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LHTRODUCTION

Somparotive production of liver snd muscle gly-
cogen on diets contalning galectose «nd gluccse hes

(1)

long Leen of interest, Cori meagured conversion

of various sugers to liver glycogen in fested rats

and conecluded that galsctose wee an 1nefri¢iﬁnt gly=-
cogen percurser when comp.red to glusose or fructese,
Cori based his conclusiocns on the faot that the liver
is presented with e higher concentration of blood gaw
laoctose thon of bleod glucese =nd attached 1955 inpore
tance to urinary losses, Deusl and &ESGGi'tﬁﬁ(a) concluded
that 1f allowencee were made for the amaﬁn% of galao=
tose lost in the urine it would compere favorably with
gluscose a8 o gource of liver glycogen, In nephrecw

(3} found that liver

tomized rats Bergman and MeoKey
glycogen wes higher in rote glven galasctose then in
those given glucose, Differences in retesg of ebsorp-
tien, large differences in rates of utilizetion, and
the high urinary loss of gslectose have made it difficult
in such experiments to achieve aimil&r conditions in
the metebolism of the two sugsrs.

Upwards of 80 per cent of fed galictose thut is
metcbolized is removed from the blood by the liver,
Smell amounte may be vtillzed by periphsral ti&ﬁaﬁs(%};
It is highly probablé the% al)l or nearly ell galactose
utilizsd ot any sita is first converted to glucose,
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Tygatrup and W1nklar£§) have shown in humensg thet at
levels of bleod gelaoctose cbove shbout 50 mge per cent
there isg ne increased rate of metabolism of this sugar.
They presented deta showlng that the liver has the
ability to cleer all of the galectose from the blood
passing through 1% ap to thls concentration, but that
1t 1s unable to hendle higher levels,

Cther experiments showed thét the emount of gelace
tose metabolized can be incrsased by increesing the

t{sl. This is prub&hly because

amount of fet in the dle
fat slows gelactose cbsorption from the gut snd & longer
time is evallable for the 1iver to handle the same |
| amount of sugel rether than because of & speciflc effect
(7,8)

of fat on galaétaaa intermediary metabollsm LB

nearly all gelactose filtered in the kidney is lost in

{9}, slowlng abzorntion end daareﬁ#in@ blood

the urine
1aVels deoresses vrine loss.

In view of these 4ifficulties 1t was declded to
compere the two sugers when utilized at squal and
caﬂstant rates along with identicel amounts of fat and

lgrotnin. Ideally the diets would huve been administered
slowly and evenly threughout the entire 24 hours or

| esch day. 48 e compromise, the dlets wers fed in
weighed emounts four times each day, and the com-

paretively high levels of proteln and fet were counted

upon 6 keep absorption rel tively even.
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ifter several prelinminary experiments e diet
level was determlned thed permitied good welght gain

and thet wes eaben within s few minutes of feeding.

P ERIMIENTAL

Male Sprag.e-bawley rats kept in individual exges
were first fed ground ‘urine Chow in welghed amounta
four times per day (/24 of the duily retion at 9 am,
L/24 &t L pm, 6/2% 2t 5 pm, asnd 10/24 st 11 pm) for
three or more days. Jeater wes allowed ad 1libltum
throughout the experiment, Then aufter a& 32 hour fast
(beginning by omitting the 9 em feeding and ending ot
5 pm of the following day) rats of 180 to 220 grems
fested welght were fed ei.her s gelactose or & glucose
diet for nne, two, three, or fcur days. The gelactose
diet contained: galuctose 45, caseln 2¢, lesson oll 18,
god liver oil 2, brewers yecst 10, and wﬁé@&& gnlt mix
4, all in per cent by welght.

Starting with the end of the fasting period at
5 pm, 15 grems of galactose diet @@é 200 grems fosted
welght rat per 24 hour wes given l1n amounts snd times
a8 indicuted sbove and the ratg sscrificed for enaslysis
of 1iver end muscle glycogen.

On the day of peariflce food was glven only at
9 am. DBetween 5 pm and 8 pm the rats were anesthetized

with intreperitonesl pentoberbital, {6 mge per 100 &)
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the right gastrocnemius muscle gulckly escised, cleaned
of fat and tendon, chopped 1@tﬂ fine pleces with a
sissors end dropped into 30 per cent EOH. The left
gestrocnemius, similarly treated, wes placed in ice-
cold 10 per cent trichloroacetic ecid {7TCA). Then the
abdomen was opened, the liver removed, bloetted snd
pleced in a tissue prese where the perenchyma was
separated fromw the capsule and collected in & dry e-
vaporating dish. After a few seconds brisk stirring
to assure homogenlety, samples of epproximately one
grem were pleced in 30 per cent XUH end in 10 per cent
TChy |

Glycogen waa determined on the 30 per cent KOH
semples by the method of Geod, Krumer, and Samagritla’,
and on the TC4 samples by the method of Bloom and
as&saiaﬁea‘ll). The difference obtained by sublrscting
the TCA extractable glycoger from the K0T extractable
glycegen is tarm&ﬁ residual glycogen. |

In botn Gases the precipltated glycogen was washed
once with 70 per cent ethenol, cantrifug&d; allowed to
dry and hydrelyzed in N sulfuric acild fer three hours,.
+fter neutralizetion to phenol red, glucose was determined
by the method of ﬁcmagyi{lza_

Four rats were pluced in individual metabolism
cages and urine collected under toluene for esch of

four consecutlve 24 hour periods. Samples were frozen
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and stored until enslyzed., They were thawed, aserated
to remove toluens, and a Somegyi filtrate‘la} prepared,
Urine galsstose was determined for eech 24 hour perioed,
the totsl esmount of gslactose excreted by each rat in
four days computed and ¢ correction of 0.150 g added
for the amount of gelactose entimsted to be present in
body water at the time of sacrifice., This total, teken
as the amount of non-utilized gslsctose, was subiracted
from the total amount fed, end the difference, divided
by four, bteken as the amount of gelactose metabolized
per rat per 4ay. A grand average was then computed
for the total of four rats,

A glucoss diet was then prepared se that esck
rat would recelve glucose equal in weight to the
aversge amount of galuctose utillzeﬁ'by the galactose-
fed rets, Wesson oll, cod liver oil, saltx, caeseln
and yeast were included in eamounts egual to those fed
the galsctose-fed rats. It was necessary to edd about
5 per cent of Sulkafloc, & cellulese flec, to gain
sufficient grenularity to permit sccurate welghing.
This glucose diet was then fed to other rats under
the same conditions se deacribed for the gelaotose~
Ted rats,

It was found that the glucose diet should coentain:
glucose 18.0 per cent, cesein 30.4 per cent, Wessen

0il plus cod liver oil 30.4 per cent, yeast 15.2 per cent



6
and Wesson salts 6.0 per sent., 5 g of sulfafloc were
addsd per 100 g of ration, A total of 9.88 g of nu~
trients per 29@ g Tested walght per 24 hours was glven.
This cont&ins&: glucose 1.78 g, cusein 3.0 g, fat 3.0 g,
yeest 1.5 g, and selts 0.6 g,

Ixperiments using the galactose dlet were done in
Wovember and December of 1957 end during Januarxy of 1958,
Bxperiments using the gluccse dlet were done in February,
Mereh, end April of 1958, The temperature in the room
housing the experimental animals wes possibly l~26)6
higher during some of the glucose ezgariméata, due o
modification of the room's celling and chinges in
heating facilities.

RESULTS AND DISCUSSION

It 1s peen on inaspecting Figures 1 and 2 that the
curves representing total liver and muscle glycogen
heve the game genersal shape. There is 2 sharp increase
in both liver and mﬁﬁclé glyeogen after ono day of
feeding. A8 this seme level of feeding is continued
for two deys there is a decline 1n both liver and
musele glycogen Lo s level which remains reletively
sonstant for the next two deys,

Excepbing a significant tendency for muscle gl=
cogen to declliane to lower levels iun galactose-fed anie

mals on days two, three, and four, there is no significent
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difference in Hhe total liver or tobtal muscle glycogen
. patterns on the two diets. In perticuler there is no |
evidence for & d@iflference of liver glucose derived
from dietary gslactose ze ageinst that derived from
distary glucose es & glycogen former.

The shape of these curves indlcate festing hes
activoted fectors thet cause higher levels of both
liver and muscle glycogen than would casur at the
same Teeding levels in non-fasted animals. Prolonged
festing is known to lncreuse ﬁh@ sonversion of proteins
to carbohydrstes, Liver glycogen levels tend Yo rise
somewhat Tollowing prolonged fasting. DPresumably,
Teeding would decrease Lhe conversion of protein to
saerbohydrate. It is improbeble that much of the in~
creased glyoogen found on the flret day iz derived
from endogenous protein: Treliminary feeding sxperi-
ments nt decressed food intakes resulted in much lowex
glycogen levels throughout, with & corsesponding dew
crecse in difference between the first and following
days, though the percentage decrease was roughly the
SEME s

Wore probably the high levels ol glycopgen sare
due to incressed production of gliycogen froa substances
in the diet, either from protein or from carbohydrote
or both.

It is of interest to note thet body weight uscally
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deera&séd during the first day of feeding aﬁé welght
gain becszme spperent usually only after the end of
two days; coinciding with a drop in liver snd muscle
glxu@gaﬁ; This is good svidence of contiauaace of
the catabolie phaese Indueced by starvation inte the
firset day of fesding. (Figure 3)

Lower values of muscle glycogen in gelactose-fed
animals may reflect lowered glucose levels in the
bloed of these &m&m&lail&). It also may be due to a
specific tendency for galactose to inhibit glycogen
deposition in muscle, In any cuse, by thﬂ‘fQHTth
day total muscle glycogen velues in growing galactose-
fed animals were well below levels found in the 32-hour
fasted controls.

Though the geslactose diet contains L6 per cent
galuctose as fad; only ons~fourth @f}thia weg retained.
Therefore, both sets of animals were utilizing & high
proteln, high fat, reletively low cerbohydrate dist.
Fat is a poor mource of carbahrdrute; but protein is
converted to glycogen by deaminizetion of amine acids
and their conversion to glucose percursors, The dletary
source of both liver and musele glycogen is therefore
uncertain,

Liver glycogen levels are influenced by the come
position of the diet, glycegen deposition being favored
by high carbohydrete diets and decresnsed by high protein
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or high fat aisﬁﬂ{lﬁa. This may in pert account for

the low levels of liver glycegen found on deys two,
three, and four., It i alsc posslble thst the animels
would heve consumed somewhat more calories 1f permitied
to feed ad libltum, but it was necessary to keep them
slightly bungry in order that they would promptly cone
sume the diet st each feading peried,

Much of the centroversy reganrding the efficiency
of galucteose as o zglycogen procursor ia e reflection
¢f the differences in sbsorption, rate of removal
from the blood, urinary laas; and sites and retes of
metabolism,

Io most quantitetive sxperiments the investigutors
used one dose ol concentrated sugsr sclution given by
stomach tube., Galeoctose ls somewhat meore repidly

absorbed thup glucoss, G@riilﬁ}

gives Lhe relative
rates as 110 te 100, Thus gelactose renches the ﬁ&aaﬁ
more gquickly than glucose, However, presumably =11
body tissues can remove and utilize glucose from the
bioa& while the major and, probably for nractical
purpeses, the only sctive site af'gﬁlaatnag netabolisn
is the liver, Iven the liver has been shown to have
rather limlted ability to take up gelectose, Henos
blood galactose scon rises to high levels with con-

sequent losses in the urine in enimnls eating the



10
galactose retlon. Under conditions of the present
experiments a 200 g rat i1s able to utilize only 1.8 g
of galactose per 24 hours. This may well be close te
the meximum poszible rete for this straln of rat since
the method of feeding is believed to present the liver
with high snd rel tively cunstent galsctose levels.,
Totel blood suger wes found to be 160 mgs per cent
10 hours after the last feeding ot 9 am;‘wnich indicates
falr amounts of g&i&zt@aa were 8till present in the
body et thie time. If blood gulactose is estimated at
100 mgs per cent ot this time, and geluctose at this
cencentration ls distributed throughout body water
{taken as 70 per cent of body welght) caleulutions
show that 140 mgs of gelactose remain unutilized,*

Galectose quickly diffuses into extracellular
water and more slowly into intrecellulsr water. Gﬁﬁﬁ‘
gequently cehsiderabl@ galoctose can be "stored® intra-
cellularly, gredually passing back into the blood as
blocd levels fall,

In single dose experiments s wide range of ree
lations betwsen the two sugars as glycogen formers
could be achieved by varying the dose and the time of

sampling. If low doses of galsctose are given, so

¥ LT 70 per cent of weight us body water, &« 200 g rab
would have 140 ml, of body weter., This would contein
100 mgs gulactose per 100 ml., or & total of 140 mgs
of galactose in body weater.
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that bloed levels do not exceed the ability of the
liver to clear 1% from the portel wein, liver glycogen
deposition would begin and end serly., There would be
little or no pelectose lost 1o the urine, Thus by
glving small emounts cnd messuring liver glycogen soon
efter suger edministrstion the relative position of
gelectose as & glycogen former would Ye improved,

At higher suger doseges the liver would be flooded
with g&lectaa@ bringing sabout high vrinury losses and
diffusion into imtracellulsr water. Liver metabollsm
of gelaetose would continue ot 2 low but maiimul rate
for gome time due to the beek dirffusion of intrzcelluler
galactose. At L2 or even 24 hours the liver alght still
be converting thls atored zslactose to glycogeu. Glucose,
on the other hand, would have been much move gqulcizly taken
up, coverted %o zlycopen, and az tlme progressed be dife
fused Bﬂag into the bloed from the breskdown of this
newly forned glycogen.

Measurements taken early would show & high al=
ficisucy for gluecoge ond = lower afficlency for ge-
lectose as glycogen formers, Bven i corrected for
the amount reteined, es Devel end associutes did, ga=
iﬁataas would s6ill be less efficlent es not zll galsce
tose retained (fed mipus thet in gt end vrine) would
heve been metabolized. ‘

Leter cn in & fert, the cdventsge pocses to gelactose
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ag intracellular galsctose moves into the blood and
is converted to glucose and glycogen by thé liver,
‘while nt the seme time glyaegeﬁ 1evals in glucose=
fod snimels would be felling pregressivmly.

| In the present experiments an ettempt wss made
tevavuid these pitfalls by prmviding & felirly constant
rote of metabolism of gelactose, glucose, fat, and
proteln.

Though there are ne significant differences sesn
between the two diels as liver glycogen formers, it is
possible ﬁn&t g relutively lurge émouﬁt of glyecogen
came from proteln sources in both cases and thet this
obscured resl differences in levels of glycogen derived
from the two sugars (Figure 4). Isotope studies would
help to diﬂcarn the sources end relative origins ef
liver and musecle glycogen on tﬁ@aa'éiatﬁg

It is worth netiﬁ@ thet though the total muscle
glycogen in glucose-fed snimels is higher on days twe,
thres, ond four, the residusl glycopens are significantly
lower on the first, second, and third days than in the
corresponding galectose~fed aninels (Teble 2}, Reslidual
glycogen is determined by Sthraeting TCA soluble glye
cogen from total or KOH soluble gzlycogen. ?ﬁersfers;
compurutively much larger f?uatiﬁﬂﬁ of muscle glycogen
must have been soluble in TCA in the glucose-fed ani~

mals, There ere two possible explanations for this:
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1} @Glycogen from giucuse animals is setually more
soluble in TCA, &nd 2) There wag & difference in.
grinding teshnique and therefore, in tissue particle
size. The lotter explanation is supported by the
faot that 1t was necessary to begin uslne & new, very
tight, hemeogenizer at the time the glucose experiments
were begun, due to the breckage of the old and quite
loose homogenizer, A few muscle glycogens were done
aﬁ glucose animels with the old homogenigmer prior to
its breaking, and residual glycogens here (Table 3)
were quite & blt higher then those done . few deys
later with the new instrument.

Similerily the homogenizer used for iivax panples
was also nsw,'anﬁ quite tight at first, It becaine
somewhat looser with contirued ume, This nmay acoocud
for the rather low velues for residusl glycopen found
‘thranghumtltﬁe exceriment, Thre@ of these yalues ore
not statistically diffﬁrﬁnt from zero, However, in
view of $heir smell size, ond because they ere deterrined
by tLo difference of two relitively lorge nlmﬁera; the
numericrl velues for liver residusl pglycogens ers pro-
ably more Inscoirrertely determined then the stonderd
devistions in Teble 1 would indicete. Tt is sefe to
say only thet the guantlty of residusl glycogen in

liver is indescd smoll.
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SURBARY AND CONMULUSICES
l. The matabmli:m of gelectose and glucose, o8
reflected by liver snd muscle glycogen levels in rais
fed diets conteining these sugars, was studied. To
compensate for urinary losses of gelsctose, diets
were prepared contsining either L6 per cent galasctose
or an appropriste smount ¢f glusose; along with equal
quantities of protein, fat, selts, and yeast. The
diets were given four times per day at the level of
15 g of galactese diet {or an eguivalent level of
. glucose dieb)] per 200 g fosted weight per 24 hours
te mele Sprague~Dewley rets previously fested 32
hours: Ceompesition of the two diets wes so csleulated
thet rets utilized sugar, fet, protein, saltss, and
yveest from esch of them 2% constant snd equel rates.
ToA and EOF seluble liver and muscle glycogens were
determined after one, twe, three, end four deys of feeding.
‘ 2, 4% the di@@ary levels used no aignific&nﬁ
differences were found in liver glycosen walues at
one, £wa, three, or four days feeding in rats utilizing
equal smounts of gelactose or glucose along with the
anné amounts of protein and fot when metabolism of these
substences wee spreed evenly throughout the day.
3. Following = 32 hour fast, musecle snd liver

glycogen levels were highest after one day of feedlng
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and lower and relatively constant thereefter, with
the exception of muscle glycogen in galactose~fed
rate, which tended to decline with time to less ﬁh&n
the fasting 1evai at four days.

4o Ko evidence was found for & difference of
liver glucose derived from dietary geluctose, as
against that derived from dletary glucose, as a gly~
cogen former. |

S5 Low wvalues of residual glycogen found in
liver and in gluceose-fed muscle might have been due
to finer tissue particle size in TCA samples produced
by grinding in a tight homogenizer. The relation of
residuel glycogen end partiole size in grinds produced
by different homogenizers should be further investigated
immediately.
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FIGURE 2

MEAN WEIGHT GAIN IN ALL RATS
IRRESPECTIVE OF DIET
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