolstad Me-
dium White turkey poults. Triplicate pens
of poults were housed in thermostatically
controlled battery brooders with wire-mesh
floors. Poults were group-weighed and
feed consumption was determined weekly.
All poults were weighed individually at
the end of the experiment.

Fractions were prepared from raw, sol-
vent-extracted soybean flakes (brewer’s
flakes) by the following procedures.

Water extract (WE). Raw soybean flakes
were mixed with 8 liters of water/kg of
flakes and the pH was adjusted to 4.7
with acetic acid. The mixture was stirred
for one hour at a temperature of 60°.
The extract was squeezed from the in-
soluble residue in a screw press. The resi-
due was extracted a second time, the ex-
tracts were combined and held in a tank
until the fine particles settled out. The
supernatant was decanted and placed in

Received for publication January 24, 1966
1This work was supported in part by grants-in-aid

from Agway, Inc. and the Distillers Feed Research
Council. The authors are also grateful to Dr. W. W.
Cravens, Central Soya Company, Inc., Decatur,

Indiana, for the supply of unheated solvent extracted
soybean flakes used in this work.

2Present address: Department of Poultry Science,
Louisiana State University, Baton Rouge.
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TABLE 1
Experimental diets
20%
Basal soybean
meal
% %
Soybean oil 7.00 9.00
Isolated soybean protein 1 41.00 29.43
Soybean meal, 50% — 20.00
Sucrose 38.665 29.235
Cellulose 2 3.00 2.00
Glycine 0.50 0.50
Methionine 0.75 0.75
Mineral mix 3 2.00 2.00
Vitamin mix 4 0.666 0.666
Choline CI, 70% 0.354 0.354
CaHP04-2H«0, NF 5.00 5.00
CaCOs, USP 1.065 1.065
Total 100 100
Protein, % 37.25 37.25
Energy, kcal/kg
(metabolizable energy) 3496 3400
Metabolizable energy-
to-protein ratio 94 91
1ADM C-I AssaY protein, Archer-Daniels-Midland
Comggny Minneapolis
ka-Floc, Brown Company, Berlin, New Hamp-

ire.
3Mineral mix provided the following in g/lOOg
dlet‘ NaCl, 0.7; KC1, 0.7; MgS04, 0.5; FeS_ 7H

(m ‘mg/100 9 duet’) nS04H2, 25;
CuSO4— HD, 2; 03, 15; NaMoO4—2HZ) 04
Na2Se03, 04 and CoCI2 GHm 04.

4Vitamin mix provided the followmg/kg of diet:
vitamin A, 200 1U; vitamin D3, 1980 d—a—tooo—
gheryl acetate, 20 1U; (in mg/kg) nlCOtlnIC acid,
pantolhenate 22; riboflavin, 10; pyrldoxme"HCI
10; thiamine-HC1, 10 folic acid, 1; menadione sodium

bisuHite, vitamin Bi2, 0.02; biotin, 0.22; and
ethoxyqum

a steam kettle, stirred and heated until
most of the water evaporated. The thick
slurry remaining was placed in pans and
evaporated to a thick paste in an oven at
60 °. The final material was approximately
66% dry matter.

Methanol-soluble portion of ivater ex-
tract (ME). Batches of about one kilogram
of water extract paste were placed in a pan
containing 4 liters of warm methanol.
The water extract was manually separated
into small pieces with the aid of a spatula
and rubber gloves. The mixture was
placed in an oven at 45° for one hour and
allowed to settle. It was filtered through
Whatman no. 12 filter paper while still
inside the 45° oven. The residue from this
filtration was stored under methanol and
extracted a second time. This extraction
was carried out in a 5-liter Waring Blendor
in which one-kilogram batches of the resi-
due were ground with 3 liters of warm
methanol, at slow speed, for 2 minutes.
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The material from the blender was poured
through a 0.32-cm mesh screen. The ma-
terial which passed through the screen
was allowed to settle and filtered inside
an oven as described above. The extracts
were combined and the methanol evapo-
rated. Analysis of the resulting molasses-
like material showed that it contained
12% protein (N x 6.25), 7% fat (chloro-
form-methanol, 2:1) and 11% ash. It
also showed a strong Benedict's test for
reducing sugars.

Acetic anhydride treatment of the meth-
anol extract (ME-Ac). A 600-g sample of
ME was refluxed on a steam bath for 2
hours with 2 liters of acetic anhydride. A
violent reaction was observed to occur for
a period of several minutes after the mix-
ture had been refluxed for some time. At
the end of the treatment, water was added
to the flask, and the solution was neutral-
ized with NaOH. A portion of the material
which had become water-insoluble was
allowed to settle out and the water solu-
tion was decanted. The water was par-
tially evaporated from the water-soluble
fraction leaving a paste which was added
to the diet. The water-insoluble material
was washed out of the containers with
acetone, the acetone evaporated, and the
material dissolved in ethanol for addition
to the diet.

Hydrolyses of the acetone-soluble frac-
tion after acetic anhydride treatment.
The acetone-soluble fraction (ME-Ac) re-
sulting from the treatment described
above was placed in a flask and the ace-
tone evaporated. A liter of 5n KOH was
added and the solution was refluxed for
6 hours. The material was then cooled,
neutralized with sulfuric acid and the
water was partially evaporated. The ma-
terial added to the diet included the potas-
sium salts resulting from the neutraliza-
tion procedure.

Chloroform-methanol extraction of the
methanol extract. A 300-g sample of ME
was refluxed with 1.5 liters of chloroform-
methanol, 2:1 (v/v), for one hour. The
liquid was decanted, and the extraction
of the insoluble material was repeated.
The extracts were combined and the sol-
vents evaporated. The chloroform-meth-
anol-soluble and -insoluble materials were
added to separate diets.
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Ash of the methanol extract. The sam-
ple of ME was charred on a hotplate and
then ashed in a muffle furnace for 24
hours at 500°.

Phenol-soluble and -insoluble fractions
of the water extract. One hundred grams
of soybean water extract (WE) in 330 g
of water were combined with 215 g of
phenol. The mixture was heated until the
phenol dissolved at about 80° and was
then allowed to cool in a separatory fun-
nel. The water layer containing the phe-
nol-insoluble material was removed and
washed 5 times with diethyl ether. The
water was then evaporated.

Diethyl ether (400 ml) was added to
the phenol layer and the phenol-ether
solution was washed 5 times with water.
The water washings of the phenol-ether
solution were washed 5 times with diethyl
ether to remove all the phenol. The water
was evaporated and the residue was added
to the diet.

Dialyzed water extract. A sample of
water extract equivalent to 7% of the
diet was dialyzed in 28-mm-diameter di-
alysis tubing against running water for
36 hours. The non-dialyzable fraction was
dried and added to the diet.

NaOH treatment of methanol extract.
Six hundred grams of ME in 9 liters of
methanol were adjusted to pH 12 with
NaOH, allowed to stand in a cooler over
night and filtered. The precipitate was
dissolved in water and neutralized. The
methanol was evaporated from the filtrate
prior to neutralization. Most of the water
was evaporated from both fractions be-
fore they were added to the diet.
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Separation of liquid and solid portions
of concentrated water extract. After most
of the water was evaporated from the
water extract, some material clumped to-
gether to form soft lumps. This solid
material was separated from the liquid
by filtration in one experiment and by
centrifugation in another.

Methanol extract of heated soybean
meal. Commercial 44% soybean meal
was extracted with methanol in a Soxhlet-
type extractor for 48 hours. The methanol
was evaporated and the methanol-soluble
material was added to the diet.

Charcoal adsorption procedure. Six
hundred grams of ME in 8 liters of meth-
anol were stirred with 250 g of charcoal
and filtered. The procedure was repeated,
using 450 g of charcoal.

General treatment. All fractions of raw
soybean flakes and the intact flakes which
were ground and used in the positive con-
trol diet were autoclaved for 30 minutes
at 107° before addition to the diet.

Statistical analyses of the data were
performed for analysis of variance and
Duncans new multiple range test (8) at
the 5% level of probability.

RESULTS

The results of feeding graded levels of
water extract are presented in table 2.
Water extract of raw soybean flakes added
to the diet at levels equivalent to 20% ,
30% or 40% soybean meal was equally
effective, showing that a level of extract
equivalent to 20% soybean meal was suf-
ficient for maximal growth response. Re-
combined extract and residue promoted

TABLE 2

Effect of different levels of soybean water extract on growth response of poults

Supplement

Basal

Water extract ~ 20% of soy flakes
Water extract ~ 30% soy flakes
Water extract ~ 40% soy flakes

Water extract-)-12.8% residue ~ 20% soy flakes

20% soybean flakes, heated

lincludes about 30%

Water Avg wt Feed/
ienxgi%%tl 3 weeks gain
% 9
- 412 a 1.37
7.2 486 b 1.26
10.8 477 b2 1.37
14.5 491 b2 1.40
7.2 497 b 1.26
— 492 b 1.26

water remaining in finished preparation.

2Average of triplicate lots of 8 female Empire White poults each. Other values in this experiment

are averages of triplicate lots of 11 poults

significantly different.

each.

Values followed by the same letter are not
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growth to the same extent as the intact
soybean meal.

The effects of dialyzing the water
extract or extracting it with phenol
are shown in table 3. Approximately one-
half of the growth-promoting activity was
retained after dialysis. The growth factor
did not appear to be soluble in phenol,
although some activity may have been
retained in the phenol and not recovered.

Extraction of heated soybean meal with
methanol resulted in a growth response
from the methanol extract (table 3). How-
ever, extraction of raw soybean flakes
with methanol and heated soybean meal
with water failed to remove the growth
factor.3

The data summarized in table 4 show
that either the water extract or the intact
soybean meal gave a growth response
when included in a casein-gelatin diet,
although this basal diet did not support
as good growth as the isolated soybean
protein basal diet. No effect on growth

MELVIN GRIFFITH AND ROBERT J. YOUNG

in the
lard and

was observed when soybean oil
basal diet was replaced with
safflower oil.

In experiments A and B (table 5) fur-
ther fractionations of water extract were
performed. Filtration of the water extract
to separate the liquid and suspended ma-
terial was not effective in concentrating
the growth factor in either fraction. When
a more efficient separation of the solid
material was made by centrifugation, the
growth factor was observed only in the
liquid portion of the extract. A fractiona-
tion in experiment A using 2:1 methanol-
water, and the results of using graded
concentrations of methanol in experiment
B both show that the growth factor was
soluble in both methanol and water.

The methanol-soluble fraction of the
water extract (ME) was subjected to sev-
eral different treatments (experiment C,

3 Griffith, M. 1965 Investigation of the
factor and phosphorus availability factor of soybeans

with turkey poults. Ph.D. Thesis, Cornell University,
Ithaca, New York.

TABLE 3
Growth response to some fractions of the water extract of soybean

Supplement

Basal

Water extract ~ 20% raw soybean flakes
Nondialyzable water extract
Phenol-soluble water extract
Phenol-insoluble water extract

Methanol extract of 44% soybean meal
20% soybean flakes, heated

lincludes approximately 30% water in

completed

Supplement Avg wt, 2 Feed/

in diet 3 weeks gain
% 9

— 400 a 1.32

7.0 482 bd 1.28

0.8 439 dx 1.30

2.4 416 & 1.36

25 442 dx 1.31

6.2 4904 1.27

— 546 d 1.17

supplement. All fractions of water extract

were added at levels equivalent to the level of water extract fed.

1Average of triplicate pens of 10 male
same letter are not significantly different.

Empire White

poults each. Weights followed by the

TABLE 4
Effect of changes in the basal diet on growth of turkey poults

Supplement

Basal (soybean protein)

+ 7.4% water extract ~ 20% raw soybean flakes 2

+ 20% soybean flakes, heated

+ 4% lard + 3% safflower oil (substituted for 7% soybean oil)

Basal (casein-gelatin)

+ 7.4% water extract ~ 20% raw soybean flakes 2

+ 20% soybean flakes, heated

1Average of triplicate pens of 11 female
same letter are not significantly different.

2lIncludes approximately 30%

Empire White poults each.

Avg wt, Feed/
3 weeks 1 gain
9
412 b 1.37
474 d 1.35
492 d 1.26
424 1.35
351 a 1.28
463 o 1.38
484 d 1.15

Weights followed bv the

water in supplement.

growth
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TABLE 5
Growth-promoting activity of various fractions of the water extract of soybeans (WE)

Supplement

Experiment A 2

Basal

Water extract (WE) ~ 40% raw soybean flakes

Filtrate of WE

Insoluble fraction of WE
WE-insoluble in 2:1 methanol-water
WE-soluble in 2:1 methanol-water
20% soybean flakes, heated

Experiment B 3

Basal

Water extract (WE) ~
WE-insoluble in 1:2 methanol-water
WE-soluble in 1:2 methanol-water
WE-insoluble in 2:1 methanol-water
WE-soluble in 2:1 methanol-water
WE-insoluble in pure methanol
WE-soluble in pure methanol
Precipitate from centrifuged WE
Supernatant from centrifuged WE
20% soybean flakes, heated

lincludes approximately 30%

20% raw soybean flakes

Supplement  Avg wt, Feed/
in diet 1 3 weeks gain
% 9
- 423 a 1.31
11.5 465 b 1.38
9.2 465 b 141
4.0 459 » 1.37
48 444 1.32
6.2 461 » 1.34
— 508 ¢ 1.29
- 433 & 1.27
6.5 467 &0 1.35
1.4 472 kc 1.24
3.9 470 b 1.30
1.8 416 » 1.34
35 466 dx 1.34
3.4 439 dx 1.34
18 470 ke 1.31
0.5 439 ax 1.30
5.0 481 ko 1.28
— 490 ¢ 1.19

water in completed supplement.

2Average of triplicate lots of 4 male and 4 female Wrolstad poults each.

3Average of triplicate lots of 10 male Empire White poults each.

letter are not significantly different.

table 6). The growth factor was present
after a sample had been refluxed for 6
hours with 6 » H204 and neutralized with
NaOH. However, when a sample of the
extract was refluxed with chloroform-
methanol, 2:1, to separate the lipid and
non-lipid fractions, no activity was noted
in either fraction. The growth factor ap-
peared to have been destroyed or made
unavailable by this treatment. Some
growth-promoting activity was present in
the ash of the methanol extract, but this
response did not duplicate the response
to the intact extract, indicating that the
primary factor responsible for the im-
proved growth of turkey poults was or-
ganic in nature.

The results of 3 experiments in which
additional fractionations of the methanol-
soluble fraction (ME) were carried out are
presented in table 6 (experiments D, E
and F). The ME which was stirred with
charcoal and filtered appeared to have
been reduced in growth-promoting activity
to about the same extent as the reduction
in total material. Adjusting the pH of the
methanol solution to 12 appeared to divide
the growth factor between the 2 fractions
or partially destroy it.

Weights followed by the same

When the ME was treated with acetic
anhydride (experiment D) there was no
growth response to either the water-soluble
fraction or the water-insoluble fraction
which was soluble in acetone. Growth-
promoting activity could be restored to
the acetone-soluble fraction by refluxing
it with 5n KOH (exp. E). In experiment
F, a growth response was again obtained
to the hydrolyzed acetone-soluble material,
whereas there was no response to the
unhydrolyzed acetone-soluble material,
thus confirming the results of the 2 pre-
vious experiments.

DISCUSSION

The results of the present study suggest
that there may be a change in the solubil-
ity properties of the growth factor in soy-
beans when it is subjected to heat. Pre-
vious attempts to extract the factor from
raw soybean meal with methanol, and
from heated soybean meal with water
were unsuccessful.4 However, in this study
the growth factor was extracted from raw
soybean meal by water and from heated
soybean meal with methanol. It was also

4 See footnote 3.
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TABLE 6
Influence of various treatments of the methanol-soluble fraction on the growth of poults

Supplement to basal diet Sutgpé%?%_nt ?V\\l,gevlgst' 2 Fge{fiﬂ/
% 9
Experiment C 3
None — 3104 1.46
Methanol-soluble fraction of the water extract of
raw soybean flakes (ME) 1.8 373 b= 1.38
ME refluxed with 6 n H2SO4 18 362 & 1.48
Ash of ME 0.02 344 ac 1.29
ME-insoluble in 2:1 chloroform-methanol 1.6 318 & 1.38
ME-soluble in 2:1 chloroform-methanol 0.2 319 & 1.42
20% soybean meal 383 ¢ 1.31
Experiment D 4
None — 313 & 1.38
ME 3.7 377 1.37
Charcoal filtrate of ME 2.4 355 ookt 1.37
ME water-soluble after acetic anhydride treatment 39 295 4 1.39
ME acetone-soluble after acetic anhydride treatment 2.5 315 ax 1.49
ME precipitated by NaOH (pH 12) 1.6 340 bk 1.35
Me not precipitated by NaOH 39 329 and 1.45
20% soybean meal — 384 f 1.26
Experiment E 3
None — 324 a 1.47
ME 2.3 384 » 1.39
ME acetone-soluble fraction hydrolyzed after
acetic anhydride treatment 4.4 383 b 141
20% soybean meal — 405 b 1.33
Experiment F 5
None — 424 & 1.38
ME 2.2 445 & 141
Me acetone-soluble after acetic anhydride treatment 1.4 406 a 1.36
ME acetone-soluble fraction hydrolyzed after
acetic anhydride treatment — 473 » 1.40
20% soybean meal — 482 » 1.34

1Values shown include 30 to 50%

water in supplement.

2Values within the same experiment followed by the same letter are not significantly different.

3 Fractions added at a level equivalent to 20%
lots of 9 mixed sex Wrolstad poults each.

4AIll fractions in this experiment added at a level equivalent to 40%

soybean meal.

Weights are averages of triplicate

soybean meal. Weights are

averages of triplicate lots of 5 male and 5 female Wrolstad poults each.

5Fractions added at a level equivalent to 20%
lots of 9 female Empire White poults each.

observed that the growth factor was solu-
ble in methanol after water extraction
from the raw soybean meal. However,
Wilcox et al. (3) extracted the factor
from heated soybean meal with water.

It appears that the growth factor is
quite thermostable, since there was no
loss of activity when the water extract
and the residue after extraction were re-
combined and compared with the intact
soybean meal. The factor was found to be
dialyzable in agreement with the previous
reports (3).

Previous experiments (6)5 established
that the basal diet was adequate in all
known nutrients. The response from soy-

soybean meal.

Weights are averages of triplicate

bean meal or fractions thereof did not
appear to be due to the correction of dele-
terious properties of the isolated soybean
protein diet, since the growth response to
soybean meal or the water extract was
also obtained when it was fed in a casein-
gelatin diet (table 4). Poults fed the
casein-gelatin basal diet grew significantly
less well than those fed the isolated soy-
bean protein diet. Since all poults grew
at the same rate when the 2 diets were
supplemented with either the heated soy-
bean flakes or the water extract, it appears
that the casein-gelatin basal may be more
deficient in the growth factor than the

5See footnote 3.
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isolated soybean protein basal diet. This
possibility is supported by the observations
of Westerfeld and Hermans (9) who re-
ported the presence of an unidentified
growth factor in isolated soybean protein.

The factor was found to be stable to re-
fluxing with acid but was destroyed or
made unavailable by refluxing with chloro-
form-methanol. Since no activity was ob-
served in either fraction after the latter
treatment, it was not possible to determine
whether the factor was lipid or nonlipid

in nature. Purified soybean oil did not
appear to contain the factor, unless the
other fats used also contained it. Several

attempts were made to concentrate the
factor in benzene. Variable and inconclu-
sive results were obtained in 4 experiments
in contrast with Kratzer et al. (2) who
were able to extract a portion of the growth
activity from a methanol-soluble extract
with benzene.

The ash of the extract caused a small
growth response. This observation agrees
with previous work (6) in which the ash
of the intact soybean meal also resulted
in a small growth response. Since no
growth response was obtained when the
amounts of known essential minerals
were increased,6 the small response from
the ash raised the possibility that some
mineral not now recognized as essential
may promote the growth of poults. These
results also indicate that the organic factor
may contain an inorganic element which
either separately, or as part of the molecule
of the unknown factor, causes a growth re-
sponse in turkey poults.

The growth factor can be reacted with
acetic anhydride and rendered unavail-
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able to the poult (table 6). The growth-
promoting activity can be restored by hy-
drolyzing with 5 n KOH. These results sug-
gest the presence of an amine or hydroxyl
group in the growth factor whis is essen-
tial for its biological activity.
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ABSTRACT Malnutrition retards growth in animals and children. Recovery of
normal stature on refeeding depends, in part, on age at onset of deprivation. To inves-
tigate the cellular events underlying this time-dependence, rats were exposed to 21 days
of caloric restriction at birth, at weaning and at age 65 days and then refed normally
until adulthood. Total organ weight, protein, RNA, and DNA were measured during the
periods of caloric restriction and subsequent refeeding. Total organ DNA and weight/
DNA, protein/DNA, and RNA/DNA ratios in test and control animals reared in the usual
manner served as indexes of changes in organ cell size and number. Malnutrition
from birth to weaning resulted in a proportional decrease in weight, protein, RNA,
and DNA, indicating a reduction in cell number without alteration in cell size. These
animals did not recover normal growth when adequately refed. Malnutrition from
weaning to 42 days of age resulted in a proportional reduction in weight, protein,
RNA, and DNA in all organs except brain and lung. Although weight, protein, and
RNA were reduced in these 2 organs, DNA was unaffected. Refeeding was accompa-
nied by recovery in weight of these 2 organs only, resulting in an animal retarded in
overall growth with normal-size brain and lung. Finally, malnutrition from 65 to 86
days of age resulted in maintenance of DNA values in all organs except spleen and
thymus, whereas weight, protein, and RNA were reduced. The reduced ratios coupled
with normal DNA suggest decrease in cell size with retention of cell number. All
organs in these animals except thymus recovered normal size on refeeding and all

ratios returned to normal.

These data suggest that cellular effects of malnutrition
depend on the phase of growth in the animal at the time of malnutrition.
nutrition impeded cell division and the animal did not recover.

Early mal-
Malnutrition at a

later stage of growth resulted in reduction of cell size from which the animal could

recover.

Severe growth retardation often accom-
panies malnutrition in young animals and
children (1). Recovery after adequate re-
feeding depends in part on the age of onset
of the malnutrition (2). The earlier the
animal or child becomes the victim of
severe malnutrition the greater is the
likelihood of permanent stunting. The
mechanism by which the same stimulus,
malnutrition, early in development causes
permanent stunting and later in develop-
ment only temporary stunting with recov-
ery, has not been elucidated.

Recent studies on normal growth sug-
gest a new approach to the study of this
problem. Since DNA is constant within
a single diploid cell in any species (3), it
is possible to calculate the number of di-
ploid cells in a given organ at any time
by analyzing for total organ DNA and
dividing by DNA per cell (6.2 uag in the
rat) (4). Once this number is ascertained,
weight, protein, or RNA per cell can be
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calculated after total organ analysis for
each of these components. Weight and
protein per cell can be expressed either in
absolute figures or as a weight-to-DNA or
protein-to-DNA ratio. Both estimates indi-
cate cell mass or size.

Studies in the rat using these methods
have suggested the partition of normal
growth into 3 periods: cell division alone;
cell division with concomitant cell enlarge-
ment; and cell enlargement alone with no
further increase in the number of cells
(5). Although the age span of these peri-
ods varies for individual organs, the evi-
dence suggests that early caloric restric-
tion affecting primarily cell division may
render recovery impossible, whereas later
restriction affecting the size of cells may be2
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compatible with subsequent recovery. The
following experiments were undertaken to
test this possibility.

MATERIALS AND METHODS

Biochemistry. Analytic methods used in
biochemical determinations have been de-
scribed previously (5). In brief, animals
were Killed, and tissues were weighed and
immediately processed or quick-frozen.
DNA, RNA, and protein were separated by
a modified Schmidt-Thannhauser proce-
dure (6) and individual fractions were
assayed for their respective substances.
DNA was determined by Burton’s modifica-
tion of the diphenylamine reaction (7),
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RNA by the orcinol reaction (8), and pro-
tein by the method of Lowry (9). Analyses
were carried out in triplicate with less than
one per cent differences between matched
samples.

Experimental design. Rats of the
Sprague-Dawley strain were used in all
experiments. After weaning they were
reared in separate cages. Only male ani-
mals were Kkilled for tissue analysis. Ani-
mals were divided into 3 groups and com-
pared with littermate controls reared on
routine feeding regimens.

Group 1, caloric restriction at birth:
Litters of newborn rats were combined so
that a total of 18 animals nursed from a

TABLE 1
Organ weight and protein content after caloric restriction 1

Group 12
Weight Protein

Whole animal ’

Control 590.1 5871

Experimental 28.6 2862
Brain

Control 1.49 96.14

Experimental 1.23 84.26
Heart

Control 0.36 58.08

Experimental 0.19 27.21
Lung

Control 0.39 41.3

Experimental 0.14 15.6
Liver

Control 3.14 437.5

Experimental 1.39 200.1
Kidney

Control 0.36 73.3

Experimental 0.20 41.8
Thymus

Control 0.33 45.3

Experimental 0.07 121
Spleen

Control 0.29 375

Experimental 0.06 10.9
Submaxillary gland

Control 0.17 175

Experimental 0.13 13.2
Gastrocnemius

Control 0.08 7.3

Experimental2 0.03 2.2

1Each figure represents the mean
whole animal and no more than 7%

of at least 5 animals.
in individual organs.

Group 2 Group 3
Weight Protein Weight Protein
119.4 — 266.8 —
62.0 — 188.1 —
1.59 307 1.80 335.6
1.40 263 1.67 289
0.65 122 1.01 1425
0.55 72.9 0.75 118.8
111 171.0 1.50 213
0.64 142.1 1.16 127
7.20 1835 10.58 1920
4.06 909 8.56 1619
1.27 226 1.42 267
0.77 178 0.97 198
0.38 105 0.75 207
0.15 59.1 0.43 102
0.48 104 0.77 175
0.17 311 0.30 73
0.26 66.3 0.59 55.4
0.16 28.5 0.50 47.0
0.13 23.0 0.57 86.1
0.07 13.1 0.24 11.9

The maximal variation was 10% in

2Group 1: caloric restriction from birth to 21 days; group 2: caloric restriction from 21 to 42 days;

and group 3: caloric restriction from

65 to 86 days.
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single mother. Controls were kept in nor-
mal-size litters (9 to 12 animals per
mother). At weaning (21 days), all ani-
mals were fed in the usual way for the
remaining experimental period.

Group 2, caloric restriction at weaning:
All animals were nursed normally for 21
days; test animals thereafter received a
restricted diet as described below for 21
days and then were fed routinely. Con-
trols were fed normally throughout the
experimental period to 133 days of age.

Group 3, caloric restriction at 65 days:
Animals were nursed normally and weaned
to normal diets until 65 days old. At this
time the test animals were fed the re-
stricted diet for 21 days and were then

MYRON WINICK AND ADELE NOBLE

returned to normal diets. Controls were
nursed, weaned, and maintained with nor-
mal diets throughout.

At the end of each period of caloric
restriction 5 animals were Killed. The rest
were refed to age 133 days at which time
five more were killed. At this age adult
weight had been reached and maintained
for at least 2 weeks.

All animals were fed a commercial lab-
oratory chow.3 Control animals were al-
ways exposed to a surplus of food. Re-
stricted diets consisted of the same food
given in measured amounts, calculated per
gram of rat weight to be about one-half

3 Rockland Rat Mouse Diet, Animal
3255 Park Avenue, Bronx 51, New York.

Feeds Inc.,

TABLE 2
Organ weight and protein content after refeeding 1

Group 1
Weight Protein
9 m

Whole animal 9

Control 376.4 —

Experimental 297.1 —_
Brain

Control 1.88 306

Experimental 1.60 256
Heart

Control 1.42 272

Experimental 0.94 201
Lung

Control 2.21 557

Experimental 1.87 482
Liver

Control 12.63 4067

Experimental 8.86 3014
Kidney

Control 141 220

Experimental 0.92 164
Thymus

Control 0.72 127

Experimental 0.40 84
Spleen

Control 0.56 196

Experimental 0.37 112
Submaxillary gland

Control 0.60 60

Experimental 0.40 39
Gastrocnemius

Control 1.68 161

Experimental 1.41 142

1Each figure represents the mean of at least 5 animals.

Group 2 Group 3
Weight Protein Weight Protein
9 mg 9 mg

382.4 — 374.4 —
314.6 - 379.2 —

1.92 302 1.87 299
1.88 291 1.91 317
131 261 1.28 257
1.01 217 1.34 254
2.19 561 2.16 564
2.20 559 2.10 548

13.2 4226 12.42 4019

10.1 3764 13.10 4328
1.30 216 1.30 212
1.01 173 1.21 193
0.65 119 0.65 114
0.29 59 0.33 64
0.60 227 0.58 202
0.48 168 0.59 198
0.62 63.1 0.59 55.8
0.42 40.0 0.62 59.8
1.70 169 1.61 157
1.20 122 1.50 164

The maximal variation 'was 10% in

whole animal and no more than 7% in individual organs.
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the required caloric intake for adequate

growth (10).
RESULTS

1. Weight. The experimental animals
fed restricted diets in all 3 groups lagged
behind controls in total body weight gain
and in weight gain for all organs studied
(table 1).

Following refeeding, none of the ani-
mals in group 1 recovered normal body or
organ weights. In group 2 only brain and
lung regained normal weight, whereas in
group 3 body and all organs except thymus
reached normal weight (table 2).

These data demonstrate that the earlier
the caloric restriction, the less likely is
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attainment of normal body and organ
weight after adequate refeeding.

2. Protein. The increase in total
tein observed during normal growth in all
organs is curtailed approximately equally
in all 3 groups during caloric restriction
(table 1). Refeeding was accompanied by
qualitative and quantitative effects on total
organ protein similar to those on weight.
The protein content of all organs of ani-
mals in group 1 remained low; in group 2
brain and lung recovered; and in group 3
all organs except thymus recovered (table
2). The effect on total organ protein is
thus comparable to the effect on total organ
weight: caloric restriction prevents normal
increments of increase and the earlier the

TABLE 3
Organ RNA and DNA content after caloric restriction 1

Group 1
RNA DNA
. mg mg

Whole animal

Control 109.3 97.81

Experimental 67.25 42.21
Brain

Control 3.46 2.18

Experimental 2.18 1.48
Heart

Control 0.92 0.622

Experimental 0.71 0.377
Lung

Control 2.21 1.96

Experimental 1.32 1.06
Liver

Control 19.26 4.96

Experimental 13.17 3.28
Kidney

Control 1.44 1.65

Experimental 0.89 0.99
Thymus

Control 1.07 2.74

Experimental 0.74 0.99
Spleen

Control 1.40 2.30

Experimental 0.68 0.76
Submaxillary gland

Control 2.54 1.17

Experimental 1.18 0.59
Gastrocnemius

Control 0.18 0.060

Experimental 0.11 0.022

i Each fiP

direction of less than 8%.

Group 2 Group 3
RNA DNA RNA DNA
vig mg mg mg
4.27 2.94 4.32 3.28
3.40 2.81 4.02 3.39
1.57 0.798 2.02 1.39
0.555 0.678 1.57 1.33
3.36 3.17 4.87 3.56
1.84 3.48 4.06 3.61

43.3 9.77 97.34 25.02
23.83 6.89 75.91 24.91
4.42 3.93 5.50 3.80
3.30 3.07 4.15 3.69
3.06 10.3 1.41 1.06
0.874 2.85 0.81 0.76
2.45 5.29 4.41 10.62
1.09 2.07 1.63 2.67
3.23 1.78 4.77 1.92
2.09 1.07 4.14 2.16
0.516 0.128 0.75 0.52
0.311 0.089 0.16 0.54

ure represents the mean of 5 separate animals with a maximal variation in either

pro-
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TABLE 4
Organ RNA and DNA content after refeeding 1

Group 1
RNA DNA
. mg mg
Whole animal
Control - -
Experimental — —
Brain
Control 4.16 3.10
Experimental 3.30 2.42
Heart
Control 2.14 1.43
Experimental 1.67 112
Lung
Control 4.53 3.34
Experimental 2.47 1.82
Liver
Control 95.72 25.68
Experimental 71.31 19.82
Kidney
Control 4.67 3.79
Experimental 3.12 2.08
Thymus
Control 1.44 1.47
Experimental 0.97 0.82
Spleen
Control 4.02 9.68
Experimental 2.87 6.94
Submaxillary gland
Control 4.47 1.94
Experimental 3.32 1.32
Gastrocnemius
Control 0.76 0.51
Experimental 0.62 0.40

lEach figure represents the mean of 5 separate animals with a maximal variation

direction of less than 8%.

aric restriction, the less likely is recov-
ery on refeeding.

3. RNA. Total RNA was reduced in all
organs in all groups following restricted
feedings (table 3). The reduction again
parallels the decrease observed in weight
and protein. Reductions in RNA are not
as great in some instances, and in one
organ, brain in group 3, there is overlap
between control and experimental values.
Refeeding resulted in complete recovery in
those organs which show recovery in
weight and protein (table 4).

4. DNA. In group 1 the experimental
animals showed less DNA in total body and
in all organs at the end of the experimental

Group 2 Group 3
RNA DNA RNA DNA
mg mg mg mg

4.29 2.97 4.37 3.02
4.47 2.92 4.61 3.13
2.02 1.40 1.99 1.47
1.78 1.09 2.05 1.45
4.41 3.28 4.87 3.18
4.30 3.20 4.44 3.22
93.0 25.26 93.6 25.09
76.2 20.1 120.2 24.02
4.53 3.40 4.48 3.84
4.01 2.81 4.07 3.82
1.42 1.30 1.41 1.32
0.99 0.96 1.06 1.07
4.52 10.58 4.41 10.06
3.06 7.63 4.53 9.94
4.68 2.01 4.68 1.98
3.85 1.48 4.79 1.99
0.80 0.57 0.78 0.50
0.61 0.32 0.81 0.49

in either

period (table 3) and at the end of

period of refeeding (table 4). Caloric re-
striction caused a persistent reduction in
the number of cells of all organs. In group
2 only brain and lung were unaffected.
All other organs showed reduced amounts
of DNA which persist despite refeeding
(tables 3 and 4). In group 3 there was no
effect on DNA except in thymus and spleen
(table 3). Thus, although organ weight,
protein, and RNA were reduced in all
groups at the end of caloric restriction,
DNA was reduced only when the re-
striction was carried out in postnatal life
and only those organs in which normal
DNA increase has been curtailed failed to
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recover — all organs in group 1, all organs
except brain and lung in group 2, and only
thymus in group 3.

5. Ratios.
to-DNA ratios are normal in all organs in
group 1; thus the reduction in weight and
total protein parallels the decrease in DNA.
The effect of dietary restriction in early
life, as indicated above, is solely on cell
number, cell size remaining constant.

The ratios are similar in the group 2
animals for all organs except brain and
lung. The normal ratios again indicate a
reduction in cell number and not in cell
size. In brain and lung, however, the main-
tenance of normal values for DNA with a
concurrent lowering of organ weight and
protein results in lower ratios and con-
firms the decrease in cell size in these 2
organs. In lung the weight-to-DNA ratio is
decreased more than the protein-to-DNA
ratio. During refeeding only brain and
lung recovered as indicated by a return to
normal ratios. In group 3 all organs except
lymphoid tissue contain normal quantities
of DNA and hence their weght-to-DNA
and protein-to-DNA ratios are reduced.
Only cell size was affected. Refeeding re-
sulted in complete correction of these ra-
tios and recovery of normal size in all
organs except thymus.

The lymphoid organs demonstrate re-
duced DNA values at the end of the period
of caloric restriction in all groups (table
3). During refeeding, the failure of DNA
synthesis in spleen in groups 1 and 2 per-
sisted, whereas in group 3 complete recov-
ery occurred.

DISCUSSION

Normal growth both in the whole rat
and in the individual organs is due initially
to the acquisition of new cells with the
size of individual cells remaining constant.
Later, growth is associated with both cellu-
lar hyperplasia and hypertrophy. And fi-
nally growth is by hyperplasia alone (5).
These stages merge gradually into one an-
other and vary in duration with each
organ. However, before weaning, all organs
grow primarily by cell division. Between
weaning and about 65 days of age begin-
ning in brain and lung the pattern shifts.
After 65 days growth in all organs is due
primarily to cell enlargement. The effect
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of any stimulus on growth inhibition may,
therefore, be time-dependent. Studies by
other investigators suggest that retardation

Weight-to-DNA and protein-in body growth of animals and children is

less likely to be reversible the younger the
animal or child at the onset of malnutrition
(2) (11). To investigate this time-depend-
ence, 3 periods were chosen with prior
knowledge of the growth phases of the
various organs — 0 to 21 days, cellular
hyperplasia of all organs; weaning to 42
days, continuing cellular hyperplasia in all
organs except brain and lung; 65 to 86
days, cellular hypertrophy of all organs
except lymphoid tissue (5). The severity
of the malnutrition was kept relatively con-
stant by controlling the duration and pro-
viding a diet that maintained weight but
did not allow any weight gain.

The results indicate that caloric restric-
tion prevents the expected increase in
weight, total protein, and RNA in all
groups of animals regardless of the time of
onset of the malnutrition. The lack of
weight gain, then, is due not to the state
of hydration but to the curtailment of nor-
mal increases in cytoplasmic constituents.
DNA, however, is affected by malnutrition
only before it has ceased to increase. It is
the interference with cell division, there-
fore, which is time-dependent. There is no
recovery after refeeding only in those or-
gans where cell division has been curtailed.
Thus caloric restriction results in curtail-
ment of normal growth no matter when
its onset but this effect is reversible by re-
feeding as long as cell division has not
been affected.

Cell division may be interrupted by mal-
nutrition at any time. In spleen, where
cell division is always in progress, DNA
values were reduced at the end of caloric
restriction even in group 3. However, dur-
ing the period of actual organ growth by
cell division (increase in total organ DNA)
caloric restriction was not followed by re-
covery (groups 1 and 2). Later, when
final size was attained and cell division
and replacement had equilibrated, recovery
was possible (group 3). This is the only
regenerating organ that has been studied
but similar effects could be anticipated in
intestinal mucosa and bone marrow. In
the thymus, which is the only organ in
which cell number actually declines, cal-
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oric restriction at any time appears to
hasten this decline.

Since the duration of cell division varies
in different organs, differential effects on
organ recovery are possible following re-
feeding. In the test animals in group 2,
although all organ growth was retarded
after caloric restriction, brain and lung
recovered normal weight after refeeding.
The adult animal in this group is small but
has a normal-size brain and lung.

Although these data are entirely descrip-
tive, they suggest that growth failure ob-
served with malnutrition may be of 2
types, that these types depend on age of
onset, and that the ability to recover may
be dependent on the cellular type of growth
failure produced. Reduction in cell num-
ber results in permanent stunting whereas
reduction in cell size results in recovery of
normal stature after refeeding. Although
similar data are not available in human
malnutrition, the clinical evidence suggests
that recovery in the human is also time-
dependent. It is possible that permanent
stunting in younger malnourished children
and growth recovery in older malnourished
children can be similarly explained by dif-
ferential effects on cell division and cell
size.
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Effect of Dietary Iron on Gossypol Toxicity and on
Residues of Gossypol in Porcine Liver 12

A. J. CLAWSON and F. H. SMITH

Department of Animal Science, North Carolina State University,
Raleigh, North Carolina

ABSTRACT A 3 x 3 x2 factorial design was used to study the effect of gossypol
levels (80, 244 and 400 mg/kg of diet), supplemental iron-to-gossypol ratios (0:1,
0.5:1, and 1:1), and sources of supplemental lysine Q_— and fish meal) in
corn-cottonseed meal rations on performance and tissue residues of gossypol. Six
pigs were group-fed each ration. One additional group was fed a corn-soybean meal
ration as a control for tissue residues. Free gossypol at the level of 80 mg/kg of
diet did not appear to affect pig performance adversely. The iron-to-gossypol ratio
of 1:1 was adequate to protect growing pigs against toxicity when up to 400 mg of
free gossypol/kg of diet were fed. This ratio of added iron to gossypol prevented
accumulation of gossypol in the livers in excess of that observed when 80 mg/kg of
diet were fed. The 0.5:1 ratio of iron to gossypol was effective in improving per-
formance but was not as effective in reducing toxicity or in reducing deposition of

gossypol in the livers as was the higher level.

The use of cottonseed meal as a dietary
source of protein for monogastric animals
is limited because of the sensitivity of
such animals to gossypol ( a polyphenolic
binaphthyl pigment occurring naturally in
cottonseed). It has been shown previously
that the addition of iron salts to the diet
reduces or prevents gossypol toxicity (1-4).
The level of dietary iron necessary for the
prevention of toxicity, has not been de-
termined for cottonseed meals of varying
gossypol content. The levels of iron used
have been relatively high and have caused
a dark discoloration of the feces of ani-
mals to which it is fed. For these or other
reasons this method of alleviating the
toxicity problem has not been widely
practiced.

The present study was conducted to
determine the minimal level of iron neces-
sary for the prevention of toxicity in swine
and to determine the influence of iron
level on the deposition of gossypol in the
liver.

EXPERIMENTAL PROCEDURE

A 3 X3 X2 factorial design was used
to study 3 ration levels of free gossypol,
3 ratios of added iron to free gossypol and
2 sources of supplemental lysine. Levels
of 80, 244 and 400 mg of free gossypol/
kg of diet were obtained from 2 cotton-
seed meals containing 0.07 and 0.32% of

J. Nutrition, 89: '66

free gossypol used singly or as a mixture
of equal parts of each at a level of 12.5%
of the diet. Iron was added as ferrous
sulfate monohydrate at the expense of
com in weight ratios of 0:1, 0.5:1 and
1:1 to free gossypol. Additional lysine
was obtained by the substitution of 3.9%
fish meal for soybean meal which re-
sulted in a total dietary lysine level of
0.6% or by supplemental L-lysine to pro-
vide a dietary level of 1% . The effects of
added zinc and copper on gossypol tox-
icity were also studied. Zinc levels of 100
and 200 mg/kg of diet supplied from zinc
oxide or copper at a level of 190 mg/kg of
diet supplied from copper sulfate were
used. The zinc and copper were added to
the corn-cottonseed meal-fish meal diet
which contained 244 mg of free gossypol/
kg. The corn-soybean meal control ration
and the basal rations containing cotton-
seed meal with added fish meal or L-lysine
are presented in table |.&
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Six pigs were group-fed each ration,
making a total of 132. The pigs weighed
an average of 25 kg initially and the ex-
periment was continued for approximately
90 days or until the pigs died. Pigs that
died were autopsied to ascertain the cause
of death and their livers were recovered
for chemical determination of dry matter,
free and bound gossypol. Pigs that sur-
vived during the entire study to a weight
of approximately 100 kg were slaughtered
at a local packing plant. Their livers were
also collected and frozen (—18°) for anal-
ysis. The methods described previously
(5) were used to determine tissue gossypol
levels.

RESULTS

Performance of pigs within the 2 rep-
lications was not significantly different;

TAB
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therefore, the data were combined and
are shown in table 2. No gross clinical
symptoms of toxicity were noted during
the first 5 weeks of the test. Feed intake
and daily gain were not greatly different
between gossypol levels or between iron-
to-gossypol-ratios when supplemental iron
was present. In the absence of supple-
mental iron, daily feed intake and rate of
gain were reduced in pigs receiving diets
containing 400 mg of free gossypol/kg of
diet. This trend toward reduced feed in-
take and daily gains became more pro-
nounced as the feeding period progressed.
Poor feed consumption has previously
been reported (6) as a symptom of gos-
sypol toxicity. Performance of pigs fed
diets containing 244 mg of free gossypol/
kg of diet and no iron also became ad-

LE 1

Rations used to obtain graded levels of gossypol

Ground yellow corn 1
Cottonseed meal (41% ) 2
Fish meal3

Soybean meal 4

L-Lysine supplement5
Defluorinated phosphate 6
Ground limestone

Trace mineral salt7
Vitamin supplement8

1Contained: 0.015% iron,
2Two cottonseed meals:
1.5% Ilysine and a nitrogen solubility of 67 % ;
gossypol, 0.043% iron,
3Contained:

potassium thiocyanat

1.5% lysine and a nitrogen

1) a prepress solvent meal containing 0.07%
and 2) a direct solvent meal containing 0.32%

Cottonseed Cottonseed Soybean
meal 4- meal + meal
L-lysine fish meal control

% % %
79.18 81.40 83.40
12.50 12.50

3.90

4.50 14.00

1.02

0.80 0.30 1.00

1.00 0.90 0.60

0.50 0.50 0.50

0.50 0.50 0.50

e method.

free gossypol, 0.028% iron,

free

solubility of 74% , were used.

66% protein, 0.225% iron, 5.84% lysine and 12% fat.

4 Contained: 49.5% protein, 0.032% iron and 3.08% lysine.

5Contained: 50% L-lysine.

6Contained: 34% calcium and 18% phosphorus.

7Contained: salt, 94 to 97%; zinc, 0.8%, from zinc oxide; manganese, 0.6%, from manganous
oxide; iron, 0.2%, from ferrous carbonate; copper, 0.06%, from copper oxide; iodine, 0.016%, from
calcium iodate; and cobalt, 0.015%, from cobalt carbonate.

»Supplied: vitamin A, 2200 IU; vitamin D, 220 IU; riboflavin, 1.1 mg; pantothenic acid, 5.5 mg;
nicotinic acid, 16.5 mg; choline chloride, 110 mg; vitamin B12, 17.6 fig; and butylated hydroxy
toluene, 250 mg/kg of diet.

TABLE 2

Performance of pigs fed rations contain

ing graded levels of gossypol and iron 1

Gossypol level, mg/kg

Corn-
80 244 400 80 244 400 80 244 400 soybe?n
mea
Iron level, mg/kg control
0 0 0 40 122 200 80 244 400
Avg daily feed, kg 2.73 2.12 1.47 2.61 2.68 2.52 2.67 2.83 2.74 2.76
Avg daily gain, kg 0.74 0.55 0.39 0.73 0.69 0.65 0.71 0.76 0.75 0.79
Feed/kg gain 3.67 3.86 3.78 3.60 3.90 3.86 3.70 3.74 3.64 3.51
No. of deaths 0 4 9 0 0 1 0 0 0 0

1Combined data for 2 replications of 6 pigs each, except for one replication only for corn-soybean meal control.
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versely affected as the feeding period pro-
gressed. There was no indication that the
added iron per se affected daily feed in-
take when compared with that of pigs

receiving the low level of gossypol and
no iron.
Daily gains, over the entire feeding

period, were significantly (PCO0.01) in-
fluenced by both dietary gossypol and by
iron level. The interaction term between
gossypol and iron was also shown to be
significant (P < 0.01). The significant dif-
ferences between gossypol levels evident
across all treatments was not significant
when supplemental iron was present.
There was no significant difference in
daily gains between lysine sources.

The first symptoms of toxicity were noted
after the experimental diets had been con-
sumed for about 35 days. Eight out of
twelve pigs, receiving diets containing
400 mg of gossypol/kg and no added iron
died between 37 and 57 days after the ex-
periment was started. The other 4 pigs
receiving these diets were showing signs
of toxicity (labored jerky breathing and
purple coloration of the snout and ears)
at the time of the latter deaths. However,
they greatly reduced their feed intake for
about 4 weeks which resulted in a remis-
sion of the symptoms. At that time they
started consuming more feed, toxicity
symptoms reappeared and one additional
pig died. Acute and chronic toxicity from
gossypol have been previously reported
(7). Four pigs fed diets containing 244
mg of gossypol/kg also died. Their deaths
were delayed somewhat, occurring be-
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tween 48 and 68 days after the trial
started. Performance of pigs fed rations
containing iron and gossypol at the 1:1
ratio was almost equal to those fed the
corn-soybean meal ration which contained
no gossypol. There were no deaths or
signs of toxicity when the 1:1 ratio of
iron to gossypol was used. The 0.5:1 ratio
of iron to gossypol also afforded partial
protection.

The addition of zinc oxide to provide
levels of 100 and 200 mg of zinc/kg of
diet or the addition of copper sulfate to
provide 190 mg of dietary copper/kg to
the corn-cottonseed meal ration contain-
ing 244 mg of gossypol/kg was of no ob-
servable benefit in preventing toxicity.

Statistical analysis, of the data con-
cerning levels of gossypol and iron in the
livers, revealed no difference between the
treatments with added lysine or fish meal
therefore the data were combined and
are shown in table 3.

Levels of both free and bound gossypol
in the livers tended to increase signifi-
cantly (P < 0.01) with an increasing
dietary gossypol level from 80 to 244 mg/
kg. This was true at all levels of added
iron. A further increase in dietary gos-
sypol level, to 400 mg/kg, resulted in no
additional increase in the liver level of
gossypol. This can be explained, at least
in part, for those pigs fed no added dietary
iron. The pigs fed the higher level of
gossypol (400 mg/kg) died before maxi-
mal accumulation had occurred, whereas
fewer pigs fed the lower (244 mg/kg)
level died and they survived for a longer

TABLE 3
Gossypol and iron content of livers of pigs fed rations containing varying ratios of iron to gossypol

Gossypol level, mg/kg

80 244 400 80 244 400 80 244 400 soyhehn
Iron level, mg/kg c&ﬁ%l
0 0 0 40 122 200 80 244 400
Liver gossypollj2
Free 157 226 203 145 248 244 114 168 162 14
Bound 162 263 253 153 275 265 121 176 203 8
Liver iron,3pg/g 341 646 960 466 482 500 561 553 560 419
1Expressed as mean for 12 pigs/treatment in micrograms of gossypol/gram of dry matter.
2L.S.D. for comparing means of iron to gossypol ratios are as follows: for free gossypol, 24 and 31;

bound gossypol, 26 and 35; and for iron, 110 and 145, respectively, for the 0.05 and 0.01 levels of significance.

3L.S.D. for comparing mean gossypol levels within iron to gossypol ratios are as follows: for free gossypol,
41 and 55; for bound gossypol, 45 and 60; and for iron 60 and 79, respectively, for the 0.05 and 0.01 levels of
significance.
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period of time. It has been shown pre-
viously (8) that gossypol does accumulate
in the tissues in relation to the length of
time that it is fed. For those treatments
in which iron was added, it appears that
the higher ratio of iron to gossypol was
more effective in preventing the accumu-
lation of gossypol in the livers than was the
lower ratio. Dietary iron has previously
been shown to reduce both free and bound
gossypol in organ tissues of pigs (9). The
higher level of iron provided by the 1:1
ratio of iron to gossypol significantly re-
duced the liver level of both free and
bound gossypol, whereas the lower level
0.5:1 did not. The level of both free and
bound gossypol in the livers was also sig-
nificantly (P < 0.01) different between the
2 ratios of added iron.

The level of iron observed in the livers
was variable. The iron level in the livers
from pigs receiving no added iron tended
to increase with increasing levels of gos-
sypol. This trend was significant (P <
0.05). This observation is not in agree-
ment with a previous report (10) in which
an inverse relationship between liver
gossypol and iron level was shown. In
the present study, nine of the twelve pigs
fed diets containing 400 mg of free gos-
sypol/kg of diet died. Their livers were
gorged with blood. The higher iron con-
tent of blood which was present in these
livers may account for the high iron levels
observed in the livers. Liver dry-matter
values for the pigs from treatments re-
ceiving diets containing 80, 244 and 400
mg/kg of gossypol with no added iron
were 31, 26 and 24% respectively, where-
as for all other treatments liver dry matter
ranged between 30 and 31%. A similar
trend in liver iron level occurred with
the 0.5:1 ratio of iron to gossypol. That
is, liver iron level tended to increase as
dietary gossypol level was increased. Liver

A. J. CLAWSON AND F. H. SMITH

iron levels were similar across gossypol
treatments at the higher (1:1) ratio of
added iron to gossypol.

ACKNOWLEDGMENT

The authors are grateful to Carolina
Packers, Inc., Smithfield. North Carolina,
for their cooperation in slaugher, and for
obtaining tissues for analysis.

LITERATURE CITED

1. Withers, W. A., and F. E. Carruth 1917
Iron as an antidote to cottonseed meal in-
jury. J. Biol. Chem., 32: 245.

2. Gallup, W. D. 1928 The value of iron
salts in counteracting the toxic effects of
gossypol. J. Biol. Chem., 77: 437.

3. Robison, W. L. 1936 Making cottonseed
meal safe and effective when fed as the only
source of protein concentrate to pigs in
dry-lot. Proceedings of the American Society
of Animal Production, p. 87.

4, Barrick, E. R.,, F. H. Smith, G. Matrone,
H. A. Stewart and G. H. Wise 1950 Some
factors affecting the nutritive value of
cottonseed meal for swine. J. Animal Sci.,
9: 646.

5. Smith, F. H. 1965 The determination of
free and bound gossypol in swine tissues.
J. Am. Oil. Chem. Soc., 42: 145.

6. Clawson, A. J., F. H. Smith, J. C. Osborne
and E. R. Barrick 1961 Effect of protein
source, autoclaving, and lysine supplemen-
tation on gossypol toxicity. J. Animal Sci.,
20; 547.

7. Kornegay, E. T., A. J. Clawson, F. H. Smith
and E. R. Barrick 1961 Influence of pro-
tein source on toxicity of gossypol in swine
rations. J. Animal Sci., 20: 597.

8. Sharma, M. P., F. H. Smith and A. J. Claw-
son 1966 Effects of levels of protein and
gossypol, and length of feeding period on the
accumulation of gossypol in tissues of swine.
J. Nutrition, 88; 434.

9. Smith, F. H.,, and A. J. Clawson 1965 The
effect of diet on the accumulation of gos-
sypol in the organs of swine. J. Nutrition,
87: 317.

10. Clawson, A. J., F. H. Smith and E. R. Bar-
rick 1962 Accumulation of gossypol in the
liver and factors influencing the toxicity of
injected gossypol. J. Animal Sci., 21: 911.



Rate of Passage of Calcium-45 and Yttrium-91 Along
the Intestine, and Calcium Absorption

in the Laying Fowl1
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University Institute of Agriculture, Rehovot, Israel

ABSTRACT

The passage of 45Ca and yttrium-91 (9lY) along the gastrointestinal

tract of the laying fowl was compared by dosing either the crop or the duodenum with

a double tracer dose.

Passage time in the crop and along the intestinal tract was

similar for both isotopes but 45Ca appears to have moved more rapidly than aY out of
the stomach. The passage rate was highest in the duodenum and decreased progres-

sively down the intestine.

Outflow of 4Ca from the intestine to the blood was rapid

during the first 30 minutes after the duodenal administration, by which time the
isotope hardly reached beyond the jejunum. The outflow appears to have slowed down
considerably after 30 minutes, as also indicated by the specific activity of 45Ca in blood

plasma.

It was concluded that the most effective site of calcium absorption in the

laying hen is the jejunum. The possible errors in the determination of absorption with
the aid of unabsorbed markers, are discussed.

One of the first steps in investigating
intestinal absorption is the identification of
the absorption site. Results of a previous
trial (1) with laying hens suggested that
the absorption of calcium was almost com-
pletely restricted to the duodenum and je-
junum, with hardly any absorption in the
ileum and colon. This conclusion was
based on the assumption that the rate of
passage of calcium along the intestine was
the same as that of yttrium-91 (9Y), so
that the cumulative absorption could be
obtained from the Ca/dY ratios. Marcus
and Lengemann (2, 3) have used the
transit time of 9Y in order to identify the
site of absorption of £Ca and 85r in the
rat. Renner (4) calculated the absorption
of fat along the chick-intestine from fat-to-
chromic oxide ratios. Undoubtedly, the as-
sumption made above holds for their work
as well.

In contrast with results with the hen
(1), results with rats (3) and dogs (5)
indicated that the ileum was the most ef-
fective segment in calcium absorption due
to the relatively long transit time in this
segment.

The present study was designed to (a)
test the previous assumption that the pas-
sage time through the intestine is the same
for calcium and 8Y, and (b) evaluate the

J. Nutrition, 89: '66

sites of effective absorption of 8Ca by com-
paring the recovery of the isotope with its
progress through the intestine, and by
measuring its plasma concentration as a
function of time following the delivery of
a single dose into the duodenum.

METHODS

General procedure. White Leghorn hens,
14 months old and in good egg production,
were used in both trials. At appropriate
intervals after dosing they were bled by
heart puncture and killed by an intracar-
diac dose of sodium pentobarbital. Both
ends of the intestinal tract were ligated
and the intestine was removed. It was
divided immediately into segments by liga-
tures. With this procedure it is felt that no
significant food movement could have oc-
curred during the handling of the intestine.
In trial 1, the esophagus and stomach were
also utilized. The following portions of the
intestine were taken separately: the duo-
denum, three equal-length portions of the
jejunum, three equal-length portions of the
ileum, the ceca and the colon. Each of

Received for publication February 1, 1966.

1Contribution from The National and University
Institute of Agriculture, Rehovot, Israel, 1965 series,
no. 957-E. This research has been in part financed
by a grant made by the United States Department of
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these portions was placed in a crucible,
dried overnight at 105° and ashed at 700°.
The ash was dissolved in equal volumes of
5 n hydrochloric acid and transferred
quantitatively into volumetric flasks. The
final acid concentration in each sample
was close to 0.5 n. One-milliliter aliquots
were placed in scintillation flasks contain-
ing Brey scintillation liquid. The samples
were then counted in separate channels
for BCa and 9y, in a TriCarb liquid scintil-
lation counter. The instrument had been
previously calibrated to obtain channels
with maximal separation between the iso-
topes. Furthermore, the proper conditions
were established in which variations in
counts due to acid-quenching were insig-
nificant over a wide range of acid concen-
tration, so that a small deviation in the
acid concentration of the samples from
0.5 n could not affect the count. No cor-
rections were necessary for the 9Y counts,
but 14.7% of the 9dY counts had to be
deducted from those of 4Ca.

Plasma samples were digested in nitric
acid and evaporated to dryness. The re-
maining ash was dissolved in 0.5 N hydro-
chloric acid, and aliquots taken for radio-
assays as above. Stable calcium was
determined by a direct EDTA titration with
calcein as indicator.

The passage time of 9Y was estimated
graphically from output curves after cor-
rections for recovery, using a similar
method to that of Marcus and Lengemann
(2). Percentage output from a respective
intestinal segment was calculated as (100
— 9y in preceding segments, — 9Y in seg-
ment). 9Y is given in units of percentage
of dose.

Obviously, the output from one segment
was the input into the next segment. The
passage time through any segment was
taken as the time interval between 50%
output from the preceding segment and
50% output from the segment.

Passage time was also calculated from
the results of the previous trial (1) by a
method adapted from Persson and Svens-
son (6). When 9 is fed continuously, the
passage time can be calculated by: 9Y in
segment X 1440/daily 9Y intake; the fac-
tor of 1440 is the number of minutes per
day.

S. HURWITZ AND A. BAR

Trial 1. This trial was originally de-
signed to compare the passage of £Ca and
ay along the entire gastrointestinal tract.

One hundred and sixty microcuries of
HCa and 9AY each, as chlorides, were added
to 10 g of laying ration. The mixture was
dried, pulverized, mixed well, and equal
portions were weighed into gelatin cap-
sules.

Twenty hens were used in this experi-
ment. The feeders were removed the pre-
ceding evening in order to eliminate the
early morning feed consumption. At 8 am
the feeders were returned for 5 minutes
and each hen was given one gelatin cap-
sule per os, into the crop. The hens were
then allowed to eat ad libitum. Groups of
4 birds each were killed at 30 minutes, 1,
2, 4, and 7 hours, respectively, after dos-
ing, and their gastrointestinal tract was
immediately removed and taken for
analysis.

Trial 2. The purpose of this trial was to
evaluate the passage of BCa and 9y in the
intestine.

Twenty White Leghorn hens were used
for this trial. Before and during the experi-
ment feed and water were given ad libitum.
The diet was a commercial ration contain-
ing 3.5% calcium.

The posterior left abdomen of each bird
was cleared of feathers and procaine hy-
drochloride was injected under the skin.
A 3-cm incision was made through the
skin and peritoneum, parallel to the long
axis of the body, just above the tip of the
sternum. After removal of some abdomi-
nal fat, the duodenum could be clearly
identified. One milliliter of a solution con-
taining 4 uCi of &Ca and 4 iiCi of 9Y and
1 mg of calcium as chloride was injected
with a 25G hypodermic needle into the
upper third of the duodenum. The peri-
toneum was then sutured and the skin
clamped. The entire operation took about
3 minutes and the birds were observed to
resume their eating a few minutes after
their return to the individual cages.

Groups of 4 birds each were bled and
killed 15, 30, 60, 120 and 240 minutes,
respectively, after dosing. Their intestines
were removed immediately and taken for
analysis.
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RESULTS

In trial 1 we observed large individual
variations in the emptying time of the
crop. These did not interfere with the
calculation of passage times through the
esophagus and stomach since the latter
were relatively long. However, no valid
calculations could be made for the intes-
tinal segments, where passage times are
considerably shorter.

Percentage outputs from the esophagus
and stomach (table 1) indicate that both
HCa and Y were emptied from the esoph-
agus at a similar rate. However, £Ca ap-
peared to have left the stomach at a faster
rate than did 9Y; passage time (50% out-
put) in the esophagus was about 3 hours
for both isotopes. Passage time through
the stomach was between 1 to 2 hours for
aY and 0.5 to 1 hour for &Ca.
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From the results of trial 2 it is apparent
that almost the entire dose of AY was re-
covered in the intestine up to 2 hours after
dosing (fig. 1). Since 9Y was not found
to be absorbed by birds (1), the reduced
recovery of Y at 4 hours after dosing is
probably due to fecal excretion. Thirty
minutes after dosing the recovery of 4£Ca
in the intestine was as low as 41%, indi-
cating extensive outflow of this isotope
from the intestine during this short period.
From 30 to 120 minutes after dosing the
decline in HCa recovery was markedly re-
duced probably due to a reduced outflow.
The further reduction in recovery of &Ca
4 hours after dosing may be attributed
mainly to fecal excretion similarly to that
of a.

Specific activity of 8Ca in blood plasma
was relatively high after 15 minutes but

TABLE 1
Output of &Ca and 9Y from the esophagus and stomach of laying fowls 1

Time after Esophagus Stomach 2
dosing 9iy «Ca 9iy «Ca
min % dose % dose % dose % dose
30 1.9 3.1 0.6 1.3
60 21.5 21.7 10.6 12.9
120 19.4 23.5 13.8 19.4
240 71.1 76.6 48.5 58.5
420 77.7 80.1 75.2 78.5

1A double tracer dose of 8 Zid 91y and 8 /iCi of ¥5Ca was forced into the crop in a gelatin capsule.
2The stomach includes the proventriculus and the gizzard.

TIME AFTER

DOSING, min.

Fig. 1 Total recovery of «Ca (=) and 9Y (O) in the entire intestine after the adminis-
tration of a double tracer dose into the duodenum.
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Fig. 2 The specific activity of blood plasma as 45Ca following the administration of the

isotope into the duodenum.

reached a peak 30 minutes after dosing
(fig. 2). It then declined sharply. Radio-
activity of blood plasma measured in the
ay channel was small and insignificant,
providing additional evidence that the ab-
sorption of this isotope in the fowl intes-
tine is poor.

Fifteen minutes after dosing, peak ac-
tivity of both isotopes was found in the
middle jejunum (fig. 3). After longer in-
tervals the peaks were observed in further
segments, and by 4 hours most of the
activity of both isotopes was concentrated
in the colon. In general, the passage rate
appeared to be similar for both 4Ca and
Ay, but the distribution of both isotopes
among the various intestinal segments was
not uniform, probably due to outflow of
HCa from some segments, and inflow into
others. It is recalled that the specific ac-
tivity of blood plasma was high soon after
dosing, and inflow could contribute signifi-
cantly to the 4Ca activity in the intestine.
Outflow of #Ca from the upper segments
can also be responsible for the slight ap-
parent tendency of &Ca to appear in rela-
tively greater concentrations than 9Y in
the lower segments, after 1 and 2 hours.

Output curves for AY, and the calculated
passage times and rates are given in figure
4 and table 2, respectively. The passage
time through the duodenum was very
short; it was longer in the jejunum and
longest in the ileum. Within the jejunum,

Fig. 3 Concentration of 4Ca and 9Y along
the intestine of laying fowls following a double
tracer dose administration into the duodenum.
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Fig. 4 Cumulative output of 9IY from various intestinal segments following the admin-

istration of the isotope into the duodenum. Duodenum, (O); upper jejunum, (X);

;. middle

jejunum, (=); lower jejunum, (O); upper ileum, (M); middle ileum (A); lower ileum,

(A); and colon, (+).

TABLE 2
Passage time and rate of SIY in the intestine of laying fowls

Intestinal segment

Present study

min
Duodenum
Jejunum, upper 12
middle 42
lower 24
whole
lleum, upper 24
middle 36
lower 60
whole
Colon

Whole intestine

passage time was longest in the middle
and shortest in the upper portion. How-
ever, passage time increased progressively
down the ileum. Except for the colon, the
passage times calculated from the results
of the previous study (1) with continuous
qay feeding agree closely with the present
calculated values. The differences in the
colon may have resulted from the different
killing methods used in both studies,
namely, neck dislocation in the previous
study, and intracardiac sodium pentabar-
bitol in the present.

DISCUSSION

Unabsorbed markers have been used
commonly to determine the digestibility of
various nutrients (7). However, any dif-
ference in the rate of passage between the

Passage time

. Passage

Hurwitz rate
and Bar (1)

min min cm/min
4 4 6.50
1.50
0.43
0.75
78 75 0.70
0.75
0.50
0.30
120 120 0.45
48 24 0.19
250 217 0.56

marker and the test nutrient may limit the
use of such markers for estimation of ab-
sorption along the intestine. As was ob-
served in this study, an effort to compare
the passage rate of a marker to the test
nutrient may be complicated by outflow
of the marker in the upper intestine and
possible inflow into the lower intestine.
Due to these, the rate of passage through
the intestine may appear to be greater for
the test nutrient than the marker. The
calculation of the passage rate of any ab-
sorbed nutrient is also hindered unless a
complicated method is devised which can
account for the outflow and inflow of the
nutrient.

The difference in passage times between
HCa and 9AY in the stomach leads to the
conclusion that equality of passage times
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of the test marker and the nutrient cannot
be always assumed. Such an assumption
may lead to erroneous absorption values,
especially in the upper gastrointestinal
tract. More caution should, therefore, be
applied with the use of an unabsorbed
marker.

Except for the difference in the stomach,
both £Ca and 9Y appeared to pass through
the intestine at a similar rate. Yttrium-91
was found by Marcus and Lengemann (2)
to be strongly adsorbed on solid particles.
Due to differences in chemical properties,
HCa should have a lesser tendency of ad-
sorption. The pyloric action in the bird’s
gizzard results in longer retention of the
larger particles. Therefore, the adsorbed
alY may be expected to remain in the stom-
ach for a longer period of time than 4&Ca.
In the intestine, however, digesta appear to
move as a whole, and the rate of passage
would be similar for the various sub-
stances. These observations confirm the
assumption made in the previous report
(1) and offer further proof that calcium
is absorbed in the duodenum and jejunum,
and absorbed very little in the ileum and
colon. The marked outflow of 4#Ca during
the first 30 minutes after the introduction
of the isotope into the duodenum, and the
appearance of the isotope in blood plasma
also supports this conclusion. Although
the rate of BCa outflow was high in the
duodenum, the jejunum, due to the slower
passage rate, appears to play a more im-

AND A. BAR

portant role in the overall calcium absorp-
tion. These conclusions are clearly differ-
ent from those based on observations with
rats (3) and dogs (5) in which the ileum
was identified as the most effective site of
calcium or strontium absorption.
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Effect of Exogenous Glucose on Glucose
Metabolism in Dairy Cows %
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ABSTRACT Ruminants receive little alimentary glucose because of rumen fer-
mentation, and hence they depend largely on gluconeogenesis for their metabolically
essential glucose. Because of these circumstances, it seemed worthwhile to determine
how glucose metabolism would be affected if large amounts of exogenous glucose were
supplied to cows. Cows were given glucose-U-1C intravenously (jugular or ruminal
vein) or into their duodenal lumen and the transfer of MC from plasma glucose to
respired C02 and milk components was assessed. The effect of various treatments on
metabolism of glucose-U-14C was evaluated from changes in the specific activity of
respired C02, plasma glucose and milk components. Treatments included infusion of
unlabeled glucose into blood or into the duodenum, in short-term studies, and infusion
of glucose into the duodenum at the rate of 1.5 kg/day for periods of 21 days. Long-
term duodenal infusion of glucose had no apparent effect on rate of glucose absorption
from the intestine, but exogenous glucose delivered into blood or the duodenum in-
creased the transfer of 14C from glucose to respiratory CO2 and to milk components.
Under normal conditions lactating cows derive about 10 to 13% of their metabolic
CO02from glucose oxidation but, with an exogenous supply, glucose oxidation increased
to a level providing 20 to 23% of the metabolic C02 When glucose was supplied
exogenously to cows, the glucose transfer rate increased from 1.2 g/minute to 1.7
g/minute and there was a decrease in endogenous glucose production. The mammary
gland appears to have first-priority on blood glucose and may be responsible for the
relatively low oxidation of glucose in lactating cows. The percentage of respiratory
CO02 derived from glucose increased in this order: hypoglycemic ketotic cows (5% ),
lactating cows (10-13%) and non-lactating cow (20%) or lactating cow with exoge-

nous glucose (20—23%).

The mature ruminant has a paucity of
alimentary glucose (1, 2) and depends
largely on endogenous sources to meet its
metabolic requirements, which in the lac-
tating cows can be quite large. Prior to
the time of rumen development, the young
ruminant is essentially monogastric but
after 6 to 8 weeks of age (3, 4) rumen
microflora begin to convert dietary carbo-
hydrate into volatile fatty acids (5-7). As
the volatile fatty acids increase, the blood
glucose concentration decreases (8) to 40
to 60 mg/100 ml, and gluconeogenesis,
presumably from propionate (7, 9) be-
comes of major importance.

It seemed worthwhile to determine what
metabolic changes would occur in cows
1) if large amounts of glucose were added
to the duodenum, a point in the gastro-
intestinal tract below the rumen and one
that normally receives little, if any, free
glucose in the adult ruminant; or 2) if
glucose were infused intravenously.

J. Nutrition, 89: *66

Results reported here, based on utiliza-
tion of uniformly labeled “C-glucose, indi-
cated that prolonged duodenal administra-
tion of glucose did not increase the rate
of glucose absorption from the alimentary
tract of the cow. Exogenous glucose added
to the duodenum or injected into hepatic
portal blood caused sharp increases in the
rate and extent of glucose metabolism and
decreased endogenous glucose production.

MATERIALS AND METHODS
Glucose, uniformly labeled with 4C (glu-
cose-U-KC), was prepared photosyntheti-
cally using the leaf of Canna indicus and
was isolated chromatographically accord-
ing to methods described elsewhere (10).
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Glucose prepared by this method has been
shown to be equally labeled in all 6 carbon
atoms (11).

Characteristics of the cows and the
amount of MC injected are given in table 1.
The weight of radioactive glucose infused,
less than 250 mg/trial, is negligible com-
pared with the cow’s glucose pool (12).
Cows received high quality alfalfa hay,
ad libitum, 3.6 kg/day of a standard dairy
ration.3* Surgical procedures, including
duodenal enterostomy (13) and ruminal
vein catheterization (14) were carried out
at least one week before the trials. The
jugular vein was catheterized the evening
before the trial by threading about 25 cm
of plastic tubing through a needle into the
jugular vein, removing the needle and se-
curing the tubing with a single stitch. The
area was anesthetized with a local injec-
tion of a solution of procaine hydrochlo-
ride prior to catheterization.

Each cow was injected with M4C-glucose
at least twice, except for cow 258, trial 6.
Trials were first carried out on the cows
after they had recovered from surgery and
prior to the time they first received exoge-
nous glucose. These are considered as
trials on normal cows (trials 1, 2 and 4).
In trials 3 and 5, the cows were given 1.5
kg of glucose/day by intraduodenal infu-
sion of a 50% aqueous solution of glucose
for 21 days preceding the trials.

Cow 258, trial 6, acted as its own con-
trol. The first 3 hours of the trial were
comparable to the trials on normal cows.
During the final 4 hours, one gram of
glucose/minute was infused into the rumi-
nal vein along with the labeled glucose.

Glucose-U-1C was infused at a constant
rate for 7 hours via the jugular vein in
trials 2 and 3 and via the ruminal vein in
trials 1 and 6. In trials 4 and 5, 2 mCi of
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glucose-U-M4C were given in a single injec-
tion into the lumen of the duodenum.

Ninety minutes after the start of trial 3,
1.5 kg of non-labeled glucose was infused
into the duodenum as it had been on the
previous 20 days. Unlabeled glucose was
not infused into the duodenum during the
other trials. The duodenal infusion had
been stopped 14 hours prior to trial 3 and
7 hours prior to trial 5.

Chemical methods and counting pro-
cedures. The glucose concentration of
plasma, urine, and ingesta was determined
by a glucose oxidase method (15). Re-
spired carbon dioxide was collected con-
tinuously during the trials and samples
pooled for assay every 4 minutes. The
methods for the collection of respired air
and the determination of its rate of pro-
duction and specific activity have been de-
scribed in detail elsewhere (16). Milk was
collected periodically during the trials and
the milk components separated by meth-
ods described previously (17). Blood sam-
ples were taken every 15 minutes during
the trials and pooled hourly. The pheny-
losazone derivative of glucose was pre-
pared and the specific activity determined
by methods described by Feller et al. (18).

RESULTS

In earlier studies on glucose metabolism
in cows (19), MC-glucose was injected into
the conveniently accessible jugular blood
with the tacit assumption that the results
would reflect the metabolic fate of glucose
in the cow. This assumption was based on
the fact that jugular blood passes directly
to the heart and then to peripheral tis-
sues; thus the 1C-glucose would have the
same distribution as glucose released from

3Rolled barley 40%, rolled oats 35%, wheat bran
10%, cottonseed meal 14%, salt mixture 1%.

TABLE 1
Description of cows used in glucose metabolism trials

Trial Cow Body Milk Primer Infusion Route of
no. no. wt production dose dose infusion

) kg kg/day ACi [iCi/min

i 203 393 8 630 12.0 ruminal vein
2 203 354 6 500 8.5 jugular vein
3 203 350 5 500 8.5 jugular vein
4 253 437 dry 2000 0 duodenum

5 253 454 dry 2000 0 duodenum

6 258 478 7 360 6.0 ruminal vein
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liver following gluconeogenesis, the major
source of glucose in the cow. When glu-
cose is absorbed from the intestine, it
enters portal blood and passes first through
the liver before reaching peripheral tis-
sues. Thus its metabolic fate will depend
in part on biochemical changes, if any,
that occur in the liver.

The first 2 trials were designed to estab-
lish whether “C-glucose would have a dif-
ferent metabolic fate when it was intro-
duced into portal blood as compared with
that introduced into jugular blood. In trial
1, a primer dose of MC-glucose was injected
into portal blood followed by a constant
infusion of “C-glucose for a period of 6
hours.

The specific activity of respired C02
shown in figure 1, increased with time up
to 3 hours and then remained constant
during the remainder of the XC-glucose
infusion.
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In the second trial the same procedure
was repeated except that the MC-glucose
was infused into the cow’s jugular blood.
In this case the specific activity of respired
CO02increased at a slower rate and did not
level off until several hours had elapsed.
The final level of specific activity was
nearly the same. In both trials (fig. 1)
the specific activity of plasma glucose was
constant at 8.9 X 103 standard specific
activity units 4during the latter part of the
trials. Since the plateaus of the specific
activity of plasma glucose and respired
C02were the same in each trial, it appears
that the percentage of respired CO02 de-
rived from plasma glucose was unaffected
by the route of administration of the
labeled glucose.

4 Specific activity is expressed as microcuries of
14C/g atom carbon. This value is divided by the
microcuries infused per minute (trials 1, 2, 3 and 6)
or microcuries injected as a single dose (trials 4 and

5) per kilogram of body weight to give the standard-
ized specific activity.

Fig. 1 Standardized specific activity of respired C02 during constant infusion of glucose-

U-HC into ruminal vein (trial 1) or jugular vein (trials 2 and 3).

In trial 3, a 50% solution

of unlabeled glucose was infused into the duodenum (arrow designates starting time) at
the rate of 273 g glucose/hour for the last 5.5 hours of the trial.
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The more rapid increase in specific ac-
tivity in trial 1 indicates that the M4C-glu-
cose was oxidized more rapidly when in-
fused into portal blood. In fact, during the
first hour after beginning the infusions
approximately twice as much of the 1C
infused appeared in respiratory CO02 after
portal infusion (trial 1) compared with
jugular infusion (trial 2).

Variation in the rate of oxidation of glu-
cose can occur in the same animal at dif-
ferent times, but the much steeper slope
for the C02 specific activity after portal in-
fusion (see fig. 1) supports the idea that
glucose was either more rapidly oxidized
by the liver than by peripheral tissues or
that the liver converted glucose into other
metabolites that were oxidized in periph-
eral tissues more rapidly than glucose. In
either case, the result demonstrates that
glucose is readily metabolized in the cow’s
liver and in this sense, the cow is not dif-
ferent from those animals that normally
receive substantial amounts of alimentary
glucose.

The specific activities of milk products
synthesized by the cow during continuous
infusion of “;-glucose into jugular or por-
tal blood are listed in table 2. The results
for trials 1 and 2 are essentially in agree-
ment and confirm results obtained after a
single injection of MC-glucose (19). Most
of the 4C from glucose appeared in lactose
whether the glucose passed first through
the liver or not; smaller amounts appeared
in citrate, protein and fat, in that order.

The same cow used for trials 1 and 2
received glucose through a duodenal can-
nula at the rate of 1.5 kg/day for a period
of 3 weeks. This amount of glucose was
calculated to be at least one-half of the
normal daily caloric intake of the cow. On
the day following the last duodenal infu-
sion, MC-glucose was infused into jugular
blood in the same manner as in trial 2.
The specific activity of respired CO02 in
this case, increased at the same rate as in
trial 2, as shown in figure 1. Thus it ap-
pears that the infusion of 31.5 kg glucose
(1.5 kg/day for 3 weeks) into the cow’s
duodenum had not caused metabolic
changes that lead to more rapid oxidation
of MC-glucose.

One and one-half hours after the start
of trial 3 and while the rate of KMC-glucose
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infusion remained constant, unlabeled glu-
cose was introduced into the duodenum
through a cannula at the rate of 4 g/min-
ute for 5.5 hours, the same rate used dur-
ing the 3-week treatment period. The re-
spired CO02 (fig. 1) which was collected
continuously gives the best indication of
the effect of the duodenal infusion of glu-
cose on MC-glucose metabolism. Within
10 mintues after starting the duodenal in-
fusion, there was an increase in the spe-
cific activity of respired C02that continued
throughout the remainder of the trial, a
period of more than 5 hours. The final spe-
cific activity of C02was at least twice that
reached in trials 1 and 2.

The changes in the concentration and
specific activities of the plasma glucose
during trial 3 are shown in figure 2.
Shortly after glucose was introduced into
the duodenal lumen, it was entering the
plasma more rapidly than it was leaving
as shown by the fact that the plasma glu-
cose increased from an initial level of
about 50 m g/100 ml to an average of 120
m g/100 ml during the third hour. Sub-
sequently, the concentration of glucose
dropped to 80 mg/100 ml, reflecting in-
creased glucose withdrawal from the
blood, presumably as a result of an in-
sulin release following the hyperglycemia.
After this response and while the duodenal
infusion continued, the cow maintained
80 mg/100 ml plasma glucose, a level on
the high side of the normal range for rumi-
nants and corresponding more closely to
levels found in plasma of non-ruminants.

The specific activity of the plasma glu-
cose showed a reciprocal change, decreas-
ing from a value of about 15 units, initi-
ally, to 10 units of specific activity during
the last 4.5 hours (fig. 2). This decrease
can be attributed to the influx of unlabeled
glucose from the duodenum. The fact that
the specific activity of plasma glucose re-
mained constant during the time the con-
centration of plasma glucose was decreas-
ing from 120 mg/100 ml to 80 mg/100 ml
indicates that this change in concentration
resulted from greater glucose uptake by
the tissues without concomitant decrease
in rate of glucose addition to the plasma.
During the last three hours of the trial the
rate of absorption of glucose from the duo-
denum plus the rate of delivery of endoge-
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TIME (HRS)

Fig. 2 The specific activity of plasma glucose and the plasma glucose concentration dur-
ing trial 3 are plotted as horizontal lines showing the mean values for the interval during
which the blood sample was collected. The mean values are connected by a line to show

the trend with time.

nous glucose to the blood was equal to the
rate of uptake by the tissues since the
plasma glucose concentration remained
constant. The constant specific activity of
plasma glucose shows that the rate of de-
livery of unlabeled glucose to blood (en-
dogenous plus exogenous) must also have
remained constant.

Since the specific activity of plasma glu-
cose decreased after unlabeled glucose was
added to the duodenum (see fig. 2, from
1.5 to 7.5 hours), it would be expected
that there would be a lower specific activ-
ity in products derived from blood glucose,
in proportion to the isotope dilution. Con-
trary to this expectation, the specific activ-
ity of respired CO02 increased throughout
the duodenal glucose infusion (fig. 1) even
though the rate of MC-glucose infusion re-
mained constant and the specific activity
of plasma glucose decreased and then re-
mained constant (see fig. 2). The rate of
oxidation of glucose was increased to a

greater extent than the dilution of MC-glu-
cose by the unlabeled glucose entering the
blood. In other words, the response to
duodenal glucose infusion reflects more
than a simple mass-action effect.

The specific activity of the milk products
synthesized by the cow showed a similar
change (last column, table 2). The rela-
tive distribution of 4C among the milk
components was the same as in trials 1
and 2, but the specific activity of each
component was 30 to 200% higher in
trial 3. Thus, the influx of unlabeled glu-
cose did not reduce the specific activity of
any of the products derived from plasma
glucose which indicates that the utilization
of glucose for synthesis of milk compo-
nents increased more than the dilution of
the 1C-glucose due to exogenous glucose
absorption.

Trials 4 and 5 were designed to answer
the questions whether duodenal adminis-
tration of glucose would enhance the abil-
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ity of the cow to absorb glucose from its
duodenum. In trial 4, a tracer amount of
4C-glucose was added in a single dose
through a cannula into the lumen of the
duodenum. The specific activity of the
cow'’s respired C02reached a maximum of
7 standardized specific activity units about
1.5 hours after the 4C-glucose was admin-
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istered (fig. 3). The result can be com-
pared with a maximal level of 8 to 9 stand-
ard specific activity units which occurred
45 minutes after cows were injected intra-
venously with a single tracer dose of 1AC-
glucose (19). The longer time-interval be-
fore reaching maximal specific activity
presumably reflects the delay involved in

TABLE 2

Standardized specific activity of organic components isolated from milk samples of cowl
infused at a constant rate for 7 hours with glucose-U-UC

Milk
Sample component

Milk 3 lactose

citrate
whey-protein
casein

fat

Milk 4 lactose

citrate
whey-protein
casein

fat

Standardized specific activity 2
Trial 1

Trial 2 Triai 3
7318 6966 9385
1770 1312 2946
511 469 724
446 571 819
295 lost 370
7495 7504 8766
1574 1812 3222
488 633 872
446 688 946
393 lost 465

1Glucose-U-14C was infused into the ruminal vein in trial 1 and into the jugular vein in trial 2.
The cow received daily infusions of glucose into its duodenum for 3 weeks prior to jugular infusion

of glucose-U-i-'C in trial 3.

The cow was milked at 1, 3, 5 and 7 hours after starting the infusion.

Results are given for milk samples 3 and 4 collected at 5 and 7 hours, respectively.
2 Standardized specific activity is the microcuries 14C/g atom carbon divided by the microcuries

of 14C infused/minute/kg body weight.

Fig. 3 Standardized specific activity of cow’s respired C02 after a single injection of glucose-U-14C
into its duodenum. Cow received 1.5 g/day unlabeled glucose infused into its duodenum for 21 days
between trial 4 and 5. Dotted line shows the change with time of the specific activity of respired
CO02 after single intravenous injection of glucose-U-14C into a cow (19).
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the absorption of the 4C-glucose from the
duodenum.

Prior to trial 5, a glucose solution was
continuously infused into the cow’s duo-
denum at a constant rate (1.5 kg glucose/
day) for a period of 3 weeks. The day fol-
lowing the last treatment, the cow again
received a tracer amount of wC-glucose as
a single dose in its duodenum, as it had
in trial 4. The specific activity in respired
COa increased at nearly the same rate in
both trials (see fig. 3). From this result
it appears that the 3-week infusion of glu-
cose had no enhancing effect on glucose
absorption. If anything the initial slope of
the respired C02curve in trial 5 may have
been slightly lower than in trial 4, while
the maximal level reached was about 60%
as great in the post-treatment trial. This
difference might indicate a slower absorp-
tion of glucose post-treatment, but a more
likely explanation would be that the 1C-
glucose had been diluted by small amounts
of unlabeled glucose remaining in the in-

L)
CD
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testine from the earlier treatment with un-
labeled glucose. There is reason to expect
that some of the glucose solution added to
the duodenum (1.5 kg during a 6-hour in-
terval) may have backed up into the cow’s
abomasum (stomach) and then was slowly
released. This material remaining in the
lumen or a high intracellular glucose (or
glycogen) in cells of the intestinal tract
may have diluted the 1AC-glucose in trial 5
causing the lower specific activity in re-
spired C02in that trial compared with trial
4. The specific activity of plasma glucose
(fig. 4) during the 2 trials shows the same
general relationship as the respiratory C02
namely, a lower specific activity in the
plasma glucose after the treatment period
(trial 5), although the change of specific
activity with time was similar in both
trials. In the absence of any positive indi-
cation of an increased rate of glucose ab-
sorption beyond that expected due to mass
effect, it must be tentatively concluded
that giving glucose into the duodenum for

Fig. 4 Specific activity of plasma glucose at various times after an injection of glucose-U-14C
into the duodenum of a normal cow (trial 4) and the same cow after receiving 1.5 g glucose/day
for 20 days (trial 5). Mean values are shown as horizontal lines for the interval during which blood
samples were pooled.
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21 days did not affect the capacity for
glucose absorption from the intestine.

The effect of a glucose load on the
metabolism of MC-glucose was studied fur-
ther in trial 6, in this case by infusing the
unlabeled glucose together with the 4C-
glucose into the hepatic-portal venous sys-
tem. At the beginning of the trial a primer
dose of 4C-glucose (360 uCi) was injected
into the ruminal vein followed by a con-
tinuous infusion of 6.0 uCi/minute for a
period of 7 hours. Three hours after the
start of the 14C-glucose infusion non-radio-
active glucose was introduced (together
with the 1M4C-glucose) at the rate of 1 g/
minute, the amount estimated to be enter-
ing the plasma of the cow in trial 3. The
effect of this unlabeled glucose was the
same as in trial 3, when it was introduced
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via the duodenum, namely, a transient de-
crease in the specific activity of respired
CO02 followed by a sustained increase for
a period of at least 3 hours (fig. 5). The
rate of increase of specific activity in the
respired C02 however, was only about one-
half as great as it was in trial 3 when 4
g/minute of glucose was infused into the
cow’s duodenum.

The concentration of plasma glucose
and its specific activity during trial 6 is
shown in figure 6.

The intravenous infusion of glucose (1
g/minute) resulted in an increase in
plasma glucose from about 60 mg/100 ml
to 100 mg/100 ml and at the same time a
decrease from 12 to 8 specific activity
units. During the last 3.5 hours of the
trial, and while the specific activity of

Fig. 5 Specific activity of respired carbon dioxide at various times during trial 6. The
cow was injected with a primer dose followed by a continuous infusion of glucose-U-I4C,

at a constant rate, via the ruminal vein.

Unlabeled glucose was infused into the ruminal

vein at the rate of 1 g/minute beginning at approximately 3 hours and lasting until the end

of the trial.
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Fig. 6 Specific activity of plasma glucose and plasma glucose concentration during
trial 6. A primer dose, followed by a continuous infusion of glucose-U-1AC at a constant rate,

was given via the ruminal vein.

Unlabeled glucose was infused into the ruminal vein at the

rate of 1 g/minute starting at 180 minutes after the start of the trial.

plasma glucose was nearly constant, the
specific activity of respired CO02 increased
at least 30% (see fig. 5). These results
show that the glucose infusion resulted in
glucose providing a much greater fraction
of the metabolic C02 the same response
seen after infusing glucose duodenally, as
discussed above.

DISCUSSION

Determination of the glucose concentra-
tion of the duodenal contents of normal
cows verified the work of Heald (2) that
very little glucose normally reaches the
intestine of the ruminant. If a rate of flow
of intestinal contents of 160 to 170 liters/
day is assumed (20), the average duo-
denal concentration of glucose, measured

(/ici/min)

14C-glucose infusion X 180/6
Specific activity of plasma glucose (~Ci/g atom C)

in cows with duodenal fistulas, 5 mg/100
ml, would provide only 8 g of glucose/day.
Since this amount of glucose would be
quantitatively insignificant to the cow, its
supply of glucose must arise endogenously,
presumably by gluconeogenesis in the
liver. Under these conditions, the rate of
endogenous glucose production would ap-
proximate the glucose transfer rate in the
normal cow.

When the specific activity of plasma glu-
cose becomes constant during continuous
infusion, an estimate can be made of the
rate of transfer of glucose as the rate of
dilution of MC-glucose by non-labeled glu-
cose entering the plasma pool from the
relationship:

g glucose
entering/min.
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When the plasma glucose concentration is
constant, the entry rate will equal the exit
rate from the plasma glucose pool and
should approximate the rate of glucose
utilization by the animal.

The transfer rate of glucose calculated
from the trials on normal lactating cows
(trials 1, 2, 4 and 6a) was 1.2 g/minute,
which is similar to values estimated from
single injection trials in normal dairy
cows (12, 21). The estimated rate of
transfer was the same when glucose was
given via the peripheral venous blood (jug-
ular vein infusion) or the hepatic-portal
system (ruminal vein infusion). When
glucose was supplied exogenously, either
duodenally or intravenously, the glucose
transfer rate was increased to 1.7 g/min-
ute. A similar increase has been reported
for sheep receiving a glucose load (22).

In trial 6, during an intravenous glucose
infusion at the rate of 1 g/minute, the cal-
culated transfer rate was 1.7 g/minute.
The difference between these values, 0.7
g/minute, reflects the rate of endogenous
glucose production. This means that dur-
ing glucose loading, endogenous glucose
production had been depressed to about
60% (0.7 g/minute/l1.2 g/minute) of the
normal rate. The effect of exogenous glu-
cose on the endogenous production of glu-
cose in non-ruminants has been debated
for some years (18, 23-25), but it is now
generally agreed that a depression does
take place (26). The present results with
cows, along with results of Annison and
White (22) with sheep, indicate that in
this respect the ruminant responds to a
glucose load in a manner similar to that
of monogastric mammals, namely, by de-
creasing the endogenous production of glu-
cose.

The fraction of a product derived from a
precursor, referred to as the transfer quo-
tient, can be estimated from the results
of constant infusion trials by calculating
the ratio of the specific activity of the
product to that of the precursor, for peri-
ods when the specific activity of the prod-
uct and precursor are constant. In making
this calculation for milk components, the
average of the last 2 samples collected was
used (table 2). The transfer quotient to
respired C02was calculated from the hori-
zontal part of the curves in trials 1, 2 and
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6a, and from the final values measured in
trial 3 and 6b. When the specific activity
of the product is still increasing, as in the
latter 2 trials, then the calculated values
are minimal estimates of the transfer quo-
tient. Following single injection of 14C-
glucose (trials 4 and 5) the transfer quo-
tient was calculated by ratio of the area
under the specific activity curve of the
product to that of the precursor from time
zero to infinity (27).

The transfer quotient is more reliable
for comparative purposes than the specific
activity of the products since it takes into
account differences in the specific activity
of the precursor. The results of calcula-
tions, given in table 3, show that large
quantities of glucose given either intraduo-
denally or intravenously increased the in-
corporation of glucose into all milk com-
ponents except fat and doubled, at least,
the fraction of respiratory C02directly de-
rived from plasma glucose.

The increased utilization of glucose
when exogenous glucose is supplied to the
cow indicates that it may normally be
present in limiting amounts and that it
displaces other metabolites as a source of
carbon for biosynthesis and as a source of
metabolic energy as the supply increases.

The greater oxidation of glucose ac-
counts for most of the observed increase
in glucose transfer rate as shown by the
following calculation. These cows were
producing, on the average, 5.3 mols C02
hour (4.5 to 6.2 mols/hour) of which
about 10% (0.53 mols/hour) was derived
from glucose oxidation. With exogenous
supply, glucose oxidation doubled which
means that an additional 0.53 mols of C02
/hour were being produced from glucose
oxidation. This quantity of C02would re-
quire that an additional 90 millimols/hour
of glucose undergo oxidation, or about 0.3
g/minute. The latter value amounts to
60% of the increase in glucose transfer
(from 1.2 g/minute to 1.7 g/minute) that
occurred when cows received exogenous
glucose.

That lactating cows derive a much lower
fraction of their metabolic C02 from glu-
cose than monogastric animals has been
shown previously (12). The results of the
present study indicate that the utilization
of glucose by the mammary gland may
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TABLE 3

Transfer quotients 1 from plasma glucose to respired C02 and organic components of milk after
injecting cows with glucose-U-14C

. Single Control trials Infusion trials
Sample |nge,c ion
rial 2 13 2 4 6a 4 3 5 6b 4
CO02of respired air 0.10 0.11 0.11 0.20 0.13 0.20 0.21 0.23
Milk components:
Lactose 0.80 0.83 0.81 dry 0.91 dry
Citrate 0.19 0.18 0.18 dry 0.31 dry
Whey protein 0.06 0.06 dry 0.08 dry
Casein 0.05 0.05 0.07 dry 0.09 dry
Fat 0.05 0.04 0.03 dry 0.04 dry

1In trials 1, 2, 3 and 6 the transfer quotient was calculated by the ratio: & ----- specific actiyity of product------ \

for the time period when these values were constant, or nearly_ so.

, specific activity of plasma glucose /
In trials 4 and 5 the transfer “quotient

was calculated by dividing the area under the curve of the specific activity of respired CO2 by that under the

specific activity of plasma [
2Baxter et al., (12) and Kleiber et al., (19).
3lsotope given via' ruminal vein.
f Isotope infused via ruminal vein.

lucose from time zero to infinity.

f . Glucose load given into ruminal vein 3 hours after start of trial.
Trial 6a is period prior to load and trial 6b is period  durin
lactating, but milk samples were not collected during the trial.

glucose loading of 1 g/min. This cow was

5Glucose load into the duodenum 1.5 hours after the start of the trial.

account for part of this difference. In the
non-lactating cow (see table 3, trial 4)
glucose oxidation provides about 20% of
the metabolic C02 even in the absence of
exogenous glucose. When glucose was sup-
plied (trial 5) the transfer quotient in-
creased only slightly (0.21 vs. 0.20) indi-
cating that gluconeogenesis in the non-
lactating cow is already sufficient to
saturate the enzyme system for glucose
oxidation. In contrast, in lactating cows,
exogenous glucose doubled the rate of glu-
cose oxidation.

Glucose utilization by the intact bovine
mammary gland has not been measured,
but it is probably similar to that measured
in goats, 8.5 g glucose/100 ml of milk se-
creted (28). Thus, the glucose withdrawn
by the mammary gland can be very large
in animals with high levels of lactation.

Results obtained with ketotic cows also
support the idea that availability of glucose
for oxidation is influenced by the mam-
mary gland. It appears likely that the glu-
cose supply is severely limited during keto-
sis since the affected animals have marked
hypoglycemia (29). Yet Kronfeld et al.
(21) have calculated that the transfer rate
of glucose was not significantly decreased
during ketosis. This presumably occurs
because the mammary gland continues
milk synthesis at a high rate. In contrast,
the transfer quotient of glucose to C02 as
estimated by the method used in trials 4

and 5 from the data of Tombropoulos,5
was only one-half that of normal cows,
0.05.

It appears that glucose can be oxidized
as readily in the cow as in monogastric
animals, but other metabolites are ordi-
narily utilized because the supply of glu-
cose is limited to that produced endoge-
nously and the secretion and synthesis
(30) of milk components by the mammary
gland take large amounts of the available
glucose. When the availability of glucose
is decreased even further, as in bovine
ketosis, synthesis of milk components con-
tinues to pre-empt a large portion of the
available glucose so that the oxidation of
glucose is decreased further.

The results stress the critical nature of
glucose metabolism in lactating dairy
cows. The utilization of glucose by the
mammary gland for biosynthesis of all
organic milk components except fat, and
its dependence on gluconeogenesis due to
limited availability of glucose from the
alimentary tract, places glucostasis in the
lactating cow in a delicate balance.
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ABSTRACT The effects of diet quality, chronic inactivity, and forced exercise on
the growth performance of rats and levels of glucose 6-phosphate dehydrogenase
(glucose-6-P dehydrogenase) and 6-phosphogluconate dehydrogenase (6-P-gluconate
dehydrogenase) activities in hepatic and adipose tissues were investigated. The
mean body weights of the restricted activity rats were significantly lower irrespective
of diet quality. Diet quality also significantly influenced the growth as well as the
activities of glucose-6-P dehydrogenase and 6-P-gluconate dehydrogenase. The de-
hydrogenase activities were significantly higher in the tissues of rats fed a diet high
in carbohydrate than those fed diets high in protein or fat. The levels of adipose
glucose-6-P dehydrogenase or 6-P-gluconate dehydrogenase were increased by the
chronic inactivity in rats fed the high fat diet. Forced exercise however, significantly
decreased the adipose and hepatic glucose-6-P dehydrogenase particularly when the

exercise preceded the feeding period.

The pathogenesis of obesity is multiple
and complex although, basically, it can
arise only when the energy intake exceeds
physiological needs. This is not to imply
that obese individuals always eat exces-
sively since studies have shown that in
some cases they consume less than thin
people (1, 2). The obese, however, may
be less active physically (1, 3, 4). Dif-
ferences in eating patterns also should be
considered. For example, Stunkard et al.
(5) described a “night-eating syndrome”
in some obese people characterized by
nocturnal hyperphagia with subsequent in-
somnia and anorexia the following morn-
ing. Whether this syndrome favors lipo-
genesis in man has not been demonstrated
clearly. However, experiments with ani-
mals have shown that manipulation of
eating patterns definitely influences the
metabolism of tissues (6) and lipogenesis
(7). Force-feeding, realimentation after
fasting, and rats trained to eat their food
in a limited period of time also have led
to increased lipogenesis (8-13) as indi-
cated by increase in glucose 6-phosphate
(glucose-6-P) dehydrogenase and 6-phos-
phogluconate (6-P-gluconate) dehydrogen-
ase activities in hepatic and adipose tis-
sues.

J. Nutrition, 89: *66

The above observations illustrate but a
few of the multiple problems associated
with the etiology of obesity. Additional
studies are necessary to adequately define
the interrelationships between patterns of
energy intake and expenditure to lipogen-
esis. The present report gives the re-
sults of a study to evaluate the effects of
diet quality, chronic inactivity and forced
exercise on body and organ growth, and
on glucose-6-P dehydrogenase and 6-P-
gluconate dehydrogenase activities in hep-
atic and adipose tissues of rats.

METHODS

Male rats of the Sprague-Dawley strain
were used in this study. They were ob-
tained at weanling age and divided into
four equal groups according to diet and
into 2 groups of 32 and 28 rats each ac-
cording to restricted and non-restricted
activity, respectively. The non-restricted or
control animals were housed individually
in regular screen-bottom cages (24 cm X
18 cm X 18 cm), and the chronically re-
stricted rats were housed in cages reduced
by an adjustable spacer to measure 6 cm
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X 18 cm X 18 cm in depth, height, and
width, respectively.

The composition of the 4 diets fed is
shown in table 1. All rats were trained
and allowed to eat ad libitum quantities
of their respective diets for a 2-hour period
daily. The 2-hour feeding period was
adopted to control any metabolic affects
resulting from differences in eating pat-
terns. Water was available at all times.
Daily records were kept of the feed con-
sumption and body weights of each rat for
12 weeks. At the end of this period, and
immediately after the 2-hour feeding
period, the rats were Kkilled by cervical
fracture and approximately one-gram
samples of epididymal fat and liver were
obtained, weighed on a torsion balance, and
homogenized in 3 ml of ice-cold 0.25 m
sucrose using a Tri-R Teflon tissue homo-
genizer. The cell-free cytoplasmic sus-
pension for the enzyme measurements
was obtained after centrifugation at
100 X g for 10 minutes at 0°. The glu-
cose-6-P dehydrogenase and 6-P-gluconate
dehydrogenase activities were assayed by
the Fitch et al. (14) modification of the
Glock and McLean method (15). The
enzyme activity units are expressed as
millimicromoles of NADPH formed per
minute per gram of wet liver tissue and
per milligram of adipose nitrogen. The
amount of NADPH formed was calculated
from the change in optical density by
using the extinction coefficient 6.22 X 10f
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cm2mole as determined by Horecker and
Kornberg (16). The levels of adipose
nitrogen were determined by Nessleriza-
tion. Organ weights, body and tail lengths
also were obtained. The data were ana-
lyzed according to standard statistical
methods (17).

RESULTS

The mean body weights, feed intakes,
and efficiencies of weight gain of the ani-
mals are summarized in table 2. As ex-
pected, the rats fed diets 3 and 4, which
contained higher levels of fat, were sig-
nificantly heavier (P < 0.01) than rats fed
diets 1 and 2. The mean body weights
at the end of the experiment were 334,
352, 382, and 397 g for the rats fed diets
1, 2, 3 and 4, respectively. The restric-
tion of physical activity also affected the
final body weights. The chronically re-
stricted animals averaged 354 g in body
weight, whereas the control rats averaged
381 g. The differences were statistically
significant at the 1% level.

The mean feed intakes were significantly
greater (P<0.01) in the rats fed the
diets lower in caloric density (1 and 2)
than those fed the diets high in fat. The
differences in daily intake averaged ap-
proximately 10 kcal/rat/day between the
rats fed the high fat diets (3 and 4) and
diets 1 and 2. The modification of phys-
ical activity also significantly (P < 0.01)

TABLE 1
Composition of diets

Casein 1

Fat2

Sucrose

Salt mix 3

Vitamin mix 4
Non-nutritive cellulose 5

Total

1“v.Raniin Free”

2Cnsco, Procter and Gamble, Cincinnati.

3Hawk-Oser Salt mixture no. 3;
Physiological Chemistry, ed. 13.

U.25; a-tocopherol,
p-ammobenzoic acid,
Ca pantothenate, 3.0;
Biochemicals Corporation, Cleveland.

5.0; ascorbic acid,
5.0;

45.0;
niacin, 4.5; riboflavin,

5Alphacel, Nutritional Biochemicals Corporation.

McGraw-Hill Book Co.,
4Vitamin mixture in dextrose containing the following: (in
inositol,
1.0; pyridoxinesdC1, 1.0;
and (in mg/kg) biotin, 20; folic acid, 90;

Casein, Nutritional Biochemicals Corporation, Cleveland.

influenced the diet intake. The total
Diet no.

1 2 3 4
% % % %
25 55 25 35
10 10 45 45
57 27 22 12
3 3 3 3
2 2 2 2
3 3 3 3
100 100 100 100

Hawk, P. B.,, B. L. Oser and W. H. Summerson 1954 Practical

Inc., New York.
g/kg) vitamin A, 4.5; vitamin D,

5.0; choline chloride, 75.0; menadione, 2.25;
thiamine-HCI, 1.0; and

and vitamin B12, 1.35; Nutritional
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TABLE 2

Effect of diet and restricted activity on mean body weight gains, feed intakes and
efficiencies of body growth in rats

Diet and Body weight
treatmentl Initial Final
9
1R (8) 59+2 3 327+ 15
1C (7) 52+2 3439
2R (8) 602 334+ 22
2C (7) 60+3 373+ 11
3R (8) 60 +3 37112
3C (7) 60+3 393+46
4R (8) 60+3 382+33
4C (7) 60%3 413+47

Tatal Growth
feed intake efficiency 2
9 %
1055+52 255+ 18
1188+ 144 28.1+11.0
1083+93 253+ 13
1157+ 32 27.0+ 13
893 + 28 349+ 14
942 +85 35.6+ 4.8
903+39 357+ 29
1006 +104 351+ 29

1R = restricted activity; C= non-restrieted activity; number of rats in parentheses.

2 Total body weight gain (g)
Total feed intake (g) X
3Values include sd.

quantity consumed by the restricted rats
averaged 984 g vs. 1073 g for the control
rats, or approximately one gram per day
difference during the 12-week period.

The growth efficiencies of the rats were
not influenced by the chronic restriction
of activity. The efficiencies, however,
were significantly higher (P < 0.01) in the
rats fed diets containing high fat (3 and
4).

Statistical evaluation of the mean organ
weights indicated a lack of significant dif-
ference between the diet groups of the
thymus, heart, spleen, and adrenal glands.
The relative weights of the kidneys of the
rats fed the hyperprotein diet (diet 2)
were approximately 28% larger (P < 0.01)
than those from rats fed the other diets.
The relative weights of the liver also were
significantly greater (P < 0.01) in the rats
fed the hyperprotein diet. The mean dif-
ferences in weights of the gastrocnemius
muscle were not great but were signifi-
cantly smaller (P < 0.05) in the rats fed
diets 3 and 4 than those fed diet 1.

When the organ weights were evaluated
on the basis of activity groups, significant
differences were noted in the weights of
the liver and testes. The mean hepatic
weights were significantly smaller (P <
0.01) in the rats housed in the restricted
cages irrespective of diet. The hepatic
weights averaged 2660 mg/100 cm2 and
2780 mg/100 cm?2 for the restricted and
control rats, respectively. The mean
weights of the testes, however, were sig-
nificantly larger (P < 0.01) in the re-

stricted (784 mg) than in the control rats
(740 mg). The mean weights of the
thymus, heart, spleen, adrenals, and gas-
trocnemius muscle, total body and tail
lengths were not significantly influenced
by the chronic restriction of activity.

The results of the analyses for dehy-
drogenase activities in the liver and epi-
didymal fat tissues are graphically illus-
trated in figures 1 and 2. The glucose-6-P
dehydrogenase and 6-P-gluconate dehy-
drogenase activities in the liver were not
influenced by the restriction of physical

1 CONTROL UNRESTRICTED

T
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DIET NUMBER

Fig. 1 Relative levels of glucose 6-phos-
phate dehydrogenase in hepatic and adipose tis-
sues expressed as a percentage of enzymatic
activity of animals receiving diet 1 and unre-
stricted in activity.
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Fig. 2 Relative levels of 6-phosphogluconate
dehydrogenase in hepatic and adipose tissues
expressed as a percentage of enzymatic activity
of animals receiving diet 1 and unrestricted in
activity.

activity. However, the quality of the diet
definitely influenced the enzyme activities.
The hepatic tissues from the rats fed diet
1 were significantly higher (P < 0.01) in
both glucose-6-P dehydrogenase and 6-P-
gluconate dehydrogenase activities than
those fed diets 2, 3 or 4. The rats fed the
hyperprotein diet (diet 2) also showed
significantly higher (P<0.01) glucose-6-
P dehydrogenase and 6-P-gluconate dehy-
drogenase activities than those fed the diets
containing high levels of fat. The interac-
tions between diet and activity were not
statistically significant.

The chronic restriction of physical ac-
tivity significantly increased (P < 0.01)
the levels of glucose-6-P dehydrogenase
and 6-P-gluconate dehydrogenase in the
adipose tissue of rats fed the high fat diet
(diet 3) but not in those fed diets 1, 2 or
4. The diet quality also modified the levels
of dehydrogenase activity. The glucose-
6-P dehydrogenase activity was approxi-
mately 3 times higher (P < 0.01) in the
fat tissues of rats fed diet 1 than those
fed the other diets. The 6-P-gluconate de-
hydrogenase activity of the tissues from
rats fed diet 1 also was the highest but,
statistically, was only significantly greater
(P < 0.01) than the tissues from rats fed
diet 4.

FRANK KONISHI

The lack of a significant enzymatic re-
sponse to the chronic restriction of phys-
ical activity in the rats fed diet 1 prompted
a further experiment to assess the meta-
bolic response to forced exercise. Twenty-
four male rats were divided into three
equal groups and exercised on a motor-
driven treadmill at 12.8 meters/minute
for one hour daily. They were fed diet 1
for a 2-hour period daily at either one
hour before exercise (group A) or one
hour (group B) and 3 hours (group C)
post-exercise. Twelve additional rats were
used as the respective non-exercised con-
trols. The rats were killed immediately
after the feeding periods and samples of
the liver and epididymal fat tissues were
obtained and analyzed as described above.

The results are shown in figure 3 as
percentage differences from the respective,
non-exercised control values. Statistical
analysis of the data indicated that the
glucose-6-P dehydrogenase in the liver was
significantly lower (P < 0.05) in the tis-
sues from the rats that were exercised
than from the controls. The time of eat-
ing in relation to the exercise period also
influenced the level of glucose-6-P dehy-
drogenase in the liver. The level was sig-
nificantly lower (P<0.01) in the rats
exercised one hour prior to feeding (group
B). The liver 6-P-gluconate dehydro-
genase levels, however, were not influenced
by the exercise or the time of eating.

m =HEPATIC = =ADIPOSE
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Fig. 3 Relative levels of glucose 6-phosphate
dehydrogenase and 6-phosphogluconate dehydro-
genase in hepatic and adipose tissues of exer-
cised rats expressed as percentage differences
from respective control, non-exercised values.
A = exercised one hour post-prandially; B = ex-
ercised one hour pre-prandially; C = exercised
3 hours pre-prandially.
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The exercise also significantly decreased
(P<0.01) the adipose glucose-6-P dehy-
drogenase and the 6-P-gluconate dehydro-
genase levels particularly when the ex-
ercise period preceded the feeding period
by one hour. The interaction between the
exercise and time of eating also was sta-
tistically significant (P < 0.01) suggest-
ing that exercise may affect the avail-
ability of intermediary metabolites by
modifying the rate of nutrient absorption
or metabolic pathway.

DISCUSSION

The significantly lower body weights of
the rats maintained in the restricted cages
were unexpected and were in contrast to
the earlier observations of Ingle (18). He
reported that rats placed in restricted
cages became extremely obese with some
weighing approximately twice as much as
the controls. Studies by Mayer et al. (19)
also indicated that non-exercised rats ap-
pear to lose their ability to regulate energy
intake and consequently become obese.
It is possible that such an appetite-regu-
lating mechanism responds differently
when the eating patterns are modified as
with the 2-hour daily feeding regimen.
Whether or not the rats in the present
study were adjusting to the apparent de-
crease in energy output by a compensatory
decrease in energy intake was not ascer-
tained. The age and stage of maturity
also may be associated with the ability of
an animal to control its total energy in-
take. That is, if the type of appetite-
control mechanism is of an instinctive
nature, it could be more acute at an early,
immature stage as suggested by the stud-
ies of Davis (20). Since the rats in the
present study were placed in the restricted
cages at an earlier age (at about 60 g
than the rats used by Ingle (18) (at about
350 g), the latter group may have be-
come less sensitive to the innate regu-
latory mechanism and reacted accordingly.
Additional studies to evaluate the inter-
relationships between physical activity,
age, feeding patterns, and diet quality to
the physiological control of appetite and
energy intake are indicated.

The compensatory renal hypertrophy in
the rats fed the hyperprotein diet is in
agreement with that observed in other
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studies (21, 22). However, the signifi-
cantly greater hepatic weights in the rats
fed the hyperprotein diet were not ob-
served in our previous study (22), although
is it realized that the small differences in
weight noted in the present study may not
be physiologically significant.

The relative activities of the glucose-6-P
dehydrogenase and 6-P-gluconate dehydro-
genase observed in the first study are
similar to those reported by others (10,
12, 13, 23, 24) in realimented rats after
longer periods of fasting. In all cases,
the tissues from rats in unrestricted cages
fed the high carbohydrate diet had rela-
tively higher dehydrogenase activity than
those fed diets high in either protein or
fat. However, the positive enzymatic re-
sponse to the high fat diet when physical
activity was restricted has not been ob-
served previously. The reason for the
increase in adipose glucose-6-P dehydro-
genase and 6-P-gluconate dehydrogenase
is unknown but may reflect adaptive
changes in patterns of lipogenesis asso-
ciated with the high fat intake concomi-
tant with the decreased activity. The data
suggest increased lipogenesis although
this was not supported by corresponding
gross body weight changes. Additional
studies are necessary to evaluate possible
differences in total body composition and
in fatty acid composition of adipose
tissues.

Forced exercise, however, significantly
decreased the enzyme activities. Since glu-
cose-6-P dehydrogenase is associated with
the production of NADPH via the hexose
monophosphate shunt pathway, which in
turn is required for fatty acid and lipid
synthesis, decreased levels of glucose-6-P
dehydrogenase would indicate a shift
away from the shunt pathway and em-
phasis toward the glycolytic and tricar-
boxylic acid cycle. This is assuming that
the level of an enzyme is directly related
to the level of activity of the metabolic
pathway in which it participates, as pro-
posed by Fitch and Chaikoff (25). Exer-
cise, then, may modify lipid synthesis by
indirectly reducing the supply of avail-
able NADPH. From a practical stand-
point, the data suggest that the time of
exercise in relation to the time of eating
as well as the level of exercise are im-
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portant factors to consider in the etiology
and treatment of obesity.
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ABSTRACT Radioisotopic chemical balance and tissue distribution studies were
used to investigate the source and fetal maternal behavior of retained calcium in 38
gilts as a function of gestation age and of time after administration of radioactive
calcium. Sows killed during the first, second and third trimester, following oral or
intravenous dosing with 4Ca showed no significant effects of pregnancy on maternal
absorption, plasma 4Ca or tissue calcium concentration. At 35, 70, 105 and 114 days’
gestation, 0.9, 60, 17.8 and 21.3%, respectively, of the absorbed 45Ca was transferred
to litters standardized to 8 pigs, whereas less than one per cent was retained in the
combined placenta and fluids after 168 hours. Fetal bone calcium values, reflecting
degree of mineralization, increased rapidly between trimesters 1 and 2, with less
change to parturition. Tissue distribution patterns for retained 45Ca paralleled those
for the dam, but utilization rate and fetal specific activity values were greater.
Fetus-to-dam concentration and fetal specific activity ratios were higher for bone
than soft tissue, and decreased generally with gestation age and with time after

dosing.

gestation.

The general physiology of placental
transfer and of dam and fetal relationships
has been treated comprehensively by Bar-
croft (1). Studies on the transfer of radio-
active calcium and strontium to the fetus
of mice were reported by Pecher and
Pecher (2). Calcium-45 has been demon-
strated to cross the placenta of rats at all
stages of pregnancy (3), and the rate
and quantity increased with advanced
fetal age. Plumlee and associates (4)
showed 4Ca to freely traverse the placenta
of cattle at the 3 trimesters of pregnancy,
especially during the last stages of gesta-
tion. Utilizing 2 isotopes concurrently,
Shirley and co-workers (5) have reported
free passage of #£Ca, but no "M o appeared
to cross the sow’s placenta. Several of the
transport mechanisms for the fetus have
been discussed by Widdas (6), and the
contribution of radioisotopes to placental
calcium transfer studies has been re-
viewed for cattle by Comar (7) and for
swine by Hansard (8).

Previous reports from this laboratory
have shown the complex epitheliochorial
placenta of the sow to be permeable to
iron (9, 10), and to zinc (11), and that
membrane permeability was dependent

J. Nutrition, 89: '66

Utilization efficiency of absorbed maternal calcium for fetal development
increased as pregnancy advanced, reaching 21.3%

of the 4Ca dose at 114 days’

upon the combined effects of several
physiological factors (8). The present
paper gives data on the placental transfer
of calcium in developing swine, the rela-
tive uptake and turnover in selected tissues
of the dam and the fetus as a function of
gestation age, and of time during the last
trimester of pregnancy.

METHODS

Thirty-eight Duroc, Hampshire and Po-
land China gilts in their first pregnancy
were selected at random for Kkilling at 35,
70, 105 and 114 days’' gestation following
oral or intravenous administration of a
single tracer dose of labeled calcium. All
sows were maintained with a conventional
16% protein ration (0.7% calcium. 0.5%
phosphorus) composed of corn meal 76.5% ,
soybean oil meal 20%, oyster shell flour
1.0%, dicalcium phosphate 1.0%, iodized
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salt 0.5% and vitamin-mineral premix
1.0% .“Following a 168-hour blood-balance
period (12) each sow was Killed, and select-
ed fetal and maternal tissue samples were
taken for isotopic chemical analyses. Seven
of the gilts, during the third trimester,
were similarly dosed and killed 8, 14, 48,
68 and 96 hours after dose administration
for comparison with those killed after 168
hours. Fetuses were separated from the
placenta, weighed, measured and either
ashed for whole body analyses, or selected
tissue and organs were separated for tissue
calcium distribution studies. Total ash,
phosphorus, calcium and labeled calcium
measurements were carried out as de-
scribed in previous reports (3, 4, 14). Sow
weights ranged from 122 to 195 kg (mean
156). Therefore, for direct comparison, all
maternal data were calculated to the same
standard dose and body weight.

RESULTS AND DISCUSSION

Calcium and i5Ca absolution. To per-
mit calculations of fetal tissue values on
the bases of retained calcium and %&Ca, and
in order to prevent differences due to gas-
trointestinal absorption from masking ac-
tual maternal absorption and placental
permeability values, 7-day radioisotopic
chemical balance data were collected for
each individual sow. Results were not sig-
nificantly different from those reported for
swine earlier (15), and for brevity only the
mean results, essential for maternal tissue
calculations, are presented. These first-lit-

ITOH, J. C.
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ter gilts excreted 79 + 5% of the 30 + 6 ¢
dietary calcium, day, and there was no sig-
nificant effect of gestation upon absorp-
tion. Seventy per cent of the oral dose and
13% of the intravenous £Ca was excreted.
Endogenous fecal calcium was calculated
(15), and the daily retention values aver-
aged 31 + 3% of 30 g, or 9.3 g available
calcium for deposition in the dam or for
placental transfer.

Maternal tissue calcium and &Ca values.
Average calcium, labeled calcium and spe-
cific activity values for selected maternal
tissues of the 38 gilts are shown in table 1.
Limited animal numbers and the wide in-
dividual concentration variations prevented
detection of possible significant difference
due either to pregnancy or to stage of
gestation (3, 4). For convenience of pres-
entation, therefore, all treatments were
pooled and labeled calcium was calculated
as percentage retained dose 8Ca X 10~4per
g fresh weight, corrected to 150 kg body
weight for comparative purposes. Mater-
nal bones contained most of the total cal-
cium, and after 168 hours the greater part
of the &Ca was in the bone, with concen-
tration highest in trabecular bone where
contact with blood vessels occurs, and in
areas of higher metabolic activity (3, 16,
17). This was reflected in the high spe-
cific activity for soft tissues and sternum,

4The vitamin-mineral premix contained: zinc oxide,
30 g; vitamin A, 1,140 ITJ; vitamin B12, 10 mg; ribo-
flavin, 1.0 g; niacin, 2.0 g; and pantothenic acid,
4.5 g, mixed with 4.1 kg ground yellow corn.

TABLE 1
Calcium and radioactive calcium 1 concentration in maternal tissues of swine

Tissue Calcium
mg/g
M uscle 0.061 0.011 8
Liver 0.071 0.013
Kidney 0.101 0.010
Spleen 0.083 0.010
Mammary tissue 0.091 0.012

Femur shaft 234

105

-
-~

Femur end

L S T T R T
w
o

Rib shaft 145 35
Rib end 74 8
M andible 151 9
Sternum 85 7

1Tissue 47~Ca calculated as %
corrected to 150 kg body weight.

2 Specific activity or turnover rate calculated as ~°

3Mean + sd.

absorbed dose./g fresh tissue x

Specific

45Ca activity 2

% dose/g X10~4
0.121 * 0.031
0.140+ 0.028

0.123 £ 0.031

0.109 * 0.021 131
0.111+ 0.011 122
60.2 5.1 26
7
4
8
9
2

198
197
122

92.1 88
54.8 38
157.6 212
96.4 64

2 205

T T T

P h koo ow

174.

10_4 168 hours after dosing, and

dose”™ Xx 4 X jag
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rib and femur epiphyses, with usual lower
values for areas of cortical bone.

Physical changes in products of con-
ception during gestation. The progressive
weight increase of the products of con-
ception in sows, including their 362 fe-
tuses, during advancing pregnancy is
shown in figure 1. The most critical period
for membrane growth appeared to be dur-
ing the first 70 days, when fetal weight
equaled weight of membranes.

Fig. 1
during gestation in swine.

Fetal and placental membrane growth

Greatest relative development occurred
during the second trimester, when fetal
weight increased 30 times and length, 7
times. However, total mass gain was fastest
during the dynamic final trimester, when
weight again increased 3 times and length
was nearly doubled. Although placental
fluid volume and fetal weight increased
markedly during the third trimester, there
was little weight change in fetal mem-
branes, implying a stretching and expan-
sion of the placenta with increased size of
developing fetuses. The morphological re-

337

lationship thus created over a consider-
able area of the placenta offers the thinnest
laminae of epithelial cytoplasm separating
the fetal and maternal vascular plexuses,
and the intra-epithelial capillaries acquire
significance as an anatomical means for
increased mineral exchange between dam
and fetus (18).

Total calcium and isCa partition in prod-
ucts of conception during gestation. The
effects of fetal age upon calcium and
labeled calcium concentration in the pla-
centa, fluids and litter of swine after 168
hours are shown in table 2. Litters, 35
days of age, from sows killed 7 days after
receiving a single dose of &Ca contained
less than 1% of the absorbed labeled cal-
cium. However, this was 5 times greater
than the total £Ca in the combined pla-
centa and fluids. The dam, therefore, re-
tained nearly 99% of the absorbed 4Ca
dose for body deposition during this first
trimester. Fetuses, standardized to a litter
of eight, retained approximately 6% at
70 days of age, 17.8% at 105 days, and
114-day-old fetuses contained 21.3% of
the absorbed 4Ca dose. Total calcium de-
position in the fetus increased 4.5 times
between 35 and 70 days, and another 9
times between age 70 and 114 days. Dur-
ing the final trimester, therefore, dams re-
tained about 79% of the absorbed 4Ca,
and transferred the remaining 21% to
their fetuses. This value was less than the
40% 4BCa retained by developing rats (3),
but probably reflects differences in pla-
cental types (8).

If it is assumed that dietary calcium and
Ca are similarly utilized, it can be calcu-
lated that a sow with a litter of 8 pigs,
absorbing 9.3 g from the 30 g/day calcium
intake, was depositing, at 70 days gesta-

TABLE 2
Gestation age effects upon absorbed 14Ca and total calcium partition in swine products of conception

Days of gestation

Tissue 35 + 4 70 + 3 105 = 4 114 = 3
45Ca Ca «Ca Ca 45C a Ca 45Ca Ca
% 9 % 9 % 9 % 9
Placenta 0.132 0.490 0.080 0.812 0.070 0.990 0.06 1.01
Placental fluids 0.081 0.350 0.077 0.498 0.095 0.585 0.082 0.575
0.904 2.0 5.9 9.5 17.8 75.0 21.3 85.0

Litter (8 fetuses)

145Ca calculated as

percentage of absorbed dose corrected to 150-kg dam, killed 168 hours after dosing.
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tion, 5.9% or 0.55 g of the absorbed cal-
cium in its fetuses. Between 70 and 114
days’ gestation, deposition progressively in-
creases to 21.3% of 9.3 g or 1.98 g/day.
This value approximates the total calcium
accretion value of 1.7 g/day calculated
from the chemical analyses for this period.
The apparent discrepancy between values
could be due to the accelerated deposition
with increasing age, inherent errors in
balance measurements, or possibly to the
limited calcium fetal-dam feedback that
has been observed in other species (6, 17).
Labeled calcium distribution and turn-
over rates in products of conception. The
effect of time upon total transfer of £Ca to
the placenta, placental fluid and whole
swine fetuses during the third trimester of
pregnancy is shown for 7 sows in table 3.
These data indicate that the fetus ac-
counted for the greater part of the trans-
ferred £Ca, and that after 8 hours 13.3%
was deposited in a litter of 8 pigs, whereas
slightly more than 1% 4Ca was trans-
ferred to other components of the pla-
cental complex. Values decreased for pla-
centa and fluids in a regular manner with
time, but 4&Ca deposition and subsequent
specific activity increased for fetuses and
after 68 hours 19.7% of the absorbed dose
was in the litter, with less than 0.5% re-
maining in the placenta and surrounding
fluids. Labeled calcium approached equi-
librium at this time and there was little
change to 168 hours, except that values
for placenta and placental fluids decreased
to less than 0.1% of the retained dose.
These data indicate that (a) fetuses re-
ceive and retain most of the maternal £Ca
transmitted, (b) contribution of placenta
or fluids to fetal 4Ca is either exceedingly
rapid or insignificant, and (c) maternal

GLENN AND D. M. THRASHER

blood must be the primary calcium source
for developing swine fetuses.

Mathematically the disappearance rate
for BCa from the placenta and fluids, and
subsequent deposition in the fetus can be
explained as a first-order reaction follow-
ing the law of mass action, as:

= kplAR (1)

This means that the rate 4~ is propor-

tional to &Ca concentration at time t By
integration and rearrangement equation 1
becomes:

In A= InAO—Kkt (2)

The regression coefficient « then, cal-
culated from the placental data, was
—0.00346, indicating a disappearance rate
for &Ca to be 0.346% /hour.

In the same manner 4Ca disappearance
rate from the placental fluids was calcu-
lated to be 0.552% /hour.

Labeled calcium uptake by the fetus fol-
lowed the same law, but the sign was re-
versed :

The regression coefficient kf= 0.867% /
hour for 4Ca fetal accretion during the
third trimester of pregnancy.

The &Ca disappearance rates were less
for the placenta and fluids than the rate
for 4Ca accretion by the developing fetus.
This indicates further the limited contribu-
tion of placenta and fluids as a fetal source
of calcium.

Fetal age effects upon tissue i5Ca con-
centration and specific activity. Concen-
tration of 4Ca and specific activity in se-
lected tissues of the developing swine

TABLE 3

4sCa distribution 1 and turnover rates in the total products of conception of swine
during final trimester of pregnancy

Hours after dosing

Placenta 0.97
0.49

13.3

0.78
0.42
14.40

Placental fluids
Litter of 8

1Calculated as
pregnancy (standardized to 1-kg fetuses).
2 See text for calculations.

48

0.43
0.10
17.50

Turnover

rate

68 96 168

% /hr 2
0.346
0.552
0.867

0.33
0.10
19.70

0.22
0.09
20.90

0.07
0.07
21.30

% absorbed 45Ca dose in total tissue of fetuses killed during third trimester of
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fetus at the 3 trimesters of pregnancy are
shown in table 4. These values reflect
the progressive mineralization of fetal
bones with increased age, and subsequent
high 48Ca deposition, 168 hours after dose
administration to the dam. Soft tissue
concentration values for both calcium and
labeled calcium were greater during early
gestation, and the high turnover rates
(specific activity) for both bone and organs
reflect the dynamic state during these de-
velopmental periods. Deposition patterns
followed closely those observed for mater-
nal tissues (table 1), with highest concen-
trations in bone and in tissue areas of
greater metabolic activity. Concentration
and specific activity values were higher for
bone than soft tissue and decreased with
fetal age probably because of the dilution
effects of increased demands for bone
growth and the subsequent calcium deposi-
tion. For like reason, fetal-to-dam specific
activity ratios decreased as gestation ad-
vanced, with that of soft tissues approach-
ing unity in the final trimester. Ratios for
bone were much greater, reflecting the
avidity of fetal bone for the available la-
beled calcium (3, 4, 8). However, the
same general decreasing pattern with in-
creased fetal age was evidenced.

The relationship of selected fetal tissue
&ACa concentration to that of the whole
fetus during the third trimester of preg-
nancy is illustrated in figure 2. These val-
ues demonstrate the magnitude of the
rapid changes occurring in the whole fetus
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Fig. 2 Gestation age effects

centration in

upon 45Ca con-
developing
swine fetuses killed 168 hours after maternal ad-

of labeled

selected bones and in

ministration calcium .

and in representative bone areas during
the last 2 weeks of pregnancy, and provide
further evidence of relative 4&Ca concen-
tration in the fetus to that of its compo-
nent parts. The observed unusually low
labeled calcium values for the femur end
in these fetuses was undoubtedly due
to sampling error and dilution with adja-
cent cartilage.

These data substantiate the progressive
and rapid rate of calcium deposition during
the final trimester in developing swine,
and the values parallel laydown patterns
observed in other species (2—4, 8). Mater-
nal calcium transferred to the fetal blood
then is apparently removed rapidly by the

TABLE 4
HCa concentration 1and specific activity 2 of selected fetal tissues at 3 trimesters of pregnancy

35

a2

%
Muscle 0.38 290
Liver 0.36 296
Kidney 0.35 205
Spleen 0.16 121
Rib shaft 512 853
Rib ends 451 2255
Femur shaft 680 829
Femur ends 183 871
M andible 240 800

ITissue 45Ca concentration calculated as %

after dose administration to dam.

2 Specific activity calculated from 45Ca and tissue calcium values as

Days of gestation

70 105-114

Specific Specific

45C .

45Ca activity a activity

% %
0.39 264 0.18 159
0.20 256 0.15 174
0.29 181 0.22 139
0.14 116 0.15 168
970 735 285 226
405 604 513 457
641 465 291 194
581 717 135 233
310 518 189 250
absorbed dose/g fresh weight x 10 4, 168 hours

% dosel/g x 10~4 X
mg Calg

100.
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same competing processes discussed for the
dam. Absorbed ions are mixed with the
body fluids and deposited selectively in the
soft tissue and bone areas at rates that
increase with the demands for growth and
development as gestation advances, sug-
gesting fetal physiological needs as the
major incentive for calcium transfer to the
products of conception in swine.
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ABSTRACT
w hich

alfalfa

An improved purified
is suitable for
and other plant sources (such
grass clippings).

was obtained by adding 10%

Improvement in growth

to be distinct from all known vitamins,

appears to be organic in nature,

relationship of this “plant factor” to the

unidentified factors for other animals is unknown

the factor(s) are in progress.

Although it is possible today to rear and
reproduce experimental animals with
diets consisting of synthetic or highly
purified ingredients, reports are still be-
ing published (chiefly of studies utilizing
the fowl) of unidentified growth factors
present in a variety of natural ingredients
such as fish meal, condensed fish solubles,
meat meal, distillers solubles, green plants,
and alfalfa.

Shortly after the development of an
improved semipurified diet for young
guinea pigs in 1953 (1), an improved
commercial stock diet3 became available
which resulted in 10 to 15% greater early
growth than that obtained with a semi-
purified diet.4 It soon became evident, in
experiments reported here, that this dif-
ference in growth could be overcome
largely by adding either 20% of the stock
diet or a wide variety of plant materials
to the semipurified diet. Dried alfalfa was
found to be one of the better sources of
the growth factor(s).

Alfalfa has been reported to contain
an unidentified factor(s) for poultry (2-
6), for a microorganism (7), and for the
pig (8). In 1938, Kohler et al. (9) stud-
ied the growth effect of the “grass juice
factor” in guinea pigs, although this factor
has since been shown to be largely re-
placed by a variety of known essential

J. Nutrition, 89; '66

diet for
assay of a proposed
as

of dehydrated alfalfa to the diet.

the has been described

unidentified

guinea pig
growth found in
dried dried

of up to 50 g over a 3-week assay period

factor(s)

soybean meal, broccoli, and

The factor(s) appears

minerals, amino acids, or other nutrients. It
since it is not found in the ash of alfalfa. The
“grass juice factor” or to other reported

at this stage. Attempts to identify

nutrients (10), and its status is uncertain.
In 1957, Ershoff (11) reported that both
dried alfalfa juice and water-washed al-
falfa pulp had significant growth-promot-
ing activity for guinea pigs fed a “mineral-
ized spray-process dried milk” ration (with
unstated, and uncertain, amounts of all
nutrients now known to be required by
the guinea pig). Supplementation of al-
falfa meal reduced mortality in guinea
pigs exposed to irradiation in studies made
by Calloway et al. (12). Reid and Mickel-
sen (13) confirmed our earlier report5
that dried alfalfa increased the growth of
guinea pigs when added to semipurified
diets very similar to those used here.

The purpose of this study is to provide
information on various crude sources of
the unidentified growth factor(s), on an#

Received for publication January 3, 1966.

1The authors are indebted to the USDA Western
Regional Research Laboratory, Albany, California, for
partial financial support of part of this study and to
the former Nutrition Section, National Institute of
Arthritis and Metabolic Diseases, National Institutes
of Health, where most of the data were obtained
(1954-1960) on the sources of factor(s).

2A preliminary report of part of this study was
presented at the American Institute of Nutrition meet-
ing in April, 1961 (Federation Proc., 20: 236, 1961).
Details of these and related experiments may be
found in the M.S. theses of Jean Reiche Davis, 1961,

and Raj K. Lakhanpal, 1963, deposited with the
Graduate Division of the University of California,
Berkeley.

3Purina Guinea Pig Chow, Ralston Purina Com-
pany, St. Louis.

4Unpublished data, G. M. Briggs.

5 See footnote 2.
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mproved assay, on some minor attempts
)f preliminary fractionation, and on dif-
ferentiation of the factor(s) from known
rutrients.

EXPERIMENTAL

A?iimals and their care. More than the
asual details of animal care are given here
Decause of their importance to the suc-
:ess of the experiments and because of the
sensitivity of the very young guinea pig
:0 environmental changes. Guinea pigs
of mixed strains and mixed sexes, 6 to
9 days old and weighing 95 to 120 g, were
obtained commercially.6 For the first 2 or
3 days, before the start of the experiments,
groups of 4 to 6 animals were maintained
with the basal diet in double-size cages
in order to facilitate learning the use of
the drinking apparatus and feed -cups.
The animals were then divided into uni-
form groups of five or more according to
sex and weight, placed individually in
single cages, and fed the various diets.
The metal cages (24 X 18 X 18 cm) had
0.6-cm mesh floors the first week, and
1.3-cm mesh floors thereafter. Shallow
china food cups (30 mm high and 70 mm
in diameter) were used; each cup had a
metal top with a large round hole (45-mm
diameter) in the center to keep food con-
tamination by the young guinea pigs at a
minimum. After the first week, larger
cups (60 mm high and 65 mm in dia-
meter) without metal tops were used.
Each feed cup was kept in a small wire-
mesh frame attached to the cages to pre-
vent tipping. Tap water was supplied
from inverted bottles with copper or
stainless steel drinking tubes.

The young guinea pigs were handled
gently and special attention was given to
see that they learned to eat and drink
readily. They were checked several times
a day for the first few days to see that
food and water supplies were clean, avail-
able, and being consumed. Cages were
cleaned and sterilized 3 times per week
or more often, as needed. The animals
were weighed daily for the first 3 days and
3 times per week for the rest of the ex-
perimental period. Their food consump-
tion was recorded and estimates for food
wastage and spillage were made daily.
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Most of the earlier feeding trials with
young guinea pigs were of 2 weeks’ dura-
tion. Because the latter phase of the study
utilized animals from new sources and
these were highly susceptible to infections
and environmental changes during the
early period, the feeding trials were
changed to a 3-week period. Under these
conditions, when an occasional animal
died during the first week (an average of
about 1 in 10 animals, but in some ex-
periments as many as 1 out of 4), it was
replaced with an extra animal of the same
sex and of similar weight that had been
fed the basal diet. Such deaths were ob-
viously due either to an infection or to a
refusal to eat or drink and not to the ef-
fects of the nutritive value of the diet.
Few animals died after the first week, as
shown in the tables.

Experimental diets. The composition
of diets GPD2 and GPD3 is shown in table
1. Diet GPD2 is a modification of diet

TABLE 1
Composition of basal diets

Diet Diet

GPD2 GPD3

g/kg g/kg
Casein (vitamin-free) 300 300
Cornstarch 200 —
Glucose hydrate 1 64 64
Sucrose 100 462
Cellulose 2 150 —
Corn oil 50 50
Mineral mixture (HM W ) 3 60 50
Potassium acetate 25 25
M agnesium oxide 5 5
Zinc carbonate 0.13 0.13
Ascorbic acid 2 2
Choline chloride 2 2
Inositol 2 -
B-vitamin mix in glucose 4 20 20
Fat-soluble vitamin m ix

in corn oil5 20 20
Total 1000.13 1000.13

1 Cerelose, Corn Products Company,
2Cellophane Spangles,
Pawtucket, Rhode Island.
3Hubbell, R. B., L. B. Mendel and A.
J. Nutrition, 14: 273, 1937;
Biochemicals Corporation,
4The following

San Francisco.
Rayon Processing Company,

J. Wakeman.
obtained from Nutritional
Cleveland.
amounts were present per 20 g
glucose: (in mg) thiamine*HC1, 16; riboflavin, 16;
pyridoxine-HCIl, 16; Ca pantothenate, 40; niacin, 200;
biotin, 0.5; folic acid, 10; and vitamin B12, 0.05.
5The following were present per 20 g of corn oil:
(in mg) vitamin A acetate, 6; a-tocopheryl acetate,
20; vitamin D3, 0.04; vitamin K (menadione), 2.

6 Supplied by Dependable Animal Supply Company,
M artinez, California. In the early studies, guinea
pigs from the N.I.H. colony were used.
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GP13 of Reid and Briggs (1). Diet GPD3,
a further modification, contains no added
source of inositol, cellulose, nor starch.
These deletions were made in an attempt
to remove possible contaminating sources
of sparing factor(s) or the unidentified
factor(s) itself. Diet GPD3 also contained
1% less mineral mixture to avoid slightly
detrimental effects with the larger amounts
in this ration. Supplements were added
to the diets at the expense of starch and
sucrose, respectively. Fresh diets were
mixed 7 every 2 weeks and stored in re-
frigerators when not in use. Commercial
pelleted diets 8 for guinea pigs were used
as a control diet (stock diet).
Fractionation of alfalfa. Weighed quan-
tities of dehydrated alfalfa (commercial
alfalfa meal, 17%protein) were extracted
with 95% ethyl alcohol for 48 hours in
a large Soxhlet apparatus. The alcohol
extract was concentrated under vacuum
in glass to a thick syrup which was care-
fully collected and weighed. The residue
left in the thimble was dried at room
temperature. The water-soluble *“alfalfa
juice concentrate” was prepared accord-
ing to the method of Kohler and Graham
(2).9 The “dry” ash of alfalfa was pre-
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pared in a muffle furnace at slowly in-
creasing temperatures to permit slow
charring yet to allow removal of organic
material within a 24-hour period. These
fractions were fed at levels equivalent to
10% of the original dehydrated alfalfa
meal.

A variety of substances, including al-
falfa, as well as certain pure components,
were tested either singularly or in various
combinations, at levels indicated later, for
their growth-promoting activity.

RESULTS

The effect of adding different levels of
alfalfa to diet GPD2 in the early phases of
this work is summarized in table 2, part
1. Optimal growth increases were ob-
tained in 2-week studies with a minimum
of 10% of alfalfa, the level chosen for
use in later experiments.

In later 3-week studies (table 2, part
2), significant growth responses were
again obtained with the addition of 10%
dried alfalfa to the diet. The addition of

~Details of mixing the diets may be found in the
theses mentioned in footnote 2.

8 See footnote 3.

9Kindly supplied by Dr.
Regional Research Laboratory,

George Kohler, Western
Albany, California.

BLE 2

Supplementation of diet GPD2 with various levels of alfalfa meal

Supplement to diet GPD2 1

No. of
guinea pigs

No. of
experiments

over
basal

Gain

Part 1. Experiments conducted 1960--62, 2-week tests 2
None (basal) 28 140 61 —
5% alfalfa meal (17% ) 2 10 70 9
10% alfalfa meal 9 45 92 31
20% alfalfa meal 2 10 80 19
40% alfalfa meal 1 5 69 8
10% stock diet3 3 14 87 26
100% stock diet3 9 54 98 37
Part 2. Experiments conducted 1962--63, 3-week tests 4
None 3 17(17) 104 —
10% alfalfa meal 5 31(30) 135 31
Alcohol extract of alfalfa
(equivalent to 10% alfalfa) 3 19(19) 110 6
Alcohol residue of alfalfa
(equivalent to 10% alfalfa) 4 25(25) 112 8
10% dried grass clippings 1 6(6) 136 32
100% stock diet 3 2 9(8) 140 36

1Supplements added at the expense of starch.
2 Average starting weight, 100 g;
3 Purina Guinea Pig Chow,
4 Average starting weights,

parentheses.

106 to 110 g;

mortality was less than 5% of total.
Ralston Purina Company,
number of animals at end

St. Louis.

of experiment given in
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an equivalent amount of alcohol extract
of alfalfa or of the alcohol residue was
not effective, but a combination of the
2 fractions was not tested.

In the last half of 1962, only insignifi-
cant growth responses were obtained with
alfalfa in some experiments, even when
they were continued an extra week. The
reason for this was unknown but was
thought to be due to the presence of im-
purities or sparing factors in the basal ra-
tion, as well as to the loss of a possible
labile factor in the alfalfa sample. There-
fore, the basal diet was changed to GPD3
to improve the test. Results with this
more simplified diet are listed in table 3.
Animals fed the basal diet (GPD3) had a
higher mortality rate than those fed the
former diet. Significant growth responses
were obtained with the 2 samples of dried
alfalfa (the original sample and a new
supply which has been used since, indi-
cating that the factor(s) responsible for
the increase in growth was reasonably
stable when stored at cold temperatures
for long periods). The separate additions
of 0.2% inositol and 5 or 15% of cello-
phane D (ingredients in GPD2) were with-
out effect. When an additional 1% of
mineral mixture in combination with 3%
of cellophane (simulating the mineral and
cellulose content of 10% of alfalfa) was
fed, there was no stimulation of growth,
nor was there any effect of adding alfalfa
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ash equivalent to 10% of alfalfa. The
crude grass juice fraction obtained from
alfalfa gave a small but statistically sig-
nificant response. (Whether the factor(s)
is partially destroyed by the small amount
of heat necessary to make the concentrate
or whether a factor(s) present in the ex-
tracted residue must be present to realize
the full growth-stimulating effect cannot
be answered at this stage.)

A number of different foodstuffs and
miscellaneous ingredients were tested for
their growth-promoting activities before
1963, using the 2-weeks’ test. Good re-
sponses, equivalent to alfalfa, were ob-
tained in one or more experiments with
a number of feedstuffs from plant sources
(level fed given in parentheses): soybean
meal (10% ), dried broccoli (10% ), dried
grass clippings (10%), and stock diet
(20% ). Moderate growth responses were
observed with dried kale (10%), corn
meal (10% ), whey (dried spray) (10% ),
corn cob flour (10%), distillers solubles
(2% ), and wheat bran (10% ). Insignifi-
cant responses were obtained with lactose
(10% ), liver residue (3% ), liver powder
(3%), fish meal (3%), pinitol (0.2%)

(14), inositol (0.2%), starch (20%),
cellulose (15%), oxalic acid (0.2%),
levulinic acid (0.1%), furfuraldehyde

(0.2%), carotene (0.2%), a commerical

10 Cellophane Spangles Rayon Processing Company,

Pawtucket, Rhode Island.
TABLE 3
Supplementation of diet GPD3
. Gain
Additions to diet GPD3 1 No. of No.of Gain in over
guinea pigs experiments 3 weeks 3 basal
9 9
1 None 62(51) 9 72+ 5.2 4
2 10% dried alfalfa, sample 1 17(15) 2 112+ 5.3 + 40
3 10% dried alfalfa, sample 2 40(36) 6 122 + 3.8 + 50
4 0.2% inositol 7(5) 1 72+ 11.8 -
5 5% cellulose 5 6(6) 1 88 + 9.1 + 16
6 15% cellulose 7(6) 1 74 £ 9.0 + 2
7 1% HMW salts 6+ 3% cellulose 16(12) 2 70+ 4.6 - 2
8 1.8% alfalfa ash 10(9) 2 65 * 6.2
9 A lfalfa juice concentrate
(equivalent to 10% alfalfa) 34(27) 5 95+ 7.7 + 23
10 Stock diet?7 38(35) 5 118+ 4.9 + 46

1Supplement added at the expense of sucrose.

2Number of animals _left at end of %>éper|ment given in parentheses.

3©verage starting weights, 102 t©
ea

5Cello] hane S les Ra on Processing Compan Pawtucket, Rhode Island.
PRI p Fggwl gles y ¢} pany,
7Purina Gulnea Pig Chow Ralston Purina Company, St. Louis.
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source of an unidentified factor used in
poultry rations (0.3%), citrus tannins
(0.3%), saponin (0.1%), Torula yeast
(5% ), brewer’s yeast (5% ), xylose (3%),
a variety of flavoring agents (0.3% ), ad-
ditional amounts of all vitamins, and
various mixtures of amino acids, includ-
ing arginine and methionine alone or in
combination. Two acetone-soluble frac-
tions of alfalfa juice concentrate 1 were
inactive. A combination of 0.1% inositol,
15% cellulose, and 20% starch (as in
GPD2) gave a small but definite growth
response that none of the components
gave when fed alone.

DISCUSSION

The studies of Reid (10) on vitamin
requirements of the guinea pig have re-
sulted in improved knowledge of their
nutrient requirements. However, little in-
formation is known about possible un-
identified factors for guinea pigs. The
review of Mannering (15) was published
before the above review by Reid, and it is
now evident that diets used to test for-
mer “unidentified factors” were low in
either known vitamins, such as folic acid
or thiamine, or in minerals, such as potas-
sium, magnesium, or zinc. In the present
studies, the addition of 10% of dehy-
drated alfalfa to the guinea pigs semi-
purified diet invariably resulted in better
growth than that obtained when guinea
pigs were fed alfalfa-free diets containing
what is believed to be adequate amounts
of all known vitamins, minerals, and
amino acids.

These studies indicate that the reduced
growth of young guinea pigs is due to the
absence of some unidentified growth
factor(s). Since the supplementation with
alfalfa meal and many other ingredients
of plant origin gave a significant growth
response, it appears that the unknown
growth factor(s) is widely distributed in
plant sources. The animal products tested
were either inactive or had low growth-
promoting activity. The relationship of
this “plant factor(s)” to the “grass juice
factor(s)” of Kohler and co-workers (2, 9)
or to other reported unidentified factors
found in alfalfa or similar plant sub-
stances cannot be postulated at this stage.
Also, we do not know whether the un-
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identified factor(s) acts by suppressing low-
grade infections, but this is a possibility.
Various combinations of antibiotics fed at
different levels have not given similar re-
sults. Studies are in progress, in coopera-
tion with Kohler and his co-workers at the
USDA Western Regional Research Lab-
oratory, in attempts to define the prop-
erties and nature of this unidentified
factor(s).
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A Complex Growth Factor in Duodenal Tissue *
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ABSTRACT

fractionated to determine whether this material contained thyroid hormones.

fractions,
were obtained.
differed from

each other with

methanol,

ronine could be detected in four of the fractions.

capable of reinstating growth of growth-arrested,
AU were stable to acid hydrolysis and insoluble in 0.1 N HC1.
respect to their solubility in
and their stability to alkaline hydrolysis.

A commercial preparation of dry duodenal tissue was hydrolyzed and

Five
sulfaguanidine-fed rats,
They
benzene, acetone and
N either thyroxine nor triiodothy-

It was concluded that the ability of

duodenal powder to reinstate growth of thyroid hormone-deficient rats was not due

to thyroxine or triiodothyronine but to unknown factors.

When duodenal powder or fractions of
duodenal powder were included in the
diet of growth-arrested, sulfaguanidine-
fed rats, growth was reinstated (1-4).
Such results suggest that the samples
tested contained thyroid hormones in
physiologically effective concentrations.
Numerous attempts to establish the pres-
ence of thyroid hormones in duodenal
powder have been unsuccessful. How-
ever, it was demonstrated that the active
principle in one fraction obtained from
duodenal powder was neither thyroxine
nor triiodothyronine since its stability to
HCL hydrolysis, its failure to react with
ninhydrin and its RFon paper chromato-
grams contrasted with that of the thyroid
hormones (4).

Such results warranted further investi-
gation as to the nature of the growth fac-
tor but attempts to purify the growth fac-
tor consistently produced from 3 to 5
fractions each of which was capable of
reinstating growth of growth-arrested rats
(4).8 It is the purpose of the present
report to describe the preparation of 5
fractions of duodenal powder, each of
which is capable of reinstating growth of
growth-arrested rats, and to show that
four of these fractions contain neither
thyroxine nor triiodothyronine.

EXPERIMENTAL
Materials. 3,5,3'-Triiodo-L-thyronine was
recrystallized from hot 2, HCL, mp 202-
204° (5). Duodenal powder 2 was a par-
tially defatted, dry preparation which.

J. Nutrition, 89: '66

when fed to growth-arrested sulfaguani-
dine-fed rats at a level of 4 g/100 g of diet,
produced a gain of 35+ 3 (se) g in 2
weeks (2). Pancreatin, papain, and pep-
sin, were purchased from commercial
supply houses.4 Acidified acetone and
acidified methanol were prepared by add-
ing 10 ml of 2» HCL to 90 ml of the sol-
vent. The Dowex 1-C1' anion exchange
resin (analytical grade) 5 was 200-400
mesh, 4% cross linked.

Growth assays. Growth arrest was
achieved by feeding weanling male rats
of the Sprague-Dawley strain a diet con-
taining 1% sulfaguanidine (2) for at least
10 weeks. These rats weighed 110 to 145 g
and no rat had gained more than 5 g in
the 2 weeks prior to its use in an assay.
For this reason, it was possible to use one
rat for each assay to follow the isolation
of the growth factor.

A fraction to be assayed was evaporated
to dryness in a stream of air at room tem-
perature. The residue, dissolved in 3 to
7 ml of acidified acetone or methanol,
was mixed into 100 g of diet, and fed
ad libitum to one rat. The gain in body
weight at the end of 14 days was a qual-

Received for publication December 9, 1965.

1This work was supported in by Research
Grant no. G13165 from the National Science Founda-

tm

2Abstracts, 5th Intermational Congress on Nutrition,
September 1960, Washington, D. C, p. 27.

Duodenal Substance, Cudahy Laboratories, Omaha,
~ ebraska.

4 Pancreatin, N. F., Fisher Smentlﬁc Company,
Silver Spring, land; Papain, N. F., Difco Labo-
ratories, Detr0|t epsin (1-10, 000) Nutritional Bio-
chemicals Corporatlon Cléveland.

5Bio-Rad Laboratories, Richmond, Califomia.
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itative measure of the growth activity of
the sample assayed. For reasons described
below (Results section), that quantity of
each fraction which produced a gain in
body weight of 30 g in 14 days, was con-
sidered as “one unit” of growth factor.

Stability to NaOH. One-unit quantities
of the growth factor and one-fourth-unit
guantities to which had been added 2.7
ag of triiodothyronine were evaporated to
dryness at reduced pressure in test tubes.
Three milliliters of 2~ NaOH containing
0.001 m thiouracil as an antioxidant were
added. The tubes were evacuated for 10
minutes with a water aspirator during
which time the tubes were flushed out 3
times with nitrogen. The tubes were sealed
and heated in a boiling water bath (96°)
for 16 hours. The hydrolysates were neu-
tralized with HCL and then added directly
to 100 g of diet and assayed for growth
activity. The tube containing triiodothy-
ronine served as a control to test the sta-
bility of the hormone under these con-
ditions of hydrolysis.

Paper chromatography. One-unit quan-
tities of the growth factor and one-unit
quantities to which had been added 2.7
My of triiodothyronine were hydrolyzed
with 2 n NaOH under nitrogen as de-
scribed above. The hydrolysates were ex-
tracted with 1 volume and 3 times with
one-half volumes of n-butanol. The ex-
tracts were acidified to pH 1 with HC1 and
air-dried.

The residues were dissolved in 5 to 6
ml of acetone. One-half of the acetone
was applied to Whatman 3MM paper in a
narrow band 2 to 4 cm long which was
then developed (ascending) with n-bu-
tanol :acetic acid :water (75:10:15). With
this solvent system, thyroxine and triiodo-
thyronine move to the same position (6).
Thyroid hormones were detected on the
chromatograms by the ceric sulfate-arsen-
ious acid procedure of Kono et al. (6).

The approximate RFvalues of the growth
factor on paper chromatograms were de-
termined by streaking 1.5 units of the
growth factor in a narrow band 40 cm
long on Whatman 3MM paper. The paper
was developed with n-butanol: acetic
acid :water (75:10:15) (ascending). When
dried, the paper was cut into bands at
right angles to the solvent flow. Each
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band was extracted in a Soxhlet extractor
for 3 hours with acidified methanol. The
methanol extracts were then assayed for
growth activity.

Preparation of growth factors. Duode-
nal powder (400 g) was suspended in 800
ml of the following boiling solvents and
then filtered: methanol, acetone, benzene,
chloroform, and hexane. The insoluble
residue, suspended in 800 ml of Krebs-
Ringer prosphate buffer, was incubated at
39° for 48 hours with each of the follow-
ing enzymes: 8 g of pancreatin, pH 8.4;
8 g of papain, pH 4.5; and 4 g of pepsin,
pH 2.0. The pH was adjusted with HC1
after each 48-hour period.

After the addition of an equal volume of
acetone and centrifugation the superna-
tant was evaporated to a thick syrup at
reduced pressure which was then refluxed
for 22 hours in 400 ml of 5 N HCL The
following description of the separation of
the growth factors from this hydrolysate
is schematically depicted in figure 1. The
entire hydrolysate was extracted once with
an equal volume of ?z-butanol:benzene
(1:1) and twice with one-half volumes of
the same mixture. The combined extracts
were concentrated by boiling to approxi-

ACID HYDROLYSATE

butanol:benzene

|
BUTANOL«'BENZENE
1 DRIED ON PAPER
2. BENZENE

INSOLUBLE

ACETONE

BENZENE

INSOLUBLE jacetone!

3
METHANOL

MéTHANOL
1 DRIED
2. NoOH
3. BUTANOL

INSOLUBLE

NaOH
IPH 4

BUTANOL

INSOLUBLE FILTRATE

Fig. 1
aration of 5 growth factors from an acid hydrol-

A schem atic representation of the prep-
ysate of duodenal powder. The active fractions
are those in the rectangles and the numbers corre-
spond to the fractions described in the text.
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mately 75 ml. The concentrate was
allowed to evaporate onto large sheets of
Whatman 3MM filter paper using meth-
anol to quantitatively transfer the concen-
trate to the paper. When air-dried, the
paper was stored for 4 days in large glass
jars over NaOH pellets to absorb excess
HC1.

The paper was extracted for 6 hours
with benzene in Soxhlet extractors and
then for 6 hours with acetone, and finally
with methanol for 6 hours. Each extract
was filtered and assayed at various levels
to determine that amount which would
produce a gain of 30 g in 2 weeks. These
were fractionated further as follows:

A. Benzene extract. This was evapo-
rated to dryness at room temperature and
the black residue was dissolved in 200 ml
of n-butanol to which was added 200 ml
of chloroform. The solution was extracted
once with 400 ml and 3 times with 200
ml of 2 n NHIOH. Thyroid hormones, if
present, would be found in the NHiIOH
extract (6). The black NHiIOH extract
was evaporated to dryness at room tem-
perature and the residue was dissolved
is 200 ml of acidified acetone and then
assayed for growth activity. This was frac-
tion 1 It was tested for its solubility in
0.1 n HCJ, its stability to NaOH hydrolysis,
and for the presence of triiodothyronine
by paper chromatography. The approxi-
mate Rf of the growth factor on paper
chromatograms was determined in 2 ex-
periments.

Fraction 2 was the butanol:chloroform
phase after it had been extracted with
NHIOH. The air-dried residue from one
unit of fraction 2 was taken up in 4 ml
of 2n NaOH and then extracted 3 times
with an equal volume of benzene. The
benzene extract was assayed. Further
work on this fraction was not attempted.

B. Acetone extract. This solution was
evaporated to dryness at room tempera-
ture, dissolved in 0.3 N NaOH and filtered.
The filtrate was adjusted to pH 8 with
acetic acid, cooled overnight and filtered.
The precipitate was washed 3 times with
150 ml of hot (70°) water and then re-
dissolved in a minimal amount of 0.2 n
NaOH which was then acidified to pH 1
with HCL. A black precipitate was filtered
out, washed 4 times with 10 ml of 0.1 N
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HC1 and then dissolved in 300 ml of
acidified acetone. This was fraction 3.
Ahquots of fraction 3 were assayed for
growth activity before and after NaOH
hydrolysis, and it was tested for the pres-
ence of triiodothyronine by paper chroma-
tography.

Eight units of fraction 3 in aqueous
solution at pH 9 were added to a Dowex 1-
CH column (15 X 3.1 cm2 which was
then eluted with 100 ml of each of the
following: water, 0.4 N HC1, 0.8 n HCI,
water, propanol:0.12 n HC1 (20:80), pro-
panol: 0.1 n HCl (50:50). One-eighth and
one-fourth of each eluate was assayed.

C Methanol extract.
tate appeared when this solution was
treated as described for the acetone ex-
tract. Two active fractions were obtained
from this extract by the following pro-
cedure. The extract was evaporated to
dryness at room temperature and the
residue was suspended in 100 ml of 2 n
NaOH and filtered. The NaOH solution
was extracted with 100 ml and 3 times
with 50 ml of n-butanol, and then 3 times
with 50 ml of ??-hexane to remove butanol
from the NaOH phase.

The combined butanol and hexane ex-
tract was evaporated to dryness at re-
duced pressure. The residue was extracted
4 times with 100 ml of 0.1 n HC1 and then
dissolved in acidified methanol. This was
fraction 4. It was assayed before and
after NaOH hydrolysis and it was also
tested for the presence of triiodothyronine
by paper chromatography.

The NaOH phase was adjusted to pH 4
with acetic acid, cooled overnight (5°)
and centrifuged. The resultant black pre-
cipitate was dissolved in acidified meth-
anol. This was fraction 5. This fraction
was assayed before and after NaOH hy-
drolysis and it was tested for triiodothyro-
nine by paper chromatography. An at-
tempt was made to determine the RF of
the growth factor in this fraction by de-
veloping 1.5 units on paper and assaying
the extracts of 4 sections of the chroma-
togram. Also, 6 units in aqueous solution
at pH 9 were added to a Dowex I-CH col-
umn (10 X 3.1 cm2. The column was
eluted successively with 250 ml each of
water, 0.3 n HCl, 2 n HC1, water, 7i-pro-
panol: H® (1:1), water, n-propanol:

No pH 8 precipi-



TABLE 1

Growth response of growth-arrested, sulfa-
guanidine-fed rats to dietary
triiodothyronine

Triiodothyronine inAl\tIigaI boﬁ\;gwt
added to diet body w t1 gain
/ig/7100 g diet 9 9/2 weeks

None 145 1.6+0.03 2
1 133 10.1 £4 .4
2 139 16.0+£3.1
2.7 141 29.6 £1 .4

1Six male rats/group. The maximum gain in body
weight of any rat was 2 g during the 2 weeks prior
to this experiment.

2Average % sd

0.12 » HC1 (20:80), and w-propanol: 0.2 .
HC1 (50:50). Aliquots of all eluates were
assayed.

RESULTS

Table 1 illustrates again (2) the char-
acteristic growth arrest of sulfaguanidine-
fed rats, and, that 1 ag of triiodothyronine
in 100 g of diet can be detected by a
growth response in such rats. The growth
response to 2.7 ag of triiodothyronine/
100 g of diet was approximately 30 g in
14 days. Therefore, if the growth re-
sponses to the various fractions of duo-
denal powder were due to thyroid hor-
mones, it may be assumed that a gain
of 30 g in 14 days was a response to ap-
proximately 2.7 ag of triiodothyronine (or
its equivalent of thyroxine, approximately
5 ag)-6 This is an amount easily detected
on paper chromatograms (6) and for this
reason various aliquots of the fractions
were assayed to determine that amount
which would produce a gain of 30 g in 14
days. That quantity of the growth factors
which produced a gain of 30 g in 2 weeks
was considered “one unit.”

The growth responses of growth-arrested
rats to the various extracts isolated from
duodenal powder are summarized in table
2. Only the growth responses to those
guantities which produced a gain of ap-
proximately 30 g in 14 days are shown.
Based on these results, an approximation
of the available growth units in each ex-
tract is given in parentheses together with
the total volume of each extract. “One-
unit” quantities were subjected to further
treatment and the growth responses of
the rats to the treated samples provided

C. J. ACKERMAN

a qualitative measure of the recovery of
the growth factor.

Two growth factors were present in the
benzene extract. Both the NHIOH extract
(fraction 1) and the butanol:CHC13 phase
(fraction 2) were active when the residue
from the benzene extract, dissolved in
butanoLCHCh, was extracted with NfTOH
(table 2 and fig. 1). If present, thyroid
hormones would be expected in the NHiOH
extract (6) but neither thyroxine nor
triiodothyronine could be detected in this
fraction by paper chromatography (fig. 2,
fraction 1), and it was concluded that the
growth response to this fraction was not
due to thyroid hormones. The growth
factor in fraction 1 was insoluble in 0.1 N
HCL and it was stable to NaOH hydrolysis.
On paper chromatograms, it was recovered
from the RFsection 0.7 to 1.0 (table 2).
The paper chromatography was repeated
but also, 3 ag of triiodothyronine were co-
chromatographed with approximately one-
tenth of one unit of fraction 1. When de-
veloped, the paper strips were divided into
4 Rf sections, and assayed. As indicated
by the growth response (table 2), triiodo-
thyronine was recovered in the area Rf
0.7 to 0.85, but the growth factor appeared
to be equally divided between R¥ 0.70 to
0.85 and 0.85 to 1.0.

The growth factor in fraction 2 (the
butanol :CHCh phase after extraction with
NHiOH) was stable to NaOH hydrolysis
and it could be extracted from NaOH with
benzene (table 2). This fraction could
not be chromatographed on paper.

Fraction 3 was insoluble in benzene,
insoluble at pH 8, insoluble in hot water
and in 0.1, HCL It was stable to alka-
line hydrolysis and it could be extracted
from 2. NaOH with n-butanol. No ac-
tivity was recovered in the NaOH phase.
Neither thyroxine nor triiodothyronine
could be detected on paper chromatograms
of this fraction (fig. 2, fraction 3). Ap-
proximately one-half of this growth factor
added to a Dowex 1-Cl- column was lost.
Only the n-propanol: 0.2. HC1 (1:1) ef-
fluent of the column contained any growth
activity (table 2).

Two growth factors (fractions 4 and
5) were present in the methanol extract.

6 Unpublished experiments.
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TABLE 2

Growth response of growth-arrested 1 rats to the fractions prepared from duodenal powder
and to these fractions after various treatments

Fraction, total volume, total units,2and treatment Wt gain 3
g/2 zveeks
A. Benzene extract (1440 ml, 27 units) 4 31,33,34
Fraction 1 (N HA40H extract, 200 m1l, 20 units) 28, 32, 35
a. Residue washed with 0.1 n HC1 31
b. Hydrolyzed in 2 n NaOH, 16 hours 33, 34
c. 1/4 unitplus 2.7/tg of T35hydrolyzed in2 n NaOH, 16 hours 28
. Paper chromatography 6
Rf0-0.2; 0.2—0.5; 0.5-0.7; 0.7-1.0 2,6,3,32
Co-chromatographed with and without 3 fig of T3
plus T3: Rf0-0.3;0.3-0.7; 0.7-0.85; 0.85-1.0 0,1,31,4
minus T3; RF0-0.3; 0.3-0.7; 0.7-0.85; 0.85-1.0 1,4, 18, 18
Fraction 2 (butanol:CHCI3phase, 200 ml, 17 units) 34,35,38
a. Hydrolyzed in 2 n NaOH, 16 hours 29,32
b. 1/4 unit+ 2.7 figof T3, hydrolyzed 2 NNaOH, 16 hours 29
c. Benzene extract of 2 n NaOH solution 31
B. Acetone extract (1700 ml, 26 units) 27, 34, 35
Fraction 3 (HCl-insoluble, pH 8-insoluble. 100 ml, 23 units) 32,32, 34
a. Hydrolyzed in 2 n NaOH, 16 hours 30, 34
b. 1/4 unit +2.7 figof T3hydrolyzed 2 NNaOH, 16 hours 29
c. Butanol extract of NaOH solution 30, 36
NaOH phase after butanol extraction 6,8
d. Eight units on Dowex 1-Cl-column. Propanol:0.2 n
HC1 (1:1) effluent
1/8 of effluent 14,16
2/8 of effluent 26, 28
C. Methanol extract (1230 m1l, 18 units) 28, 29
Fraction 4 (butanol extract of NaOH solutions, 17 units) 33, 35, 36
a. Residue washed with 0.1 n HC1 27,29
b. Hydrolyzed 2 N NaOH, 16 hours 24,26
c. 1/4 unitplus 2.7 fig of T3hydrolyzed 2 n NaOH, 16 hours 32
Fraction 5 (pH 4-insoluble after butanol extraction, 13 units) 27, 29
a. Residue washed with 0.1 NHC1 26,27
b Hydrolyzed 2 NNaOH, 16 hours 6,8
c 1/4 unitplus 2.7 ~g of T3, hydrolyzed 2 n NaOH, 16 hours 27,30
d. Paper chromatography 6 -0.2; 0.3-0.5; 0.5-0.7; 0.7-1.0 2,2, — 1,4
e Six units on Dowex 1-C1 column. Propanol:0.2 n
HC1(1:1) effluent
1/6 of effluent
1/2 of effluent 34

1No rat had gained more than 4 g during the 2 weeks prior to its use
20ne unit is that amount of a fraction which will

and this
in 100 g of diet.

in 100 g of diet to one rat,
3,5,3'-triiodo-L-thyronine fed

is equivalent to the growth

in an assay.
produce a gain of 30 g in 2 weeks when fed
response of one rat to 2.7 fig of

3 Each figure is the growth response of one rat to one unit of the indicated preparation, or to one

unit of the preparation after it was treated as
the weight gain of each rat is shown.
with the stability of the growth factors,
factors before hydrolysis.

4The figures in parentheses are the total

indicated.
100 g of diet and fed ad libitum until it was consumed.
To compare the stability of triiodothyronine to NaOH hydrolysis
the hormone was added to a small

volumes

Each sample assayed was mixed with
W hen the assay was duplicated or triplicated,

amount of the growth

of the active fractions obtained from 400 g

of duodenal powder and the total number of growth units that this volume contained.

5T3: 3,5,3"-triiodo-L-thyronine.
6 Solvent system: n-butanol:acetic acid:water

to the sequence of the indicated Rf sections.

The growth factor in fraction 4 was in-
soluble in 0.1 » HC1, stable to alkaline hy-
drolysis (table 2) and contained no iodine
(fig. 2, fraction 4).

Fraction 5 was the precipitate obtained
when the butanol-extracted NaOH solu-

(75:10:15).
were assayed and the sequence of the weight gains shown

Extracts of the indicated RF sections
in the right hand column correspond

tion was adjusted to pH 4. This was also
insoluble in 0.1 . HCI but it was destroyed
by alkaline hydrolysis (table 2). Triiodo-
thyronine added to this fraction was not
destroyed by alkaline hydrolysis, demon-
strating that the growth factor in fraction
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+T3
T3 FRACTION 1

FRACTION 3
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+Ts
FRACTION 4

+T3
FRACTION 5

Fig. 2 Paper chromatography of fractions 1, 3, 4, and 5 with and without added triiodothyronine.
Each fraction with and without 2.7 /;,g of added triiodothyronine (T3) was hydrolyzed under N:

with 2 n NaOH for 16 hours.
water (75:10:15).

The hydrolysates were extracted with ?i-butanol and one-half of
this extract was applied in bands on Whatman 3MM paper.

Developed with n-butanol: acetic acid:

The papers were treated with ceric sulfate-arsenious acid to detect iodine. A

faint band near the origin (not visible on the photograph), was visible on the chromatogram of

fraction 3 (without added T3).

5 was not triiodothyronine. This is sup-
ported by the failure to detect any thyroid
hormones on paper chromatograms (fig.
2, fraction 5). Fraction 5 appeared to be
less stable than any of the other fractions.
No activity could be recovered from paper
chromatograms and when 6 units of ac-
tivity were added to a Dowex 1-C1" col-
umn, only 2 units were recovered. Only the
n-propanol: 0.2 N HCL (1:1) effluent of
the column contained any activity. At the
time of this writing, 6 months after frac-
tion 5 was first prepared, all activity had
disappeared. No loss in activity was ap-
parent in fractions 1 to 4.

No iodine was detected on the chromatogram of fraction 4.

DISCUSSION

Further purification of the growth fac-
tors was accompanied by extensive losses
in activity. They were strongly adsorbed
or destroyed on charcoal, ion exchange
resins, and paper. This property and the
tedious assay handicapped attempts to
clarify the relationship of the growth fac-
tors to each other. However, all fractions
and precipitates that were obtained dur-
ing this fractionation procedure were as-
sayed and the 5 active fractions described
appear to represent all of the growth ac-
tivity of the original duodenal powder.
Since neither thyroxine nor triiodothyro-
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nine could be detected on paper chroma-
tograms of four of these fractions, and
the behavior of the fifth fraction (fraction
2) contrasts with the behavior of thyroid
hormones, it was concluded that the re-
ported growth response of thyroid hor-
mone-deficient rats to dietary duodenal
powder (2, 3) was not due to thyroid hor-
mones.

That the growth factors may be related
to each other arises from the observation
in numerous experiments that the prop-
erties of a given active fraction may
change with time. For example, it was
previously reported (4) that a fraction,
soluble in NaOH, became insoluble in al-
kaline solutions after standing for one
week and the growth factor in this prep-
aration could be extracted with benzene.
In addition, the water-soluble preparation
isolated from enzymatically hydrolyzed
duodenal powder (3) became insoluble in
water after storage at freezing tempera-
tures for one year, but the growth fac-
tor could be extracted from this prepara-
tion with benzene. The benzene-soluble
growth factor has been the most difficult
to prepare consistently.

It has also been noted frequently, that
an active fraction initially isolated as a
precipitate at pH 8, became soluble at pH
8 after long standing or after passage
through an anion exchange column. The
growth factor could be recovered, in part,
as a precipitate at pH 6. Such behavior
suggests structural changes in the growth
factor that are not necessarily accompanied
by a loss of activity. These changes could
be esterification, lactone or lactam forma-
tion, formation of complexes, etc.

Possibly related to structural changes of
the growth factor is the observation that
the division of an active fraction into 2
subfractions yields products more active
than the original fraction. This was noted
in a previous report (4) but it also oc-
curred in these experiments. As indicated
in table 2, the benzene extract contained
27 units, but when this was divided into
fractions 1 and 2, a total of 36 units was
recovered. Also, the methanol extract con-
tained 18 units which yielded a total of
30 units when this extract was divided
into fractions 4 and 5. This could not
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occur if the division of one fraction into 2
active subfractions was the result of the
division of a single substance into 2 parts,
unless the process of fractionation induced
structural changes such that the subfrac-
tions were physiologically more effective
than the original.

The significance of the growth factors
remains obscure. A variety of tissues have
been shown to be capable of reinstating
growth of growth-arrested rats but these
have not been consistently active when
different lots from different sources were
assayed (1). In addition, thymus gland,
duodenum and pancreas from calves,
steers, and pigs slaughtered at this In-
stitute were also inactive. It is, therefore,
possible that the presence of growth fac-
tors in certain tissues occurs as a result
of a particular biological event. That this
may be pregnancy is suggested by the ac-
tivity of ovarian powder (1) and a recent
observation that commercial corpus luteum
powder 7is 4 times more effective than the
duodenal powder used in this report.

By a process similar to that described in
this report, 3 active fractions have been
separated from a commercial preparation
of corpus luteum powder. Since the
corpora lutea exist in mature females for
only a short period of time, this would
explain the lack of response to some of
the numerous tissues that have been as-
sayed. Inactive tissues may have been
obtained from immature animals, males,
or from females before or after the ap-
pearance of corpora lutea. The corpora
lutea secrete progesterone, but it may be
stated here that up to 8 mg of progesterone
/100 g of diet failed to produce a growth
response in growth-arrested, sulfaguani-
dine-fed rats.
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Effect of Severe Protein-Calorie Malnutrition in the
Baby Pig upon Relative Utilization of
Different Dietary Proteins *
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ABSTRACT A comparison was made of the nutritive value of several protein
sources in normal rats using the conventional protein efficiency ratio, and in baby
pigs that were malnourished by subjecting them to a diet low in protein and high
in fat. The dietary proteins included casein, a heat-treated soybean meal, 3 different
cottonseed preparations and a fish flour that had been used by others in infant feeding
studies. In the protein efficiency measurements most of the proteins were essentially
equivalent, although two of the cottonseed preparations were somewhat lower than
the other proteins. In the malnourished baby pig casein was definitely superior to
all other proteins on the basis of the rate of return of serum protein values to normal
and the rate of weight gain. These observations have been related to recent reports
showing the superiority of milk over fish protein concentrate in stimulating serum
protein and growth rate responses in infants recovering from protein-calorie malnu-
trition. It is proposed that the nutritional quality of protein for feeding malnourished
infants should be evaluated in experimental animals simulating protein-calorie malnu-
trition in addition to conventional procedures utilizing the normal animal. Further-
more, the hypothesis is presented that the superiority of milk protein is due to its
better proteolytic digestion under conditions in which digestive enzymes are seriously

deficient.

Many different protein sources are be-
ing examined for utility in providing di-
etary protein to combat protein-calorie
malnutrition in the developing countries
of the world. One extremely important
population group where such dietary sup-
plements might find usefulness is the pro-
tein-calorie malnourished pre-school child.
The evaluation of nutritional quality of
protein sources that are being examined
for these purposes is characteristically
conducted in normal animals by such pro-
cedures as the protein efficiency deter-
mination (1) or one of its modifications,
such as the NPU measurement (2). Some-
times a protein-depleted adult rat is fed
the test protein in the well-established de-
pletion-repletion test of protein quality or
by some modification as described by Frost
(3). Seldom, if ever, is any attempt made
to evaluate the nutritive quality of the
protein source in an animal in which, at
an early age, severe protein-calorie mal-
nutrition has been induced — in other
words, in an experimental situation re-
sembling to some degree the malnour-
ished pre-school child in which the protein

J. Nutrition, 89: '66

source may have a most important nu-
tritional role. One difficulty in using such
a test system is that with the most ex-
tensively used experimental animal, the
rat, signs of protein-calorie malnutrition
such as low serum proteins and fatty livers
develop only with extremely time-consum-
ing procedures such as force-feeding of
all food. On the other hand, these signs
of malnutrition can be induced readily
with ad libitum feeding in the baby pig
(4, 5). The present study provides a
comparison of nutritive values as deter-
mined by the well-known protein efficiency
ratio procedure in weanling rats and by
growth and serum protein concentration
rates in the protein-calorie malnourished
baby pig.
EXPERIMENTAL

First series. Twenty Yorkshire pigs, 21
days of age and averaging approximately
5 kg body weight, were fed the depletion
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diet (table 1) that has been reported to re-
sult in the extreme signs of protein-calorie
malnutrition. After receiving this diet for
8 weeks, the pigs were distributed into 5
groups of 4 pigs each and were fed ad
libitum the 18% protein level diets (re-
pletion) described in table 1. The animals
were weighed each week and blood sam-
ples were drawn from the superior vena
cava into heparinized syringes. These
procedures were continued for 4 weeks, at
which time certain of the test protein sup-
plies had become exhausted. Blood sam-
ples were centrifuged immediately and
total serum protein was determined by
the biuret method of Gomall et al. (6).
Another sample of serum was used for
paper electrophoretic separation and den-
sitomoter quantitation of classes of serum
proteins. Four positive control pigs were
fed the basic rehabilitation diet, but with
25% casein (control diet, table 1), from
the beginning of the study (pigs 3 weeks
of age) to the end (pigs 15 weeks of age).

Samples of each of the experimental
diets were fed ad libitum to male, wean-
ling rats for 2 weeks. The usual condi-
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tions of individual caging and temperature
control at approximately 22° were fol-
lowed.

The protein sources were identified as
follows: 1) casein (as a control) — a com-
mercial grade of feed casein; 2) fish flour
— a composite of 5 samples taken from the
UNICEF plant established in Quintero,
Chile; 3) soybean meal — a commerical,
feed grade, extracted and toasted soybean
meal; 4) a commerical cottonseed flour
manufactured by Traders Oil Mill Com-
pany,2 CSF-21 — an extracted cottonseed
experimentally produced by the Southern
Regional Research Laboratories of the De-
partment of Agriculture, and given the
batch designation of CSF-21 by UNICEF.

Second series. In a second series of
studies, 3-week-old pigs were fed the low
protein-high fat diet (depletion diet, table
1) for 8 weeks and then rehabilitated with
different test proteins as before. Five
groups of 4 pigs each were used and, as
in the previous study, an additional group
was fed a normal control diet from the

2 Proflo,
Texas.

Traders Oil Mill Company,

TABLE 1

Composition of diets

First series

Depletion Repletion
% %

Glucose 1 40.6 58.6 2
Dextrin 3 25.0 25.0
Corn oil 4 25.0 10.0
Isolated soy protein 5 3.0 -
Casein 6 - -
Minerals 7 54 54
Vitamins 18 1.0 1.0
Vitamins 2 9 — —
Protein level 2.55 18.0
Fat level 25.0 10.0

1Cerelose, Corn Products Company, Argo,

Second series

Control Depletion Repletion Control
% % % %
33.6 40.6 58.6 2 37.4
25.0 25.0 25.0 25.0
10.0 25.0 10.0 10.0
- 3.0 - 21.2

25.0 - - -
54 54 54 54
1.0 - - -
— 1.0 1.0 1.0

21.25 2.55 150D 18.0

10.0 25.0 10.0 10.0

Illinois.

2Protein sources (see text) used for repletion were incorporated into diets by replacing an equiva-

lent quantity of glucose.
3 W hite technical,
4Mazola, Corn Products Company, Argo,
3Promine, Central Soya, Chicago.

Nutritional Biochemicals Corporation,
Illinois.

Cleveland.

6 Crude, 30-mesh, National Casein Company, New York.

7Composition, g/kg diet:
FesS04, 0.66; MnS04, 0.185; ZnCO03, 0.66;

« Composition, units/kg diet: vitamin A,
thiamine-HC1, 4.0; riboflavin, 10.0; niacin,
choline dihydrogen citrate, 4000;
5.0; and vitamin Bi2, 70.0 fig.

9 Composition, units/kg diet:
thiamine-HC1, 4.0; riboflavin,

MgoO,

vitamin A,
10.0; niacin,

2400
60.0;

CaHPO04-2H20, 15.4; CaC03, 12.30; KH2P 04, 17.20; NacCl, 6.1; CuS04, 0.57;
0.82;
2400

60.0;
inositol, 200.0; folic acid, 3.0; a-tocopheryl acetate, 5.0;

CoCl2, 0.011; and KI, 0.0004.
IU; vitamin D, 600 IU;
Ca D-pantothenate,

and (in milligrams)
pyridoxine-HCI, 3.3;

menadione,

40.0;

IU; vitamin D, 600 IU;
Ca D-pantothenate, 40.0;

and (in milligrams)
pyridoxine-HCI, 3.3;

choline dihydrogen citrate, 6458.0; inositol, 200; folic acid, 3.0; a-tocopheryl acetate, 5.0; biotin, 0.001;

menadione, 5.0; and Na2Se03, 0.01 g;
10 In the rat experiment of the second series,

the amount of glucose and the protein source.

and vitamin Bj2, 70.0 fig.
protein level was adjusted to 10.0%

by changing

Fort Worth,
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first of the experiment. In this series the
isolated soybean protein Promine3 was
used to supply 3% protein in the deple-
tion period and to supply 18% protein in
the so-called normal control diet. For re-
habilitation the test proteins were included
in the diet in amounts necessary to provide
15% protein and the fat content was ad-
justed to 10% of the diet, as shown in
table 1. Test proteins were fed for a total
of 8 weeks and weekly body weights were
measured and blood samples for serum
protein determinations taken.

The test protein sources were then in-
corporated into diet formulations for feed-
ing to rats at levels to provide 10% pro-
tein. Groups of 10 male, weanling rats,
caged individually, were fed the diets ad
libitum. Growth rate and food consump-
tion were recorded weekly for 4 weeks
and protein efficiency ratios calculated on
the basis of grams gain in weight per
gram of protein consumed.

The test protein sources were defined
as follows: 1) casein — the same as in
cottonseed flour —

first series; 2)
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USDA solvent-extracted product from the
Southern Regional Research Laboratories,
identified by UNICEF as CF-32; 3) cotton-
seed flour, Peru — special cottonseed flour
from the Agrarian University, La Molina,
Peru, UNICEF identification CF-33; 4)
commercial cottonseed flour a com-
mercial product purchased from Traders
Oil Mill Company; and 5) fish flour —
prepared in the UNICEF plant in Quintero,
Chile, and identified as FF-Q-65G. Amino
acid analyses were run on acid hydro-
lysates of these materials using the Tech-
nicon autoanalyzer. Results are given in
table 2.

RESULTS

First series. Four-week rehabilitation
growth curves for pigs are given in figure
1. The commercial cottonseed was in-
ferior to the other products, with casein
and the commercial soybean meal pro-
viding most rapid growth during the rela-
tively short rehabilitation period. Total
serum proteins and serum albumin regen-

TABLE 2

Amino acid composition

Amino acid

.94
86
.04
87
12
.82
16
42
70
.40
.78

Lysine
Histidine
Ammonia
Arginine
Cysteic acid
Aspartic acid
Threonine
Serine
Glutamic acid
Proline

RN

s 00O AN O ONRERO®GOD™ODOWNN

Glycine
Alanine

Cystine (Schram
Valine

M ethionine
Isoleucine

97
.43
72
83
29
.07
61
04

hydrol.)

Leucine
Tyrosine
Phenylalanine

fay

Alloisoleucine
M ethionine sulfoxides

fay

14.9
5.1

% Nitrogen by Kjeldahl (as is)
% Moisture

1These samples were analyzed by Mr.
Soya Chemurgy Division, Chicago.

2Sample 1, Casein; Sample 2, Fish flour,
Sample 4, Cottonseed flour, USDA — CF-32;

FF-Q-65G;
Sample 5,

3Promine, Central Soya, Chicago.
of protein sources 1
Sample no.2
2 3 4 5

g amino acid/16 g nitrogen

7.51 4.10 4.12 3.88
1.96 2.68 2.65 2.59
1.14 1.54 1.92 1.82
6.66 10.23 11.78 11.34
0.24 tr tr tr
10.10 9.95 8.67 9.48
4.91 3.76 3.26 3.40
4.35 5.17 4.55 4.67
16.48 22.05 20.63 21.36
4.66 4.11 3.87 4.03
7.15 4.51 4.00 4.27
6.51 4.32 3.78 4.02
0.80 1.98 1.79 1.72
5.06 3.45 4.84 3.54
3.09 1.47 1.41 1.39
4.36 3.44 3.14 3.69
7.60 6.11 5.55 5.91
3.42 3.21 2.96 3.22
4.04 5.53 5.11 5.38
tr tr tr tr
tr tr tr tr
13.2

4.5

Ray Herness of the research laboratories at the Central

Cottonseed flour, Peru — CF-33;
commercial product.

Sample 3,
Cottonseed flour,
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WEEKS REFEEDING

Fig. 1 Weight gain during refeeding (first
series).

eration results are given in figures 2 and
3. The casein-fed animals were somewhat
superior to the other groups in serum al-
bumin recovery, but the time of rehabili-
tation feeding was too short to permit
values to return to normal and the groups
appeared to overlap to an extent that
prohibited final conclusions regarding
relative regeneration rates.

Only small samples of the swine diets
were available for feeding to weanling
rats and therefore 2-week weight gains
were the extent of observations possible in
the normal animal for purposes of com-
parison with the swine results. These
data are given in table 3. From these
figures there is no indication that casein had
any superiority in growth promotion over
the other protein sources except for the
commercial cottonseed flour which gave
the lowest weight gain obtained in the
study. These results were suggestive of a
difference in the nutritive quality of casein

W. G. POND, E. KWONG AND I.

REID

as measured in the normal, weanling rat
and the severely protein-calorie malnour-
ished baby pig. A second study was car-
ried out with changes in experimental
plan introduced so as to overcome some
of the weaknesses that were apparent in
the original experiment.

Second series. Twenty pigs at 3 weeks
of age were fed the depletion diet in the
same manner as was described for the
first series. A control group was fed a
diet containing 18% protein in the form
of isolated soybean protein. After receiv-
ing the deficient diet for 8 weeks, the
pigs were divided into 5 groups of 4 pigs
each and fed ad libitum the rehabilita-
tion diet shown in table 1, which provided
15% protein from the 5 sources as fol-
lows: casein, fish flour, cottonseed flour,
USDA-CF-32; cottonseed flour, Peru; and
the commercial cottonseed flour. All of

WEEKS REFEEDING

Fig. 2 Total serum protein during refeeding
(first series).
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WEEKS REFEEDING

Fig. 3 Serum albumin during refeeding (first
series).

these materials were described in the
Methods section.

Growth responses are represented graph-
ically in figure 4. With the slightly lower
protein content of the diet than in the
first series and an experimental period of
8 weeks, a marked superiority of casein
can be seen, with two of the cottonseed
flours, the commercial and the Peru prep-
arations giving the poorest growth. The
USDA cottonseed and fish flour diets were
intermediate, but definitely inferior to the
casein diet.
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Serum protein concentration, shown in
figures 5 and 6, clearly illustrates the
superior performance of casein, but with
these measurements all other protein
sources grouped together so that there was
no evidence of differences among them.

These 5 protein sources were incorpo-
rated into semipurified rat diets so as to
provide 10% protein. Groups of 10 male,
weanling rats were fed these diets for 4
weeks. Growth rates and food consump-
tion figures are given in table 4. Casein
did not provide for better growth than
the other protein sources under the ex-
perimental conditions of a PER determi-
nation. In confirmation of the first series,
the USDA cottonseed preparation gave the
greatest growth and the commercial cot-
tonseed flour, the poorest. Casein and
fish flours were intermediate in growth
promotion. PER calculations show that
casein, fish flour and the USDA cotton-
seed flour were essentially equal, and
superior to the Peru and the commercial
cottonseed flours.

DISCUSSION

The nutritional quality of the several
protein sources studied differs in the 2
types of test procedures used. The second
series, which is the more definitive study
for reasons of the longer rehabilitation
period and the use of a lower protein
level in the rehabilitation diets, gives no
clear-cut differentiation between the 3
cottonseed flours and the fish flour. This
is particularly true in the rate of serum
protein recovery. In growth of the de-
pleted pigs, these 4 protein sources do
group themselves in the general order ob-
served in the rat PER studies, namely, the
USDA cottonseed and fish flours being
essentially equal, and superior to the com-

TABLE 3
Growth of male weanling rats fed 18% protein diets

Casein

Fish flour

Cottonseed, USDA
Cottonseed, commercial 1
Soybean meal

1Proflo, Traders Oil Mill Company, Fort Worth,

2-Week Protein g gain

wt gain consumed g protein
9 9
88 18.4 4.8
88 16.5 53
97 21.1 4.6
75 18.6 4.0
88 221 4.0

Texas.
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mercial and Peru cottonseed flour prep-
arations. The percentage differences in
growth rates between the USDA cotton-
seed flour and fish flour, on the one hand,
and the two other cottonseed flours on the
other, are similar in both depleted pigs
and the normal weanling rats. The ob-
vious exception in the 2 types of study is
casein, which equals fish flour and the
USDA cottonseed flour in the rat PER
test, but is far superior in growth stimu-
lation, and both total protein and serum
albumin regeneration in the depleted pigs.

This major difference in nutritional
quality in the 2 types of test might be due
to a species difference or to an effect re-
lated to the severely depleted state of the
baby pigs. Many studies of nutritional
quality of protein have been made in both
rats and swine and there is no informa-
tion known to the authors which would

W. G. POND, E. KWONG AND I.

REID

support the view that major differences
in amino acid requirements or in response
to dietary differences in protein quality
exist in the 2 species. It appears much
more logical to conclude that the differ-
ences noted in the present study are re-
lated to the nutritional status of the ani-
mals. Long periods of protein depletion
in the young or old rat lead to minimal
reductions in serum proteins and other
signs of protein-calorie malnutrition. The
usual depletion-repletion study of protein
quality does not involve the use of an
animal in the severe stages of protein-
calorie malnutrition that were evident in
the baby pigs used in the present study
(3). In the repletion test no major dif-
ferences with other types of nutritional
guality measurements were noted (3). The
pigs used in the present studies represent
not only a more severe degree of protein
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WEEKS REFEEDING

Fig. 5 Total serum protein

during

refeeding (second series).

TABLE 4

Nutritive quality of protein sources in the standard 4-iveek rat growth study

(10%

Protein Starting
source wt
9
Casein 65
Fish flour 65
Cottonseed, Peru 65
Cottonseed, USDA 65
Cottonseed, com mercial2 65

1Ten male weanling rats/group.

protein) (second series)l

Final Protein

wt Wt gain consumed PER
9 9 9

168 103 37.9

174 109 38.4

136 71 35.2

181 116 38.4

132 67 35.0

2Proflo, Traders Oil Mill Company, Fort Worth, Texas.

depletion than others have used in meas-
uring protein quality, but also the animals
are very young in contrast with those of
older ages — dogs and other species —
used in plasma protein regeneration stud-
ies. In both rats and pigs, the males
grew more rapidly than the females. In
the rat studies and in the first pig study,
only males were used. In the second pig
study random sex distribution was used.
Therefore, a preponderance of one sex in
any study did not take place and sex dis-
tribution could not have influenced the

results. It is our conclusion that the al-
terations in relative nutritive quality that
have been noted in the present study are
not due to species differences, but are re-
flections of the severe condition of protein
depletion and the very young age of the
igs.

P gThere is always a hazard in attempting
to relate experimental observations in an
animal to a disease condition in the hu-
man being. Nevertheless, there are simi-
larities in the effects noted in the present
studies and the responses to various die-
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WEEKS REFEEDING

Fig. 6 Serum albumin during refeeding (second series).

tary proteins that have been noted by
several clinical investigators studying the
recovery of children from severe protein-
calorie malnutrition. Pretorius and Weh-
meyer (7) compared 2 fish protein prep-
arations with dried skim milk in infants
recovering from protein-calorie malnutri-
tion. One of the fish protein products was
definitely inferior. Very small differences
in favor of milk over the second fish prep-
aration were found for weight gain and
serum albumin recovery, but these differ-
ences were not statistically significant.
Graham and his associates (8) compared
2 fish protein concentrates alone or in
combination with wheat with a modified
cows’ milk in malnourished infants. They
reported similar growth responses and
nitrogen retention with the different pro-
tein sources, but milk was superior as a
dietary protein in returning serum al-
bumin levels to normal. These authors
confirmed the inferior ability of fish pro-
tein alone or in combination with wheat
flour to correct hypoalbuminemia or to
maintain serum albumin levels in severely
malnourished infants (9). Milk protein
was superior when the responses were

compared, but growth and nitrogen re-
tention were similar with all of these
protein sources. On the other hand, Sri-
kantia and Gopalan (10) have reported
that many children hospitalized with
kwashiorkor did not accept diets in which
the major source of protein was from fish
protein concentrate. In those children that
did accept these diets, both clinical and
biochemical responses compared favorably
with those of malnourished children re-
ceiving diets containing milk protein. The
major difference between the 2 dietary
treatments was that growth response after
disappearance of edema was inferior with
the fish protein group.

In the present studies with malnour-
ished baby pigs, both serum albumin re-
sponses and growth rate were poorer with
fish protein and certain plant proteins
than with the milk protein, casein. It
might be that the same metabolic failure
in handling non-milk protein was observed
in the malnourished pigs as in the mal-
nourished human infants. Obviously, in
the pig studies better control of such fac-
tors as age, state of protein depletion and
nutrient intake could be achieved. This
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may explain the fact that both growth
rate and serum protein responses were
inferior with non-milk-protein-containing
diets in the pig studies.

A question of importance is to determine
whether the protein-depleted baby pig has
an increased capacity to utilize casein or
whether the other 4 protein sources can-
not be properly handled by the deficient
animal. A study of the amino acid com-
position of the different protein sources
shown in table 2 provides no clue as to
why the cottonseed and fish protein
sources should be so inferior to casein in
the depleted pig. The inferior utilization
of two of the cottonseed preparations in
the rat PER test is probably related to the
gossypol content of these materials and
the relative lack of availability of lysine.
Amino acid analysis does not help in de-
fining the cause of low utilization.

As a working hypothesis it is concluded
that the cottonseed and fish protein sources
are poorly utilized in the pigs because of
lack of availability of amino acids which
we interpret to mean lack of intestinal
absorbability resulting from the experi-
mentally induced condition of the ani-
mals. Supposedly, this could happen if
proteolytic enzyme formation and secre-
tion into the intestinal tract were severely
depressed by the combination of the very
young age of the animals and the extent
of protein depletion that was imposed.
This combination of effects is known to
have a marked effect upon the morphology
and exocrine function of the pancreas
(11). In experimental animals such as
the pig, which has a large microbial pop-
ulation in the small intestine (12), it is
possible that unabsorbed protein may be
degraded by bacterial enzymes, and nitro-
genous products such as amines could
be formed and absorbed. As a result, poor
proteolytic hydrolysis of protein need not
be reflected in a marked increase in fecal
nitrogen. Casein might remain in the
stomach for a longer time than the other
proteins that were examined. This would
give casein some advantage in being di-
gested by intestinal enzymes. There is
some evidence that milk protein is su-
perior to soybean protein in the baby pig
and that this is due largely to the smaller
dependency upon pancreatic exocrine
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function for digestion of milk protein.
This concept has been substantiated in a
study of the relative digestibility of milk
protein and soybean protein in pigs as
influenced by ligation of the pancreatic
ducts (13). This study, which utilized
baby pigs 2 to 6 weeks of age, gave evi-
dence that in the absence of pancreatic
secretion, milk protein was approximately
twice as digestible as soybean protein, in-
dicating that milk protein can be more
completely degraded by intestinal and
gastric secretions than soybean protein.
These were normal animals with pancre-
atic ducts ligated, but the net effect might
have been similar to the results of the
present study in which severely protein
malnourished pigs were used, even though
they were 11 weeks old at the time of the
growth and serum protein recovery stud-
ies. Furthermore, Maner et al. (14) have
shown that in the baby pig the rate of
passage through the intestinal tract is
much more rapid for soybean protein
than for casein. These observations are
believed to support the hypothesis that
casein is superior in nutritional quality
to other proteins under the experimental
conditions used, because casein is more
readily digested and absorbed than the
other proteins studied. This may also be
the explanation for the superiority of milk
protein in malnourished human infants.
The results obtained and the proposed ex-
planation for these results support the
conclusion that studies of nutritive quality
of proteins intended for infant and pre-
school feeding programs where malnutri-
tion is endemic should include evaluation
in animals simulating the human situa-
tion. The protein-calorie malnourished
baby pig may be useful for this purpose.
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Copper, Molybdenum and Zinc Interrelationships: The
influence of inorganic sulfate upon distribution
and excretion of &Zn and "Mo in pregnant rats

KENNETH E. KINNAMON

United States Army Medical Research and Nutrition Laboratory,
Fitzsimons General Hospital, Denver, Colorado

ABSTRACT The effects of dietary sulfate, alone and in combination with dietary
copper, molybdenum, and zinc, were studied in the pregnant rat with respect to
distribution and excretion of administered 8&&Zn and "Mo. Increased dietary sulfate
alone or in combination with any of these 3 elements was found not to significantly
affect: "Mo or &Zn retention in fetal tissues or placental membranes (amnion,
chorion, yolk sac, allantois, and decidua); "Mo digestive tract absorption or excre-
tion via urine or feces; "Mo blood levels; 68&Zn excretion via urine or feces; or
volume of urine excreted. Diets high in sulfate with copper and molybdenum added
did affect urinary excretion of "Mo. In rats of the latter group, urinary excretion
of labeled molybdenum was significantly lower than in animals fed any other ration
containing elevated levels of molybdenum. Animals fed high molybdenum rations
showed lower blood, fetal, and placental structure retention and higher urine
excretion of labeled molybdenum after 48 hours.

The dietary requirements for a particu-
lar nutrient may be significantly influ-
enced by the presence and quantities of
other nutrients. For example, symptoms
attributed to magnesium deficiency in
adult rats can be overcome by altering the
calcium-to-phosphorus ratio in the diet

(1) . It is reasonable to assume that the

growing mammalian fetus may be sub-
jected to unfavorable conditions due to
similar mineral nutrient interrelation-
ships.

There is ample evidence to support the
hypothesis that interrelationships exist be-

selected therapeutic copper compound
was in the form of sulfate (4, 16, 19).
It also appears possible that a similar
difficulty exists in evaluating the influence
of zinc upon distribution of &Zn since
ZnSCh is often used in experiments
(20-22).

The importance of copper, molybdenum
and zinc in many significant aspects of
fetal metabolism, the evidence of various
interactions existing among these nu-
trients, and the evidence of sulfate partici-
pation in this interrelationship prompted
the present study of the role of dietary

tween copper, molybdenum, and zinc (2— sulfate in relation to each of these ele-
6) and that inorganic sulfate is probably mental nutrients.

a part of this interrelationship (7-10).
The role of dietary sulfate in molybde-
num toxicity is particularly confusing at
this time. For example, the ability of in-
organic sulfate to alleviate growth sup-
pression in rats, caused by excess dietary
molybdenum, has been established (9-
10), but how this is brought about is not
known. Reduction of intestinal absorption

(I'l) , increased urinary excretion (11— num.

14), and the simple replacement value of
sulfate (15) are among the explanations
offered. Too, the extent to which copper
alleviates molybdenum toxicity in many
cases is difficult to assess because the

J. Nutrition, 89: '66

MATERIALS AND METHODS

This experimental work was divided
into two parts — the first, a study of sul-
fate interrelationships in pregnant rats,
and the resultant influence upon the in-
jection of &Zn, and the second, a similar
experiment to determine the influence
upon administered radioactive molybde-
In both experiments, rats of the
Sprague-Dawley strain,* 6 weeks of age,
were used. Before administration of tracer

Received for publication November 6, 1965.

1 Obtained
W isconsin.

from Sprague-Dawley, Inc., Madison,
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radioactive material the experimental ani-
mals were housed individually in stainless
steel suspension-type cages having solid
walls but wire-mesh floors and front. Di-
mensions were 25.4 cm x 20.3 cm x 17.7
cm. Food containers were glass cylinders
equipped with white lacquered screw-cap
metal lids having a 3.2-cm hole stamped
through the center. After radioisotope ad-
ministration and until the animals were
killed,2 they were maintained in cages
constructed essentially as described above
except that the dimensions were 15.2 cm
X 11.4 cm X 11.1 cm and were equipped
with special cone dividers in the excreta
funnel so that urine and feces were col-
lected separately. While the rats were
kept in cages of the latter type urine and
feces were collected daily. Throughout
both experiments food and water were
offered ad libitum; food consumption was
recorded daily, except during the 5-day
breeding period. Weight gain was re-
corded 3 times per week.

Experiment 1. 6&Zn administration.
Sixty-four female animals were placed at
random in 8 groups of 8 rats each and
fed a basal diet of finely ground commer-
cial laboratory ration 3 containing 18 ppm
copper, 70 ppm zinc, and less than 1 ppm
molybdenum (23). One or more of the
following ingredients was added to the
basal diet: 0.01% copper as Cu(CH3
COOVFUO; 0.08% molybdenum as Na2
Mo004-2HD; 0.50% zinc as ZnCOs; and
0.15% sulfate as NaXx04 to obtain the
following 8 treatments: 1) basal ration
(control); 2) Cu; 3) Mo; 4) Zn; 5) S04
6) Cu + S04 7) Mo + S04; 8)Zn + SO..
After these groups were maintained with
their respective rations for a period of
5 weeks a healthy Sprague-Dawley male
rat was housed with each experimental
animal. Daily vaginal smears were made
during this 5-day period to ascertain the
day of conception. Conception was as-
sumed to have occurred when sperm were
observed in a smear. At the end of
7 weeks all of the animals were given a
10-uCi intraperitoneal injection of aque-
ous ¥nCl2 solution4 and subjected to
ether euthanasia 96 hours after receiving
this tracer injection. Fetuses and pla-
cental structures (amnion, chorion, yolk
sac, allantois, and decidua) were removed,

KINNAMON

counted, and weighed. Representative
samples of fetuses and placental struc-
tures, along with a well-mixed portion of
the daily urine collections and all the
daily fecal collections were measured for
radioactivity by counting in a Packard
Auto-Gammab5 sodium iodide scintillation
detector.

All data were subjected to an analysis
of variance. Significant differences be-
tween any two treatment means were de-
termined by using the multiple range test
of Duncan as described by Li (24) with
some modifications derived from Linquist
(26). Data analyzed as percentages were
first submitted to an inverse sine trans-
formation (26).

Experiment 2. "Mo administration.
Ninety-six rats were assigned at random
to 8 groups of 12 animals each. The
groups were designated as follows: 1)
basal ration (control); 2) Cu; 3) Mo; 4)
S04, 5) Cu + S04,6) Mo + SO,; 7) Cu +
Mo; 8) Cu+ Mo + S04 One or more of
the following at the levels indicated were
added to the basal ration to obtain the
8 treatments: 0.02% copper as acetate;
0.02% molybdenum as molybdate; and
0.20% sulfate as the sodium salt. The
basal ration had the following percentage
composition by weight: starch, 44.4; vi-
tamin-free casein, 18.0; sucrose, 22.4;
fiber, 4.0; salt mixture W,64.0; vitamins 7
in dextrose, 2.2; and com oil, 5.0. Min-
eral supplements were added to the basal
ration at the expense of starch.

The groups were maintained with their
respective rations for a period of 4 weeks

2The Principles of Laboratory Animal Care as
promulgated by the National Society for Medical Re-
search were observed.

3Purina Laboratory Chow,
pany, Davenport, lowa.

4 Obtained from Abbott Laboratories,
Tennessee.

5Packard
Ilinois.

6Ilngredients and amounts in grams to give one
kilogram of salt mixture are as follows: NacCl, 105;
KCl, 120; H2PO4, 310; Ca3(P04)2, 149; CaCOs, 210;
MgS04(anhydr.), 90; FeP04 H20, 14.7; MnSO04(anhydr.),
0.20; K2A12(S04)4-24H20, 0.09; CuS04-5H20, 0.39; NaF,
0.57; and KI, 0.05. Formulated according to Wesson,
L. G., Science, 75: 339, 1932; obtained from Nutri-
tional Biochemicals Corporation, Cleveland.

7The vitamin mixture contained the following per
kilogram of ration: vitamin A, 19,800 IU; vitamin D,
2200 1U; and (in milligrams) a-tocopherol, 110;
inositol, 110; ascorbic acid, 990; choline <chloride,
1650; menadione, 49.5; p-aminobenzoic acid, 110;
niacin, 99; riboflavin, 22; pyridoxine sHC1,
mine-HC1, 22; Ca pantothenate, 66;
and (in micrograms) biotin, 440;

Ralston Purina Com-
Oak Ridge,

Instrument Company, Inc., LaGrange,

22; thia-

folic acid, 1.98;
vitamin B12, 29.7
(Vitamin Diet Fortification Mixture in Dextrose, Nu-
tritional Biochemicals Corporation).
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before normal male Sprague-Dawley rats
were placed with the females for a period
of 5 days. Vaginal smears were made as
described in experiment 1 above. At the
end of 6 weeks and 2 days, each animal
was given a 50-uCi dose of JMo 8 admin-
istered by stomach tube as a 3-ml aqueous
solution of molybdate. Forty-eight hours
after ¥Mo administration, each animal
was anesthetized with ether to allow 4 ml
of blood to be drawn from the inferior
vena cava then killed with an ether “over-
dose.” A weighed portion of each heparin-
ized 4-ml whole blood sample was placed
in a counting tube; a second well-mixed
portion was used to determine micro-
hematocrits in duplicate; and a third ali-
quot was centrifuged and a weighed por-
tion of the plasma placed in a counting
tube. Fetuses and placental structures
were handled as described in experi-
ment 1.

RESULTS

Growth, feed consumption,
and litter size

Significant differences in weight gain
were noted only in experiment 1 (table 1,
column 1). When compared with con-
trols, significant differences (P < 0.05)
in weight gain were noted only in those
rats supplemented with 0.08% molybde-
num. Weight gain in this Mo group was
also significantly lower (P < 0.01) than
in the Mo + SO* rats. Weight gain in
the Cu-supplemented rats was higher than
those in the Mo group (P<0.01), SO)
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group (P < 0.05), and in the Zn + SO,
group (P < 0.05). No significant differ-
ences were observed in feed consumption,
litter size, or average fetus weights in
either experiment.

Distribution of radioactivity in
the fetus and placental
structures

Between-group comparisons were made
on the basis of percentage activity re-
tained per the following: 1) fetus or pla-
cental structures, 2) gram of wet weight
of fetus or placental structures, 3) total
wet weight of all fetuses per rat; or 4)
total wet weight of all placental struc-
tures per rat.

In an earlier study (23) it was found
that although there is a possible 120-hour
variation in fetal age, the &Zn activity/g
of fetus or placental structures within
any treatment group, 96 hours after in-
jections, is directly proportional to its wet
weight. That is, the variation in percent-
age of injected dose observed within a
given treatment group, whether evaluated
in terms of activity per fetus, per pla-
cental structures, or per litter can be at-
tributed solely to the variation in the wet
weight of that tissue which is being com-
pared. Therefore, when using the activity
per gram of tissue method of evaluation,
not only can significant differences be-
tween treatments be shown in fetuses or
placental structures of comparable weight

8 Obtained from 1SO/Serve Inc.,
chusetts.

TABLE 1

Average weight gain of animals in experiment 1 and the percentage of retained 6Zn
present in their fetuses and placental structure 96 hours after administration

Treatment

65Zn retained in

e
% of dose/g % of dose/g
9 (wet wt) (wet wt)
1 Basal ration (controls) 125 0.470 0.475
2 cu 134 0.318** 0.305**
3 Mo 109* 0.392 0.428
4 Zn 121 0.176** 0.194**
5 so4 119 0.386 0.467
6 cu-\so4 123 0.322** 0.307**
7 Mo+ SO, 128 0.402 0.392
8 Zn+ so4 121 0.156** 0.156**

* Indicates a significant difference at the 5%
** Indicates a significant difference at the 1%

level when compared with controls.
level when compared with controls.

Cambridge, Massa-
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and development, but the same significant colum ns 1 and 2. Over all treatment
differences are noted when all fetuses or groups the activity per gram of fetus was
placental structures of all weights within much lower (P <0.01) than activity per

each treatment are considered as a single gram of placenta. Between-group com -

group and compared. The results in the parisons showed that in both type tissues

present study confirm this earlier obser- the retention of "M o 48 hours after ad-
vation and in addition, show clearly that ministration was much lower (P <0.01)
a similar relationship exists between the in those animals fed a molybdenum -con -
fetus and placental structures and "M o taining diet. Elevated dietary sulfate had
retention 48 hours after administration no apparent effect upon retention of la-
of this isotope. beled molybdenum . No significant differ-

Thus, only percentage activity retained ences were found in either type of tissues
per gram of wet weight of fetus or pla- w hen rats in the following groups were
cental structures are presented for either compared: controls vs. S04; Mo vs. Mo +
"Zn or "Mo retention. S04, Cu vs. Cu + S04; neither was the

Experiment 1. 65Zn administration. The Mo group significantly different from the
radioactivity per gram of fetuses and pla- Cu + Mo group.
cental structures are shown in table 1,

columns 2 and 3. Over all treatment Blood

groups, no significant difference was noted
The percentages per gram of retained

w hen the percentage per gram of fetus
"M o, 48 hours after administration in

was compared w ith the percentage per
w hole blood plasma and red blood cells

gram of placental structures. W hen com -
are shown in table 2, columns 3 and 4.

pared with controls, "Zn wuptake was sig-
Values for whole blood and plasma were

nificantly lower (P <0.01) not only in
determ ined by direct measurement, where-

those rats m aintained with rations in-
as the value for red blood cells was com -

creased in zinc content but also in rats
puted.9 Over all groups the percentage

fed copper-containing rations. Further-
per gram in the red blood cells was sig-

more, uptake with the zinc-containing ra-
nificantly lower than the percentage per

tions was significantly lower (P <0.01)
gram in the plasma. Between-group dif-

than in animals fed copper rations. The
ferences in levels of retained "M o in

presence of increased sulfate appeared to
plasma and red blood cells are almost

have no effect on the wuptake of labeled
identical in relative m agnitude to the dif-

zinc by the fetuses or placental structures,
ferences shown for fetuses and placental

i.e., no significant differences were noted

. structures of the same experiment. Hem -
between the following groups: Mo vs. Mo

+ S04, Cu vs. Cu +8S04;, Zn vs. Zn + S04
9% /g in rbc's= % /g in whole blood

Experiment 2. M olybdenum adminis- . .
— (% /g in plasma x (1 — hematocrit))
tration. Results are shown in table 2, Hematocrit
TABLE 2

Percentage per gram of retained "Mo present in fetuses, placental structures and blood
48 hours after administration of "Mo (exp. 2)

"M o retained in
Treatments
Placental Red
Fetus structure Plasma blood cells
% of dose/100 g wet xvt

Basal ration (controls) 2.37

1 6.43 1.94 0.65

2 cCu 2.07 4.97 1.64 0.55

3 Mo 0.08** 0.44%* 0.24%* 0.14%*
4 so4 1.97 5.67 2.05 0.45

5 Cu+ Mo 0.17%* 0.34%* 0.32%* 0.03**
6 Ccu+ so04 1.85 4.42 1.36 0.48
7 Mo+ s04 0.22** 0.48%* 0.28%* 0.04**
8 Cu+ Mo—sSo04 0.09%* 0.29%* 0.39** 0.00 +
*

* Indicates a significant difference at the 1% level when compared with control animals.
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atocrits between groups were not signifi- all of the animals fed high molybdenum
cantly different. diets. The reverse was true of radioac-

tivity eliminated on day 2, i.e., "M 0 excre-

E xcretion . .

tion on the second day after tracer adm in-
Experiment 1. mZ n administration. istration was lower than in the control
Labeled zinc in both urine and feces dur- animals. Presence of high dietary sulfate
ing the 96 hours following injection was in com bination with dietary molybdenum
significantly higher (P < 0.01) in animals had no apparent effect on "M o excretion;
m aintained with high zinc rations when sulfate, however, in rations containing
compared with any group of non-zinc ra- both added copper and molybdenum did
tions (table 3). N o other statistically effect tracer molybdenum elimination. In
significant differences were observed. A the rats of the latter group, urinary excre-
com parison of columns 1 and 2 of table 3 tion of labeled molybdenum was signifi-
show s that the feces are the principal cantly lower (P <0.01) than in animals
route of excretion of labeled zinc. Daily fed any other ration containing elevated
urine volume appeared to be the same in levels of molybdenum N o significant dif-
all groups. ferences were noted in wurine volume or
E xperiment 2. M olybdenum adminis- feces excretion of M o.
tration. Data for excretion of labeled
) DISCUSSION
molybdenum for experiment 2 are sum -
m arized in table 4. M olybdenum-99 elim i- At the levels used in this study, dietary
nation via the urine on day 1 was signifi- N a25s 04, alone or in com bination with
cantly higher (P < 0.01) than normal in rations high in copper, molybdenum,k or
TABLE 3
Percentage of 6&Zn excreted 96 hours after administration (exp. 1)
65Zn excreted
Treatment group
Urine Feces Total
% % %
1 Basal ration (control) 0.81 52.20 53.01
2 Cu 0.84 58.13 58.97
3 Mo 0.95 58.41 59.36
4 Zn 5.11** 86.26** 91.37"7%
5 SO., 0.74 65.01 65.75
6 Cu + SO., 1.18 56.17 57.35
7 Mo + SO., 1.04 59.04 60.08
8 Zn -f-s04 4.17** 82.69** 86.86"
** Indicates a significant difference at the 1% level when compared with controls.
TABLE 4
Percentage of "Mo excreted by rats of experiment 2
"M o excreted
. E Urine and
Treatment group Urine eces feces
1st 24 hr 2nd 24 hr Total Total Total
% % % % %
1 Basal ration (control) 24.41 8.29 32.70 8.17 40.87
2 Cu 18.66 2.15 30.81 6.66 37.47
3 Mo 78.70** 1.68* 80.38 2.94 83.32
4 so4 30.30 8.86 39.16 5.94 45.10
5 Cu+ Mo 67.10** 2.14* 69.24 12.59 81.83
6 Cu-fso4 18.44 9.02 27.46 13.49 40.95
7 Mo + SO., 77.34*% 2.52* 79.86 3.19 83.05
8 Cu+ Mo+ SO, 39.03** 1.70* 40.73 7.44 48.17
*Indicates a significant difference at the 5% level when compared with controls.

** Indicates a significant difference at the 1% level when compared with controls.
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zinc has been shown not to affect signifi-
cantly: 1) "M o or 65Zn retention in fetal
tissues or placental membranes, 2) "M o

gastrointestinal absorption or excretion

via wurine or feces, 3) "M o blood levels,
4) 65Zn excretion via urine or feces, or 5)
volume of urine excreted. Increased die-
tary sulfate did alleviate a growth depres-
sion caused by diets containing 0.08%
molybdenum

It has been suggested that the tissue
retention of molybdenum in sheep was
due in part to an effect of sulfate in re-
ducing intestinal absorption and the pre-
vention of renal tubule reabsorption (11).
On the basis of the present study, it ap-
pears that such a mechanism is not oper-
ating in the pregnant rat. Sulfate in
dietary com binations with both copper and
molybdenum did significantly depress the
increased wurine "M o elimination caused
by other diets high in molybdenum (table
4, columns 1, 2 and 3). The significance
of this is unexplained at this time; how -
ever, the fact that the biological activity
of each of these is significantly influenced
by the ratio of these three present in the
body has been emphasized (11). Under-
wood (27) referring to the work of Dick
(12, 28-31) states that “molybdenum
exerts its lim iting effect on copper reten-
tion in the sheep only in the presence of
inorganic sulfate; that neither molybde-
num nor sulfate alone interferes with
copper retention; and that the effective-
ness of either is increased to a maximum
as the intake of the other is increased.”
Recently, Gray and Daniel (32) have
shown that the effect of dietary molybde-
num or sulfate or of both, upon rats is
profoundly influenced by the status of the
animal's stored copper. They reported that
w hen rats’' stored copper was low and
w hen a copper-deficient diet w as fed,

small amounts of molybdenum produced
toxic symptoms which were intensified by
sulfate. However, when copper stores and
copper intake were adequate, sulfate pre-
vented harm ful effects caused by molyb-
denum .

Retention of radioactive molybdenum in

fetuses, placental structures and blood
(table 2) 48 hours after tracer adm inis-
tration was shown to be much lower in

animals fed high molybdenum diets. M o-

KINNAMON

lybdenum -99 absorption, however, was ap-
parently not a factor in this retention
since feces levels (table 4, column 4) of
"M o were not significantly altered, where-
as there was considerable radioactivity in
the wurine of these groups (table 4, col-
um n 3). In rats maintained with non -
molybdenum -containing rations, fetal re-

tention of "M o was approximately 0.02%
g, whereas retention in rats of the Mo
groups was approximately 15 times less.
W ithin each treatment group, radioactiv-
ity in the placental structures w as at
least 2 times higher than that of the fetal
tissue. This within-group difference in

retention of labeled molybdenum at 48
hours between fetuses and placental struc-
tures differs from retention of labeled zinc
in these 2 tissues at 96 hours. As previ-
ously reported (23) and repeated in this
study, retention of labeled zinc in these
2 tissues is essentially the same.

Blood retention of "M o has been shown
to be significantly depressed in rats fed
high dietary molybdenum Retention was
5 to 8 times lower than in the nonmolyb-
denum groups. However, in all groups
concentration of labeled molybdenum was
considerably lower in red blood cells than
in plasma (table 2, lines 3 and 4). The
percentage of labeled molybdenum ob -
served in the red blood cells of the rats
fed the nonmolybdenum-containing diets
was similar to that reported for naturally
occurring red-cell molybdenum of sheep
blood (13). The chemical form or com -
bination in w hich molybdenum exists in
blood has not been studied extensively.
Scaife (13) reports red blood cell and
plasma molybdenum to be readily dialyz-
able and wholly present as an anion, prob-
ably molybdate.

High molybdenum rations greatly ac-
celerated the wurinary excretion of tracer
molybdenum (table 4, column 3). The
rapid elimination of "M o in rats fed high
molybdenum diets could be due to a more
rapid turnover or perhaps to a homeo-
static control mechanism similar to the
one reported for zinc (20, 33).

This study has confirmed an earlier re-
port (23) that rations high in copper as
well as those high in zinc cause a signifi-
cant decrease in the fetal or placental

membrane’'s retention of injected labeled
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zinc. Too, high zinc rations greatly ac-
celerate tracer zinc elimination. Cotzias
et al. (33) have reported similar observa-
tions for excretion, using a whole body
counting technique. Accordingly, rats in
the high zinc groups had eliminated via
urine and feces approximately 70% more
than controls by 96 hours after adminis-
tration.

The increased weight gain observed in
the Cu group is not unlike that resulting
from the growth-promoting effect of cop-
per reported for growing pigs (34). Since
food consum ption in this group was not
significantly higher the weight gain is

most likely due to an improvement in
efficiency of food conversion.
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ABSTRACT

on lipid metabolism in

eral tendency to decreased cholesterol concentration was observed
of cholesterol from

same time a decrease of the biosynthesis

the liver and a decrease of the /3-fraction of serum

to elevated temperature caused a decrease of esterified fatty acid levels in the blood

epididymal fat tissue

serum and liver; in
stances took place. The
marked decrease in the liver.
of depot lipids. The decrease

lipid metabolism

biosynthesis of

of hepatic

Prolonged intermittent exposure to heat
rats maintained with a nutritionally well-balanced diet; a gen-

an increased
fatty
Heat exposure
lipogenesis
under the influence of exposure

“340” exerts strong influence

in the tissues. At the
acetate-1-14C occurred in
lipoproteins was observed. Exposure
concentration of these sub-
acetate-1-14C exhibited a
number

acids from
caused a decrease of the iodine
a general slowing of
W ith the

indicates

to elevated temperature.

high fat-high cholesterol diet no marked differences were noted between the groups
investigated, since the markedly unbalanced diet had a more profound metabolic
influence than the effect of heat exposure. The morphological picture of the myo-
cardium and aorta was likewise not influenced by heat exposure.

effect of low environmen- series were divided into 4 groups, each

Although the

tal temperatures on fat metabolism has

been studied rather extensively, relatively

few data are available on the influence of

exposure to heat. Young and Cook (1)
reported that mice kept at 35°, although
consuming less food, showed an increase
in total body lipids in com parison with
that of mice kept at 24°. Similar results
were obtained by M efferd et al. (2) in rats
acclim ated to a temperature of 35°. In the

latter, a decrease in specific activity of

body follow ing the ad-

total cholesterol

m inistration of I-14C -acetate and in the

activity of succinic dehydrogenase in the

liver was observed. The results indicate
that in rats exposed to higher tempera-
tures, the turnover of body lipids is re-
duced.

The aim of the present study was to

investigate the influence of interm ittent

exposure of rats to heat on lipid metabo-

rats fed a well-

a high fat-

lism in various organs of

balanced diet and in those fed

high cholesterol diet.
METHODS
In 3 series of experiments, white, male

rats of the W istar strain, weighing 180 to

200 g, were used. Sixty animals of each

J. Nutrition, 89: '66

containing 15 animals. Groups 1 and 2

received the Larsen diet (3),T whereas

groups 3 and 4 received a high fat-high

cholesterol diet (table 1).

Groups 2, and 4 were maintained at a

temperature of 22 to 23° and served as

controls. Animals of groups 1 and 3 were

exposed twice daily, in the morning and

temperature of 34

in the afternoon, to a
+1°, each time for a period of 2 hours.
The heat exposure w as carried out by

means of 300-w radiators equipped with

parabolic covers and a thermoregulative de-

vice. A fter a l14-day adaptation of the

animals, the final dose of exposure was

increasing environmen -

set to a gradually

tal temperature. Food and water were

given ad libitum . Experimental conditions

were equal in all experimental series; a

difference between the series consisted

only in the length of the experiment (first
and third series, 13 weeks; second series
7 weeks), and in the observations made.

At the end of the experimental period of

series 1 the animals were decapitated.

Received for publication September 7, 1965.

1The Larsen diet contained the following: (in
grams) coarse wheat flour, 1860; dried milk, 570;
casein, 510; alfalfa, 90; CaCOa, 48; hydrogenated fat,
150; cod liver oil, 21; and NacCl, 6.
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TABLE 1 The results were analyzed statistically
mposition of high fat — high cholesterol diet by the t test.
9 RESULTS
Hydrogenated vegetable fatil 400
Sucrose 203 The mean weight curves of animals of
Casein 150 all groups from the first experimental se-
100
Nacl ries are shown in figure 1. There was an
Cellulose 40
Salt mixture @ 40 increase in the weight of animals fed the
Cholesterol 40 Larsen diet, and the curve was similar for
Dried yeast 20 the group exposed to heat. W eight in -
i i 5
Cholic acid crease in rats fed the high fat diet and kept
Choline chloride 2

1The hydrogenated vegetable fat was fortified with

the following/kg of ration: 10 mg vitamin K (mena-
diol diacetate); 25,000 IU of vitamin Ai; 0.125 mg
vitamin D2; 125 mg a-tocopheryl acetate; and 2 ml
cod liver oil.

20sborne, T. B., and L. B. Mendel. J. Biol. Chem.,

15: 317, 1913.
Subsequently, concentrations of choles-
terol (4 ), esterified fatty acids (5), lipid
phosphorus (6) and the iodine number 2of
fats (7, 8) were determined in the blood
serum . Lipoprotein fractions were deter-
mined by paper electrophoresis (9). In a
chloroform -methanol extract obtained ac-
cording to Folch et al. (10) from liver and
lung hom ogenates the concentrations of
cholesterol, esterified fatty acids and lipid
phosphorus were determined by the meth-
ods described above. lodine number was
determ ined for the epididymal fat. The
heart and the thoracic section of the
aorta were subjected to histological exam i-
nation (hem atoxylin-eosin, Sudan IV, M al-
lory, PAS, H ale, H otchkiss and alcian
blue).

In series 2 values for the lipid frac-
tions in the adrenals, glycogen concen -
tration in the liver (11), and the concen -
tration of cholesterol and esterified fatty
acids in the epididymal fat were deter-
mined by the methods described above.

In the third experimental series, the ani-
m als, 3 hours before killing, received intra-
peritoneally 40 pc of N a acetate-1-14C for
100 g of body weight. Cholesterol was
isolated from the liver and the adrenals
according to the method of Sperry and
W ebb (12), and total fatty acids from the
liver (13). At the same time concentra-
tions of cholesterol (12) and total fatty
acids (14) were determined in these tis-
sues. The activity of the samples, which
were applied in thin layers on small alu-
minum plates, was measured by means of
an end-window thin-wall GM tube.

at room temperature was minimal, and the
weight of animals of this group as com -
pared with that of rats fed the Larsen diet
was significantly lower (P < 0.001) in the
sixth and thirteenth experimental week.
Heat exposure under conditions of feeding
the high fat diet caused a decrease of body
weight which was statistically significant
in weeks 4, 8 and 12 of the experiment
(P < 0.001 in all 3 cases). In this group
the mortality rate was high, about 40%

In rats fed the Larsen diet, heat expo-
sure caused a decrease of cholesterol levels
in most of the tissues examined. W ith
feeding the high fat diet there w as a
marked increase in cholesterol concentra-
tion in all the tissues examined except
those of the lungs. On the other hand,
exposure to elevated temperature did not
markedly affect the cholesterol levels; a
m arked decrease occurred only in the epi-
didym al fat (table 2).

In the liver and blood serum of rats fed
the Larsen diet and exposed to heat, a
statistically significant decrease in the

level of esterified fatty acids was observed.

On the other hand, the quantity of these

substances increased markedly in the epi-

didym al fat. W ith the high fat diet, heat

exposure resulted in a decrease of esteri-

fied fatty acids in the adrenals (table 3).

W ith heat exposure, there was a signifi-

cant decrease in phospholipid concentra-

tion in the blood serum and the adrenals

of rats fed the Larsen diet; in rats fed the

high fat diet and exposed to heat the de-

crease was statistically significant only in

the adrenals (table 4).

The iodine number of blood lipids under

conditions of heat exposure increased sig-

2 lodine number has been defined by the authors
as the milligrams of iodine bound by the lipids ex-
tracted from 100 ml of serum or 100 g of adipose
tissue. This does not conform with the definition
commonly used in the United States.
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Fig. 1 Effect of exposure to elevated environmental temperature on mean weight curves of rats

maintained with a well-balanced diet, and with a high fat-high cholesterol diet (series 1).
lines, groups maintained at 22° to 23°; dotted lines, groups maintained at 34 + 1°

TABLE 2

Cholesterol levels of serum and tissues of rats exposed to heat while maintained with
a normal or a high fat — high cholesterol diet

Normal diet High fat — high cholesterol diet

22-23° 34 £ 1° 22-23° 34 + 1°

Blood serum 58 +3 1 52 +2 271 £3 4 317 + 48
Liver 403 £15 352+13* 10.048 +783 8.642+1.228
Lungs 583+ 17 512+10** 620+ 19 718x23**
Adrenals 2.962 £ 190 3.429 247 8.829 +794 7.776 £1.348
Epididym al fat 1368 98 + 10** 234 £16 130 13**

1Mean values expressed in m g/100 ml or 100 g wet tissue + se.
* Differs from the values indicated in the left column at P < 0.05.
** Differs from the values indicated in the left column at P < 0.01.

Solid

TABLE 3
Levels of esterified fatty acids in serum and tissues of rats exposed to heat zvhile maintained
zuith a normal or a high fat — high cholesterol diet
Normal diet High fat — high cholesterol diet
22-23° 34 £ 1° 22-23° 34 + 1°
Blood serum 0.76 * 0.05 1 0.56 * 0.02* 0.83 % 0.05 0.97+ 0.08
Liver 17.1 # 1.0 14.1 = 0.6* 21.9 % 1.1 19.0 0.9
Lungs 6.7 % 0.3 6.3 % 0.3 9.1 + 0.4 9.6 0.4
Adrenals 41.6 % 3.4 41.4 % 3.6 38.0 + 5.3 22.1 +£3.9*
Epididym al fat 215.9 +*15.6 279.6 +14.8* 119.4 +13.9 95.8 8.1
i Mean values expressed in milliequivalents/100 m1l or 100 g wet tissue * se.

* Significantly different from the values indicated in the left column at P < 0.05.



376 PAVEL BOBEK AND EMIL GINTER

nificantly both in rats fed the Larsen diet cogen concentration in the liver. Table 5
and in those fed the high fat diet. The show s the summarized data concerning
iodine number for the epididymal fat of values of the iodine number, serum 3-lipo-
rats fed the Larsen diet and exposed to proteins and hepatic glycogen.
heat decreased markedly. Feeding the In rats fed the well-balanced diet and
high fat diet with a high content of satu- exposed to heat, there was a decrease in
rated fatty acids caused a sharp decrease the specific activity of liver ~cholesterol
of the iodine number of the depot lipids; w hich indicates a decrease in the biosyn-
under these conditions heat exposure re- thesis of cholesterol from acetate-1-14C .
sulted in a significant increase in the Feeding of the high fat diet depressed the
iodine number. W ith heat exposure there endogenous synthesis of cholesterol in the
was a significant decrease in the relative liver and in the adrenals to values so low
concentration of blood serum 3-lipopro- that the activity of isolated cholesterol was
teins in rats fed the Larsen diet. Feeding too low to measure, and thus it was not
the high fat diet resulted in an increase of possible to compare the rate of this proc-
serum 3-lipoproteins, not influenced by the ess in rats maintained at room tem pera-
higher environmental tem perature. ture and at the elevated tem perature. The
In animals maintained w ith the well- specific activity of total fatty acids in the
balanced diet and exposed to heat there liver of rats exposed to heat decreased sig-
w as a sharp decrease in liver glycogen nificantly only when the Larsen diet was
concentration; in animals maintained at fed (table 6).
room temperature, feeding of the high fat In rats fed the Larsen diet, no lesions
diet caused a sharp decrease in hepatic were observed in the myocardium or the
glycogen. Under these conditions, heat aorta. In som e anim als m aintained at
exposure had a tendency to norm alize gly- room temperature, feeding of the high fat
TABLE 4

Levels of phospholipids in serum and tissues of rats exposed to heat zvhile maintained
with a normal or a high fat — high cholesterol diet

Normal diet High fat — high cholesterol diet
22-23° 34 £ 1° 22-23° 34 £ 1°
Blood serum 120+ 51 90 £ 2 * 127+ 7 157 +15
Liver 4.225 125 4.075 + 125 3.400 = 125 3.500%75
Lungs 2.575 75 2.400 = 75 2.825 + 100 2.875+100
Adrenals 4.925+ 175 3.375 +200* 4.075 200 1.450+125*

1Mean values expressed in m g/100 ml or 100 g wet tissue + se
* Significantly different from the values indicated in the left column at P < 0.001.

TABLE 5

lodine bound by serum and epididymal tissue lipids, serum fi-lipoproteins; and hepatic glycogen in rats
exposed to heat while maintained with a normal or a high fat — high cholesterol diet

Normal diet High fat — high cholesterol diet
22-23° 34 = 1° 22-23° 34 £ 1°
lodine
Blood serum, mg/100 ml 96 + 11 1 211+ 14** 161 +9 275+ 11**
Epididym al fat, m g/100 g 9265 +264 5106 + 375** 1201+ 109 1927 226 *

/3-lipoproteins

Blood serum, % 2 49.1 £1.2 40.3 + 1.6** 56.7 £2.8 55.2 +1.8
Glycogen
Liver, g/100 g wet tissue 2.7+0.2 0.7+0.2** 0.6 0.1 1.9+ 0.3**

1Mean % se.

2Relative per cent of sum of 0 + a- + /3-lipoprotein fractions.

* Differs from the values indicated in the left column at P < 0.01.
** Differs from the values indicated in the left column at P < 0.001.
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TABLE 6

Specific activities of total cholesterol and fatty acids in the liver and adrenals of rats exposed to heat
while maintained with a normal or a high fat — high cholesterol diet

Normal diet

22-23° 34 £ 1°
Cholesterol
Liver 626+ 1491 106 +25*
Adrenals 282 +£106 66 £45
Total fatty acids of liver 12.039 £2.468 2 .899 + 958~
1Mean values expressed in counts/min/mg_ + se
2Mean values expressed in counts/min/milliequivalents * se

* Significantly different from the values indicated in the

diet produced small subepicardial foci of
necrosis surrounded by vacuolized muscle
fibers. Small rami of the coronary arteries
were edem atous and vacuolized, they
showed a slightly positive reaction to PAS,
and also a weak reaction to alcian blue.
E xcept in one instance of moderate vacu-
olization of the arterial wall, the findings
in the aortas were negative. Staining for
fats yielded negative results. In the group
exposed to heat, defects of small groups of
muscle cells, replaced by a small focus of
granular tissue, were observed in the m yo-
cardium . In the aorta only moderate
edema was noted. In general, the group
exposed to heat did not exhibit substantial
differences from the group kept at room

tem perature.

DISCUSSION

The mean weight curves demonstrate
that exposure to heat had no effect on the
weight increase in rats fed the Larsen diet.
On the other hand, feeding of the high fat
diet caused no increase in the mean weight
of the experimental animals; and wunder
these conditions, heat exposure caused a
decrease in body weight. The high mor-
tality in this group of animals also dem -
onstrates that exposure to heat represented
an extreme stress to the animals fed the
high fat diet.

In rats maintained with the Larsen diet
and exposed to heat, cholesterol concen -

tration in different tissues tended to de-

crease. At the same time a moderate de-
crease in cholesterol biosynthesis from
acetate-1-14C was observed in the liver. The

m echanism whereby cholesterologenesis is
decreased in the livers of heat-exposed rats
is not known; it may be connected with

the decrease in liver glycogen level dem on -

IN RATS
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High fat — high cholesterol diet

22-23° 3

4+ 1°

5.442 +2.349 1.245 £187

left column at P < 0.0l
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fatty acid levels in the livers of these ani- not entail increased deposition of lipids
mals is presum ably due to a decreased sup- into the arterial system of rats.

ply of fatty acids from the depots and to An evaluation of our results leads to the
reduced lipogenesis in the liver. This con - conclusion that in animals fed the well-

clusion is in fair agreement with the ob- balanced diet, exposure to elevated tem -

servations of other authors (1, 2), who perature lowers the rate of lipid metab -

described lowered lipid turnover in ani- olism (turnover); this is evidenced by

mals acclimated to elevated environmental decreased mobilization of fatty acids from

tem perature. depot tissues and by decreased lipid bio-

In rats fed the high fat diet, exposure to synthesis in the liver tissue. 1In anim als

heat failed to affect the levels of esterified fed the high fat-high cholesterol diet, the

fatty acids in most of the organs. dietary regimen had a more profound

Exposure of animals to elevated en- metabolic influence than the effect of the

vironmental temperatures appeared to in- elevated environmental temperature.

terfere also with phospholipid turnover;
this may be inferred from the sharp de- LITERATURE CITED
cline in phospholipid concentration in the
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Invitation for Nominations for 1967
American Institute of Nutrition Awards

N om inations are requested for the 1967

annual awards adm inistered by the Ameri-

can Institute of N utrition to be presented

at the next annual meeting. N om inations
may be made by anyone, including mem -
bers of the N ominating Com m ittees and
non-members of the Institute.

The following inform ation must be sub-
mitted: (1) Name of the award for which
the candidate is proposed. (2) A brief con-

vincing statement setting forth the basis

for the nom ination and, where appropriate,

a selected bibliography which supports the
nom ination. Seconding or supporting let-
ters are not to be submitted. (3) Five
copies of the nominating letter must be
sent to the chairman of the appropriate

nom inating com m ittee before October 1,

1966, to be considered for the 1967 awards.

General regulations for A.l.N awards.

M em bership in the A merican Institute of

N utrition is not arequirement for eligibility

for an award and there is no lim itation as
to age except as specified for the Mead
Johnson Award. An individual who has

received one Institute award is ineligible to

receive another Institute award unless it is

for outstanding research subsequent to or

not covered by the first award. A Jury of
Award composed of A.I.N members,which
makes final selection and remains anony -
mous, may recom mend that an award be

om itted in any given year if in its opinion

the work of the candidates nom inated does
not warrant the award. An award is usu-
ally given to one person, but, if circum -
stances and justice so dictate, a Jury of
Award may recommend that any particu-
lar award be divided between two or more

collaborators in a

given research.
Presentation of awards will be made at
the annual dinner at the annual meeting.
1967 Borden Award in Nutrition
The Borden Award in N utrition, con -
sisting of $1000 and a gold medal, is made

available by the Borden Company Founda-

tion, Inc. The award is given in recogni-

380

tion of distinctive research by investigators
in the United States and Canada which
has emphasized the nutritive significance

of milk or its com ponents. The award will

be made primarily for the publication of
specific papers during the previous cal-
endar year, but the Jury of Award may

recom mend that it be given for important

contributions made over a more extended

period of time not necessarily including

the previous calendar year. Employees of
the Borden Company are not eligible for
this award nor are individuals who have
received a Borden Award from another

adm inistering association wunless the new

award be for outstanding research on a

different subject or for

specific accom -
plishment subsequent to the first award.
Former recipients of this award are:

1944 - E.V.McCollum
1945-H H. Mitchell
1946 - P. C. Jeans and

Genevieve Stearns
1947 - L. A. Maynard
1948 - C. A. Cary

1955 - A. G. Hogan
1956 - F. M. Strong
1957 - no award

1958 - L. D. Wright
1959 - H. Steenbock
1960 - R. G. Hansen

1949 - H. J. Deuel, Jr. 1961 - K. Schwarz

1950 - H. C. Sherman 1962 - H. A. Barker

1951 - P. Gyorgy 1963 - Arthur L. Black

1952 - M. Kleiber 1964 - G. K. Davis

1953 H. H. Williams 1965 - A. E. Harper

1954 - A. F. Morgan and 1966 - R. T. Holman
A. H. Smith

Nominating Committee:

P. H. w eswig, Chairman
E. L.
K. E.

Hove

Harshbarger

Send nominations to:

Dr. P. H. Weswig

Department of Agricultural Chemistry
Oregon State University

Corvallis, Oregon 97331

1967 Osborne and Mendel Award
The Osborne and M endel Award of
$1000 and an inscribed scroll has been

established by the Nutrition

Foundation,

Inc., for the recognition of outstanding re-
cent basic research accom plishments in
the general field of exploratory research
in the science of nutrition. It shall be
given to the investigator w ho, in the
opinion of a Jury of Award, has made the
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most significant published contribution in Former recipients of this award are:
approxim ately the calendar year preceding 1939 - C. A. Elvehjem 1947 - W. J. Darby
. . 1940 - W. H. Sebrell, Jr. P. L. Day
the annual meeting of the Institute, or J. C. Keresztesy E.L.R. Stokstad
who has published recently a series of J. R. Stevens 1948 - F. Lipmann
S. A. Harris 1949 - Mary S. Shorb
papers of outstanding significance. N or- E. T. Stiller K. Folkers
| . K. Folkers 1950-W. B. Castle
m ally preference will be given to research 1941 - R. J. Williams 1951 - no award
workers in the United States and Canada, 1942 - G.R.qugill 1952 - H. E. Sauberlich
1943 - V. du Vigneaud 1964 - J. S. Dinning
but investigators in other countries, espe- 1944-A. G. Hogan 1965 - J. G. Bieri
1945 - D. W. Woolle - i
cially those sojourning in the United States 1946 - E. E. Snell 4 1966 M. Daniel Lane

or Canada for a period of time, are not ex -
Nominating Committee:
cluded from consideration.
P. L. Day, Chairman

Former recipients of this award are: A R. Kemmerer

1949 -W . C. Rose 1958 - P. Gyorgy L. M. Henderson

1950 - C. A. Elvehjem 1959 - Grace A.Goldsmith

1951 - E. E. Snell 1960 - N. S. Scrimshaw . .

1952 - lIcie Macy Hoobler 1961 - Max K. Horwitt Send nominations to:

1953 - V. du Vigneaud 1962 - Wiilliam J. Darby Dr L. Da

1954 - L. A. Maynard 1963 - James B. Allison '_p' ) Y .

1955 - E. V. McCollum 1964 - L.Emmett Holt, Jr. N ational Heart Institute

1956 - A. G. Hogan 1965 - D. M. Hegsted National Institutes of Health

1957-G . R. Cowgill 1966 - H. H. Mitchell Bethesda, Maryland 20014

Nominating Committee: 1967 Conrad A. Elvehjem Aivard for

M. O. Schultze, Chairman Public Service in Nutrition
Alex Blrlack
L. E. Hott, Jr. The Conrad A . Elvehjem Award for

Public Service in N utrition, consisting of

$1000 and an inscribed scroll, is m ade

Send nominations to:
available by the W isconsin Alumni Re-
Dr. M. O. Schdltze h d . h 4 is b d
Department of Biochemistry searc Foundation. The awar is estow e
University of Minnesota in recognition of distinguished service to
St. Paul, Minnesota 55101 the public through the science of nutrition.

Such service, primarily, would be through

1967 Mead Johnson Aivard for distinctive activities in the public interest

Research in Nutrition in governmental, industrial, private, or in -

ternational institutions but would not ex-

The Mead Johnson Award of $1000 and . . . .
clude, necessarily, contributions of an in-

an inscribed scroll is made available by R R
vestigative character.

M ead Johnson and Company to an investi- R o R
The first recipient of this award was:

gator who has not reached his 46th birth- R
1966-C . Glen King

day during the calendar year in which the
Award is given. Selection by the Jury of Nominating Committee:

Award will be based primarily on a single E. E. Howe, Chairman
F.W. Quackenbush
R. E. Shank

outstanding piece of research in nutrition
published in the year preceding the annual

meetin or on a series of apers on the s .
9 pap Send nom inations to:

same subject published within not more
Dr. E. E. Howe

than the three years preceding the annual Merck Institute for Therapeutic Research
meeting. Rahway, New Jersey 07065
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Invitation for Nominations for 1967
American Institute of Nutrition Fellows

The Fellows Com m ittee of the American Institute of N utrition in-
vites nom inations for Fellows in the Society. EIligible candidates are
active or retired members of the Society who have passed their sixty-
fifth birthday (by the time of the annual meeting) and who have had
distinguished careers in nutrition. Up to three Fellows may be chosen
each year.

N om inations may be made to the Chairman of the Fellows Com -
m ittee by any member of the Society, including members of the Com -
mittee.

N om inations (in 5 copies) are due by October 1. A supporting
statem ent giving the reason for the nom ination is desirable.

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

Fellows Com mittee:

S. L. Hansard, Chairman
Paul E. Johnson

W. H. Griffith

Agnes F. Morgan
Richard M. Forbes

Send nominations to:

Dr.S. L. Hansard
Department of Animal Science
Louisiana State University
Baton Rouge, Louisiana 70803

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

J.B.Brown (1964)
Thorne M. Carpenter (1958)
George R. Cowgill (1958)
Henrik Dam (1964)
Eugene F. DuBois (1958 )
R.Adams Dutcher (1961)
Ernest B. Forbes (1958)
Casimir Funk (1958)

W endell H. Griffith (1963)
Paul Gyérgy (1965)

Albert G. Hogan (1959 )
Icie M acy Hoobler (1960)
Paul E. Howe (1960)

J. S.Hughes (1962)
C.Glen King (1963)
Max Kleiber (1966)
Lepkovsky

samuel (1966)

Leonard A. Maynard (1960)
Elmer V. McCollum (1958)
Harold H. Mitchell (1958)
Agnes Fay Morgan (1959)
John R. Murlin (1958)
Leo C. Norris (1963)
Helen T. Parsons (1961)
Lydia J. Roberts (1962)

W illiam C. Rose (1959)
W. D. Salmon (1962)
Arthur H. Smith (1961)
Genevieve Stearns (1965)
Harry Steenbock (1958)
Hazel K. Stiebeling (1964)
Raymond W . Swift (1965)
Robert R. Williams (1958)
John B. Youmans (1966)



Invitation for
Nominations for Honorary Membership in the
American Institute of Nutrition

The Committee on Honorary M em berships of the American
Institute of N utrition invites nom inations for Honorary Members.

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

N ominations may be made to the Chairman of the Com m ittee on
Honorary Memberships by two members of the Society.

N om inations (in three copies) are due by October 1. A supporting
statement giving the reason for the nom ination is desirable but not

necessary.

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

m ajority of the ballots cast.
Honorary members pay no membership fees but are eligible to

subscribe to the official joum al(s) at member's rates.

Com m ittee on Honorary Memberships:

Paul Gyosorgy, Chairman
Grace Goldsmith

R. W . Engel

Send nominations to:
Dr. Paul Gyo6rgy
University of Pennsylvania
Pennsylvania General Hospital

Philadelphia, Pennsylvania 19104

The following persons have been elected previously as Honorary

M embers of the Society:

Kunitaro Arimoto Toshio Oiso
W.R.Aykroyd H. A.P.C. Oomen
Frank B. Berry Lord John Boyd Orr
Edward Jean Bigwood Conrado R. Pascual
Frank G. Boudreau V. N.Patwardhan
Robert C. Burgess B. S. Platt

Harriette Chick Emile F. Terroine
F.W.A.Clements Jean Tremolieres
David P. Cuthbertson Eric John Underwood
Herbert M. Evans Artturi l. Virtanen

Joachim Kiihnau
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