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FOREWORD
by
Proressor C. H. BEST, C.B.E., M.D.,, F.R.C.F,, F.R.S.

Tue results of well-controlled investigations are not
available to provide the answers to many of our more general
questions, Iow much of what is reported in this volume
would have been generally available if there had been no
Colloquium ? Iow many new cxperimental approaches to
unsolved problems have been or will be formulated as a
result of the published and unpublished d wluch
this meeting made possible ? How much has this Colloquium
really helped those of us who were privileged to attend and
those who will read this record ?

Many of the participants met agam during the summer and
some of these questions were answered. It was a successful
Colloquum and many new studies will arse from 1it.  Mis-
conceptions were removed New knowledge was gamed.
Further proof that small mcctimgs of keenly mterested
nvestigators are valuable, was undoubtedly provided.

A great deal of time and energy and considerable money is
required for the organization and conduct of these meetings.
All the participants wish to thank The Ciba Foundation and
Dr G. E. W. Wolstenholme and Ius efficient and helpful stafl.
Our colleague Professor Frank Young was responsible, with
Dr. Wolstenhol for the ar t of the Scientafic
Programme and we would like to express to him also our
indebtedness and cordial thanks.
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PART I

ENZYME SYSTEMS CONCERNED IN
CARBOHYDRATE METABOLISM

ALTERNATIVE ROUTES OF CARBOHYDRATE
MUTAROTIKN T

Erratum

The plate <showing Figs, 1 and 2 (Conn) has
been placcd betwéen pages 12 and 18 in crror.  -oncentrate
Tts correct position is hetween pages 128 and 120, of earbo-
wailable to

animal tissues.

The Glycolytic Route
As regards anaerobic breakdown of carbohydrate m animal
tissues, there is now hittle ar no opposition to the aceeptance
of the pathways of the Embden-Meyerhof-Cori glycolytic
chain, and a steady secumulation.of data for vanous ammal
tissues continues to support the importance and widespread
aceurrence of this type of phosphorylative breakdawn {Fig. 1).
Tt 15 worth making a fen pownts about the more famihar plyco-
Iytic system at ths stage, m order to contrast this with the
altersative rottes. First, dunng the conversion of 1 molecule
of hexose to 2 tnoses, 2 lugh energy phosphate bonds are
required from 2 moles of ATP.* Similar conversion of | hexose
umt of glycagen requires 1 mole of inorganie phosphate and
*#The following ahbrevntions ate used -
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1 mole of ATP. Since no oxidative reaction oecurs up to the
tniose stage, no co-dehydrogenase {DPN or TPN) is required

up to that stage; the oxidation of glyceraldehyde-phosphate
by 'ts : '’ det 1

i 13 pled by DPN with the
are) Gupeose.
FRUCTOSE __ FRUCTOSE 4 re)
DIPHOSFHATE' 6 PHOSPRATE L 6-6.8 52 G- 1-P
K 1
{Aldulase) S oarcasen
\ +
N My PO
GLYCERALOSHYOE S22y DIMYDAOXTACETONE
J PHOSP PHOSPHATE \
{Triose phosp (SH reagents) y
dehydrogenase) | | Hy PO (0PN) 5
%
Y
13 OIPHOSPHOGLVCERIC ACID 0aAreN}
v
o oot
3 PHOSEHOGLYCERIC ACID ol
v
2 PHOSPHOGLYCERIC ACIO <
o) Hr )
2 PHOISPHOMAIPYRWVIC ATIO_ 0
2
“or) oA.048

~C0, T eDarrac sco
PYRUVIC ACiD

KREES’

ot ) e
3 L ACTIC ACID) (rew s oeK)
+ 20,5 200,
Fio. 1. Glycolytic raute, showing s retationstop to the FIMI-
oudative route,

reduction of pyruvate by lactic dehydrogenase. During these
two later stages of the glyeolytie cycle, 2 males of morganic
phosphate are taken up and two high energy phosphate bonds
are generated per mole of triose. {1} by the dehydrogenation
of diphosphoglyceraldehyde, and (2} by the dehydmh’lon of
2-phosphoglycene acid by enolase. The former reaction is
catalysed by a sulphydryl enzyme which is casily blocked by
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1odoacetate and other -SH reagents, while enolase is readily
poisoned by low concentrations of fluoride 1on. In brief, the

glyeolytic system 15 a DPN system sensitive to iodoacctate
nnd Ruoride, requinng inorgame phosphate and involving ATP
or ADP at stages other than the initial hexokinase reaction.
These ghycolytic enzymes so far discussed arc all soluble en-
zymes, contamed m the eytoplasm. It 15 believed that by o
reversal of the glycolytic chain glycogen can be synthesized
from lactate, pyruvate or other intermedhates, via triose phos-
phate 2%« fryctose 1:6-diphosphate. This view 1s in accord-
ance with the meorporation of labelled €O, mainly (though
not entirely; see Wood, 1951, p 227} nto the 3 and 4 positions
of the hevose chain,

It 1s necessary here to mention some speeial aspects of
fructose metabolism, winch have a bearing on alternative
pathways of carbohydrate metabolism, Liver and muscle
contain m addition to the more familiar type of hexokinase,
a speaifie fructokinase which phosphorylates {ructose in the
I-postion with the md of ATF (Con, Ochoa, Siein and Cori,
1951; Leuthardt and Testa, 1951). Fructose-1-phosphate can
also be svnthesized from the triose stage by the action of
musele aldolase on a mixture of n-gly ceraldch) de and dihy-
droxy acet: phospl (Meyerhof, Lol and Sch
1836) The rcactmn has been considered as going to com-
pletion. but Dr. de Duve in the following paper will be dis-
cussing its reversal as well as other pecularities of fructose
phiosphorylation, particularly those in liver tissue, so that 1t
15 unnecessary to go mnto details here, except to pomnt out
analogies with the breakdown of pentose phosphate and re-
synthesis of fructose monophosphate, which will anse at a
later stage of the present paper.

Under oxidizing conditions, lactic acid 15 not produced from
pyruvate, and the necessary re-oxadation of the DPN which
has been reduced by the tnose-phosphate dehydrogenase, is
linked by the eytochrome oxidase system with atmospheric
oxygen erther through the Szent-Gyorgy: system of t-carbon

acids, or else by a speufic fiavoprotein, DPV-cytochrome c
canso




4 F. Dickexs

reductase contained in the mitochondria and microsomes
(Hogehoom, 1949), wiich links reduced DPN with eytochrome
c. The further oxidation of pyruvate via the Krebs' cycle to
CO, and water would require TPN for the isocitric dehydro-
genase stage and DPN clsewhere.

It has become customary to describe this as the “glyeolytic”
route of oxidative carbohydrate breakdown. It 1s probable
that this pathway occurs in many tissues, and m muscle prob-
ably accounts for the major part of carbohydrate oxidation.

The HMP Oxidative Route : Earlier Work*

In other tissues, and probably to some extent in muscle also,
other pathways ean lead to carbohydrate ovidation. Although
the extent to which they share this function with the glycolytic
system 1s still undefined, the existence of the necessary en-
zyme chain for the so-called “HMP oxidative route” is now
clearly established. Warburg, Chmstian and Griese (1985) as a
result of their studies on the oxidation of glucosc-6-phosphate
by red blood cells and by Lebedew yeast maceration extraet,
described the preparation of glucose-6-phosphate dehydro-
genase (called by them Zwischenferment). They found that
this catalyses the TPN-speaific oxidation of its substrate to
6-phosphoglucome acid, which was identified as the final pro-
duct formed. Inorganic phosphate was not required (Negelein
and Haas, 1935). It may be mentioned here that recent work
by O. Cort and Lipmann (1952) shows that, as suggested inde-
pendently on theoretical grounds by Diekens and Glock (1951),
the primmary product of tlus dehydrogenation is probably
6-phospha-S-gluconolactone, the reaction thus being a simple
deliydrogenation occurring at C, of the gluco-pyranose ring.
The reversal of this reaction (reduction of lactone to G-6-P)
is made thermodynamically less remote by this representation
of the rcaction (Cori and Lipmann, 1932), but attempts in
our laboratory to d rate spectrophotometrically the

T vend the nhrase

. . .
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reoxidation of reduced TPN by the enzyme from liver
and excess G-phosphogluconolactone have not so far been
successful.

Further breakdown of ¢ was shown to
occur in yeast extracts by \\ nrlmrg Christian and Griese
{1935) and Warburg and Christian {(1937); the crude products
were partially separated and shown to mive the phloroglucinol
pentose reaction. Lipmann (1936) had suggested on the basis
of the oxygen uptake and CO; output, which continued in the
presence of bromo-acetate, that oxidation to a 2-ketophospho-
gluconate might be the primary reaction and that this product
might be expected to yield p-aralimose on decarboxylation,
Independently, Dickens (1936} observed that separate ycast
enzymes effected the oxidation of G-6- and 6-PG, and
described the preparation of a 6-PG-dehydrogenase. This re-
quired TPN as cocnzyme, and its propertics were investigated
(Dickens, 1838a). The products of the reaction were frac-
tionated as lead and banum salts and analyses showed the
presence of ketohexome acid, pentose and tetromic acid, as
their phosphone esters. On the basis of these results a ten-
tative scheme of carbohydrate degradation was advanced
{Dickens, 1938).

D-Arabmose-5-phosphate  was not m fact, as Lapmann
suggested, attacked further by yeast enzymes, or 1t was only
attacked very slowly, as was also xylose-5-phosphate.
Dickens (1838a) found mstead that p-ribose-5-phosphate was
wvigorously oxidized 1 presence of a smitable enzyme preparas
tion from yeast, TPN, and a carnier {phenazine methosulphate)
which couples reduced TPN with atmosphernic oxygen,

Ancther preparation, made by Dickens (19385) from dried
dialysed Lebedew maceration extract, was found to ferment

Hy p-ribose-§-phospl and was again almost incrt
towards the arabmose and xylose phosphates, and also
towards the unphosphorylated pentoses. Under anaerobic
conditions in the presence of DPN, fermentation of ribose-5-
phosphate proceeded to about 90 per cent completion and
the products from 1 mole n-mbose-5-phosphate were 1 male
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reductase contained in the mitochondria and microsomes
{Hogeboom, 1949), which lhinks reduced DPN with cytochrome
c. The further oxidation of pyruvate via the Krebs’ cycle to
CO, and water would require TPN for the zsocitric dehydro-
genase stage and DPN elsewhere,

It has become customary to deseribe this as the “glycolytic”
route of oxidative carbohydrate breakdown. It is probable
that this pathway occurs in many tissues, and in muscle prob-
ably accounts for the major part of carbohydrate oxidation.

The HMP Oxidative Route : Earlier Work*

In other tissues, and probably to some extent in muscle also,
other pathways can lead to carbohydrate oxidation. Although
the extent to which they share this function with the glycolytie
system 15 still undefined, the existence of the necessary en-
zyme chamn for the so-called “HMP oxidative route” is now
clearly established, Warburg, Christian and Griese (1935) as a
result of their studies on the oxidation of glucose-6-phosphate
by red blood cells and by Lebedew yeast maceration extraet,
descnibed the preparation of glucose-6-phosphate dehydro-
genase (called by them Zwischenferment). They found that
tlus catalyses the TPN-specific oxidation of its substrate to
6-phosphogluconic acid, which was 1dentified as the final pro-
duct formed. Inorganic phosphate was not required (Negelein
and Haas, 1935). It may be mentioned here that recent work
by O. Cori and Lipmann {1952) shows that, as suggested inde-
pendently on theoretical grounds by Dickens and Glock (1951),
the primary product of this dehydrogenation is probably
6-phospho-5-gluconolactone, the reaction thus being a simple
dehydrogenation oceurring at C, of the gluco-pyranose ring.
The reversal of this reaction (reduction of lactone to G-G6-P)
1s made thermodynamueally less remote by this representation
of the reaction (Con and Lipmann, 1952), but attempts in
our laboratory to demonstrate spectrophotometrically the

- W a - - e wte eemmso = T used the phrase

Cori questioned
3 objection we
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Recent Progress in the HMP Oxidative Route

Between 1938 and 1949 no further work was done on the
mechanism of the IIMI oxidative route. Then, making ex-
cefient use of the newer teehniyues of chromatography and
identification of sugars by adapted strains of E. coli, Cohen
and McNair Scott (1919, 1930, 1951) presented o detailed re-
investigation, using the same yeast enzyme preparation with
phenazine methosulphate as carrier, as used earlier by
Dickens. The predicted formation of nibose-3-phosphate from
hexose by yeast enzymes was confirmed by both techniques;
1t was hawever thought to be accompamed by other pentose
phosphates including some n-arabinose-phosphate and there
was also chromatograpine evidence of the presence of 2-keto-
gluconate and an acudic reducing substance possibly resem-
bling an isoascorbic acid in 1ts properties., Iorecher and his
colleagues {Horecher, 1950; Yorecker and Smyrmotis, 1950;
Horecher, Smyrmotis and Seegrmller, 1931, Horeeher and
Smyrmotis, 1051a, b, 1952) have recently made outstanding
contributions to this problem  With a more laghiy purified
pref 1on of yeast 6-phosphoglucomic aerd debydr
1m the presence of TPX, they showed that the first detectable
product accumulating from the ondation of 6-phospho-
gluconate was the lwevo-rotatory hetopentose dernative,
ribulose-5-phosphate, later anequilibrium misture was formed,
by an enzyme named phosphopentose 1somerase, consisting
of nibulose-5-phosphate (25 per cent) and mbose-3-phosphate
(75 per cent). Both sugars were characterized by derivatives.
No evidence of arabinose phosphate formation was reported.

These various results, with some other details of possible
reachion-routes, are presented in Fxg. 2

It 15 therefore clear that ribose phosphate 1s i fact produced
by a cham of reactions from glucose, and there 1 some evi-
dence that the phosphate radical 1 at postion 5, correspond-
mg to the ongmal situation at position 6 in 6-phosphoglu-
conate, isotopic evidence also cxsts for the elimmation of C;
of the latter as (0, (Cohen, 1951)

Tapmann (1936) had already shown that bromoacetate,
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CO’2 +1 mole CHI;OH + 1 mole I,PO,, together with a
residval product which coald not be identified but presumably
resulted from the C,- residue of the pentose molecule-—

CHO; . POH, + H,0 = CHO0H + €O, + H,P0, + €10,

The only known route for the production of aleohal by yeast
is by the familiar path from triose-phosphate, via pyruvate
with decarboxylation of the latter to alcohol and €O, Tlus
1s in accord with the need for DPN, morganic phosphate, Mg
and Mn, and a trace of “actiator” (acetaldehyde, glycolal-
deliyde or henose diphosphate) observed (Dickens, 19385)
Hence the above evidence showed the presence of anaerobic
systems which cleave the pentose phosphate molecule into )
mole triose phosphate leaving 1 mole of a , mtermediate
{possibly glycolaldehyde, CH,O0H.CHO), which did not
appear as such but underwent further changes. The probable
nature of the product formed from the C, residue will be
discussed later.

It is noteworthy that only the phosphorylated pentose 1s
attacked by cell-free extracts Intact cells do not attack pen-
tose phosphates and are presumed to be impermeable to these
phosphorylated substrates, a fact which no doubt assists the
retention of these intermediates within the cell.

On the basis of these observations it was suggested (Dickens,
1938a) that oxidative degradation of phosphogluconic acid,
via ketophosphogluconic acid, pave, instead of the expected
p-arabinose-5-phosphate suggested by Lipmann, the corres-

ding p-nibose-5-phosphate—a reaction mvolving a Walden
inversion of the glucase molecule at C,. A forther suggestion
that continuation of this type of oxidative degradation
beyond the ribose stage occurred m yeast requires re-investi-
pgation; 1n extracts of homogemzed animal tissues 1t has been
found in our Jaboratory recently that 5-phospho-v-nbenie
acid is not attacked (Glock, 1952b), and alternative explana-
tions of the fate of the pentose phosphate are therefore more
probable.
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fiver carcinoma, kidney, bone-marrow, splcen >heart, brain,
red eclls >Rous sarcoma, skeletal muscle. ‘These estimations
are probably only approximate and a more refined assay
method has recently been developed (Glock and MeLean,
10524, b), and 15 represented diagrammatically in Fig. 8 for the
case of hver tissue  This result shows that even in the crude
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and
(Glock and McLean, 1032)

complete soluble-enzyme fraction the enzymie activity 1s lugh,
and suflicient to compete effectively with the glyeolytic
system. The probability of such a competition 1s increased by
the fact that the same soluble fraction contans both “glyco-
lytic” and “‘direct oxidative” enzyme systems. Fig. 8 also
shows how 1 liver, TPN-cytochrome ¢ reductase, contamed
almost entirely in the microsomes and mitochondria (Ifoge-
boom and Schneider, 1950), can couple the soluble TPN-
gh G-phosphate-dehydrogenase system wath cytochrome
¢, and d\us u'\ the mitochondrnal cytochrome oxidase system
with atmosphenic oxygen, The cxperimental vemfication of
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which arrests fermentation, has little effect on the IMP
oxidative route m yeast extract. Dhekens and Glock (1951)
showed that even 0-01 Molar jodoacctamide or 0:01 Molar
sodmn fluonide has very httle effect on the actvity of glucose

6-phosphate or 6-phosphog! te dehydrog and that
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Fie¢ 2. Troboble and possible intermedistes i the trans-
formation of hexose to pentose.

oxidation of neither substrate required ATP or morganic
phosphate. These facts, together with the speeific TPN
requirement of the enzymes, serve to differentiate the direct
oxudative from the glycolytic route.

Similar enzymies occur in ammal tissues (Dickens and Gloek,
1950, 1851; Seegmller and Horecker, 1052), and there 1s agree-
ment over the d)s(nlmtlun of acm'xtyaf dehydrogenases which
1 the ease of f haghscont may be repre-
sented in dccrmsmn order samewhat as follows: yeast, liver,
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adenosine, guanosine and ribose-5-phosphate was converted
by minced antmal tissues, especially liver, into non-pentose
phosphenie esters.  One of these products was olated and
identified (Waldvogel and Schlenk, 1947) as Robison ester.
These authors and Dische (1919) pointed out that the forma-~
tion of a monophosphorylated hexose was surprising, 1f 1ts
synthesis oceurred via the triose-phosphate molecule split off
from the pentose phospliate. Recently mdependent investi-
wations n Dr Corv’s laboratory on yeast (Sable, 1952) and in
our onwn on liver (Glock, 19528) have confirmed the anacrobie
praduction of hexose phosphate from nibase-3-phosphate in
sutable enzyme extracts  Sable has also studied muscle ex-
tracts, in which further breakdown of the product does not
aceur, and this enabled lum to identify the {irst stage as ribu-
lose-5-phosphate, a result which 1s in agrecment with the work
of Horecker et al. alrcady mentioned on the oxidative break-
down of phosphogluconate. The equbbrum 15 produced
by an enzyme, phosphorihoisomerase, wlich eatalyses the
reaction,—

Ribose-5-phosphate = Ribulose-5-phosphate

The hetopentose phosphate 1s then broken down by an
enzyme, present 1n bramn and jeast, distinet from muscle
aldolase  The product consists, n Sable's experiments, of a
mixture of hexose diphosphate and the phosphate whrel:
Sable considers to arise from aldolase condensation of two
triose phosphate molecules, followed by partial hydrolysis of
one of the phospliate groups by phosphatase.

This work 15 largely in agreement with our own (Dickens
and Glock, 1951; Glock, 19524, ), but it scems to us improl-
able that the hexose monophosphate formed 1n our less erude
extracts arises via phosphatase action on fructose-1.6-diphos-
phate, since (@) the latter 1s not oxidized at all by TPN + hver
fractions which readily attack both ribose-5-phosphate and
hexose monophosphate, (b) these same hver fractions are
markedly dcficient i fructose-diphosphatase, and (c) the
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this is clearly shown when the cytochrome ¢ reduction is
followed photometneally (Glock and McLean, 1952a).

The reduction of glutathione 15 also coupled in the same
(microsome+-soluble enzyme) fraction with reduced TPN by
means of Meldrum and Tarr’s (1935) glutathione-reductase,
recently re-investigated by Rall and Lehninger (1952); this
enzyme catalyses the reaction TN H,+ GSSG — 2 GSH
+ TPN. The protection or activation of -SII enzymes by re-
duced glutathione formed in this way may be a valuable side-
property of the direct-oxidative system. Thus action has also
been shown photometrieally by my colleagues Drs. G. E.
Glock and P. McLean (1952). to whom I am grateful for
permission to quote these unpubhished observations.

Very recently, the reversal of the cnzymatic omdative
decarboxylation of 6-phosphogluconate has been shown by
Horcecker and Smyrniotis (1952), who have succeeded n de-
monstrating the fixation of *C0, into 6-phosphogluconate in
the presence of phosphogluconte dehydrogenase.—

Ribulose-5-phosphate + (0, + TPNH + H+
= ¢-phosphogluconate + TI'N

‘There 1s a close formal resemblance between this reaction and
the CO, fixation occurring with a-ketoglutarate and pvruvate,
as studied by Ochoa If this reaction. procceds as wntten
ahove, 1t elearly pomts to mbulose and CO, as the promary
reaction products of phosphogluconate metabolism.  As
already mentioned, 1t 1s not known if the reduction of ¢-phos-
phogluconate to hexose phosphate 15 enzymatically feasible,
although this possibihity 15 suggested by the very simular
reduction of the lactone of free gluconic neid which ean be
made to oceur n presence of reduced DNP and glucose deliy-
drogenase (Strecker and Korkes, 1951).

‘The Further Metabolism of Pentose Phosphate
Formed Oxidatively
Contimung and extending carhier work of Dische (1938],
Schlenk and Waldvogel (1946, 1917) reported that the ribose of
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yield of hexose monophosphate found with hemolysed ery-
throcytes (Dische, 1049) or with purified liver enzymes (Glock,
1952b) 15 clearly about 50 per cent or more higher than could
be accounted for by reunian of only the C, fragments of pen-
tose (Fig. 4) Fructose appears undoubtedly to be formed,
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and was detected by both Sable (1952) and Glock (19524, ).
The latter has estimated the fructose monophosphate by com-
panison of the cxtent of TPN reduction by a spectfic hexose-
monophosphate dehydrogenase with the eysteine-carbazole
test for fructose, and finds that in lver fractions fructose
monophosphate appears to be first formed from ribose-5-phos-
phate and at a later stage gh 6-phosphate pred te:

due to the slower formation of Roblson eqlullbnum esters by
phosphohexose isomerase {Fig. 4). It is gencrally agreed,
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how ever, that free plycolaldehyde does not appear. At present
these results cannot be explained satisfactorily. One possible
scheme, included in Fig. 4, shows the formation of o 7-C sugar
by condensation of glycolaldehyde with pentose phosphate.
Glock (19320) has n fact obtained by prolonged incubation
of ribose-3-phosphate with the 0-5-0+6 ammonium sulphate
saturation precipitable fraction of horse liver, a peak in the
photometric cysteme-carbazole test of Dische and Boren-
freund (1951) wluch corresponds closely with that found for
& hetolieptose (mannoheptulose, from the avocado pear).
After this work was submitted for publieation, Horeeker and
Smyrniotis (1952) published a preliminary account of the
punfication of rat hver phosphopentose 1somerase, which they
found, 1n the presence of erystalline muscle aldolase, synthe-
sized from each 2 moles of ribose-5-phosphate approximately
- e “which corres-
those of sedo-
. 1 . , moicty was
not determimned, but 1t did not appear as triose phosphate. It
1s of great mterest that both ribulose mono- and di-phosphates
(Benson, 1951) and sedoheptulose-monophosphate (Benson,
Bassham and Calvin, 1951) accumulate very early in photo-
synthesis by green plants, the formation of the latter pre-
ceding that of hexose monophosphate. This, and the much
carlier observation of a ketoheptoscphosphate in yeast juice
fermentation by Robison, Macfarlane and Tazelaar (1938),
suggest that these rare ketoses may possibly play a part in a
wide range of biochemical sugar transformations, but the exact
mechansm by hich hexose monophosphate arses from erther
of them 15 still the principal outstanding problem related to
the HMP onidatn e pathway.

The Occurrence and Significance of Alternative Paths
of Carbohydrate Metabolism in Animal Tissues
shortly after Lundsgaard’s discovery of the blocking of
gly(o]ysns by 10doacetate, Krebs (1931) observed that the res-
piration of many tissues was also inhibnted unless lactate or
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pyruvate was present, Nevertheless Barker, Shorr and Malam
(1931) by careful adjustment of the concentration of glyco-
Iytic inhibitor were able to separate almost completely the
anaerobie glycolysis and carbohydrate oxidation in bram and
muscle tissue, Similar results were obtained by thorough
washing of bram cortex with Ringer solution. The glucose
concentration needed for saturation of respiration (0 02 per
cent) was also much lower than for glycolysis (0-2 per cent).
The same applies to the phosphate 10n concentration (Jolmson,
1941) Engelhardt and Barkash (1988) believe that aerobically
the activity of phosphohexokimase in phosphorylating fructose
monophosphate 15 mlubited and that oxidation of carbohy-
drate then proceeds by the direct oxidative route.

Red blood cells have long been known to oxidize glucose-
G-phosphate (Warburg and Chnstian, 1931) and 6-phos-
phogluconate and ribose-5-phosphate (Dickens, 1938a); and
ground up brawn oxudizes glucose-G-phosphate and 6-phospho-
sluconate (Dickens, 1936) Recently, Dichens and Glock (1951)
and Horecker et al (1951) showed the widespread distribution
in animal tissues of dehydrogenases for hoth these substrates,
as already mentioned Finally, enzymes breakimg down ribose-
5-phosphate have recently been deseribed in hver (Dickens
and Glock, 1931: Gloek, 1952: Horecker and Smyrmiotis, 1952;
Sable, 1932), bram and skeletal muscle (Sable, 1952} and bone-
marrow (Seegmiller and Haorecker, 1052). The activity of the
oxidative enzymes m hver, at least, 1s adequate to compete
effcetively with the glycolytic route (Dickens and Glock, 1951;
Glock and McLean, 1952a), particularly as they are in the same
“soluble enzyme” fraction of the cytoplasm,

The lugh activity and wide distribution of the enzymes do
not of coursc cstablish their participation i phy siological
reactions, but taken with the above indirect evidence they
make this probable. As has afready been pomted out (Dickens
and Glock, 1951 tiis route would have a dual significanice—
as a source of pentose for nueleic acids and nucleotides, and
as an alternative oxidative path  The former function would
be expected to be particularly sigmficant for growth. and in
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fact some evidence has been brought forward (Orstrém and
Lindberg, 1910) that carboliydrate metabolism n the phase
of nuclear development n fertilized sea urclun's eggs, which
is oxidative in nature, may proceed by the direct oxidative
pathway. The maintenance of -SH groups in the reduced state
may also be important 1n cell-division (cf. Barron, 1949) and
could v ery well be coupled with the reduction of TPN by these
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Fic 5 Competition of the HMP-oudative route with the

glycalytic route of carbohydrate metabolsm mn the cell The

triose” phosphate molecules are shown separately for con-
venience, hut are presumed to enter a common pool

dehydrogenases 1n the developing ovum, as in the expermments
on liver cxtracts of Glock and McLean (1952a), already
described,

It 15 evident that any such scheme of biological oxidations

et of menant ha numsle bantoation bt ot choan o oe The =

. . i
interest 1s the cyelic regeneration of hexose monophosphate by
a very economical oxidative route, due to the re-condensa-
tion of the pentose fragments The details of the last step are
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now almost the only obscure point, as has been fully discussed
above, Itis worth noting here that mechanisms exist for the
conversion of ribulose-5-phosphate on the one hand via
phosphopentomutase to ribose-1-phosphate (Sable, 1952),
which ean be incorporated mto nucleotides by nucleotide
phosphorylase (Kalckar, 1048}, Also deoxyribose-phosphate
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ean be synthesized from the triose phosphate morety of
ribose-5-phosphate via the Racker “DR-aldolase™ reaction
(Racker, 1952).

Possible Points of Hormone Interaction in Relation
to the HMP Oxidative Cycle

Fig. 6 shows some of the key-points at which major
hormones controlling carbohydrate metabolism have been
desenbed as having their sites of action. It will be noted that
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all reactions leading to the formation of hexose monophos-
phate would be expected to affect both the oxidative and the
glyeolvtic routes. This therefore applies to the insulin control
of heaokinase and the effect of hypergiycmie factor and
adrenaline on the phosphorylase reaction. On the other hand,
a selective effect on the two paths might be caused by a
component of growth hormone, winch inhibits the breakdown
of hexosemonophosphate to pyruvate (Recant, 1952) though
not the metabolism of the C, frag t {acetate).

According to Dickens and Glock (1951) some insulin pre-
pmr'\tians did affeet the activity 1 1ifro of the dehydrogenases
for gl G-phosphate and 6-phosphogl e. The doses
used were hlgl\. and when the cxpcnmenh were repeated with
physiologieal amounts m our laboratory, no speefic effect
\\'h:\tcver of crystalhne or amorphous msulin nor of hyper-
glycermie factor was observed. Glock and McLean (19525)
have also observed that crystalline growth hormone (0-2
rog.jml.) in titro has no effect on these two enzymes. Tt is
very important to sce if the HHMP-oxidative route of carbo-
hydrate metabolism 13 also resistant to growth hormone in
vivo, and expeniments with this objeet in view are now in hand
in our laboratory
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now almost the only obscure pomnt, as has been fully discussed
above. It 15 worth noting here that mechanisms exist for the
conversion of ribulose-5-phosphate on the one hand via
phosphopentomutase to ribose-1-phosphate (Sable, 1952),
wineh can be incorporated mto nueleotides by nucleotide
phosphorylase (Kalckar, 1949). Also deoxyribose-phosphate
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can be synthesized from the triose phosphate mowety of
ribose-5-phosphate via the Racker “DR-aldolase” rcaction
(Racker, 1952).

Possible Points of Hormone Interaction in Relation
to the HMP Oxidative Cycle

Fig. 6 shows some of the key-ponts at which major
hormones controlling carbohydrate metabolism have been
deseribed as having therr sites of action. Tt will be noted that
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all reactions leading to the formation of hexose monophos-
phate would be cxpected to aflect both the ovidative and the
glycolvtic routes. This thercfore applies to thensulin control
of hexokinase and the effect of hyperglycmmic factor and
adrenaline on the phosphorylase reaction. On the other hand,
a selective effect on the two paths might be caused by a
compoenent of growth hormone, which inhibits the breakdown
of hexosemonophosphate to pyruvate (Recant, 1952) though
not the metabolism of the C, {fragment (acetate).

According to Dickens and Glock (1951) some wsulin pre-
pwrahons dld affect the activity in titro of the dehydrogenases
for g 6-phosphate and G-phospt < The doses
uscd were lun‘h, and when the e‘(pcnmcnu were repeated with
physiological amounts in our laboratory, no speafic effect
whatever of erystalline or amorphous msuhn nor of hyper-
glyceermie factor was observed. Glock and McLean (1952b)
have also observed that crystalline growth hormone (0 2
mg.fml.) tn vitro has no effect on these two enzymes, It is
very important to sce if the HMP-oxidative route of carbo-
hydrate metabolism 1s also resistant to growth hormone in
vwo, and experiments with this object m view are now in hand
1 our laboratory,
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¢ DISCUSSION

BEST It 13 abviousdy very important that all of us should know thy,
but it 13 probably farrly hard gowng for thase of us who are chimeans
or phystalogists. Ve would have no difficulty filting the tume put
aside Tor this discussion if we limited 1t to your last shde, but we must
not, of course, do that 1 would Wke at this point to enconrage dis-
cussion an the more biochemieal and «hemical aspects of the xubjects
which 3 ou have discansed, Dr Krehs, would you hike to introduce thrs
hseussion®

Keeas, D would tike to askh Dr Dichens whettier be has any views on
the physiological symificance of these two alternative pathways-—are
they just alternatives of energy production, or 1s the second pathway
via phosphioglucomie acid perhaps a means of producing important ceil
constituents such as nbose?

Dickrvs I think that direet observations will determine that
probably there iy some special importanc e an beth, because it obviously
has a dual function (1) the cycheal oxidation of carbohydrate as an
end in itself, and (2) the production of pentose pliosphates which are

whinh rreld e amerrd el oo bt Eha ek
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requiret for nuclerc ncid formatton (Rathscluld, 1931, Biockem. Soc,
Sympona, 7, 40). The same sort of necessity may,™f suppose, arise i
the action of the growth hormone, but I donr’t profess to knaw very
much about the growth hormene,

G Coxr I was wondering whether the term “direct oxadatine path-
way™ s really yustified  Are you not deabng with a pathway of oxids
tion as indirect as the one which goes by way of pyruvie acid?

Dickons 1 quite agree, Mrs. Cort, on that point.  We have recently
been mvestigating what is relatively a much more direct osidation,
winch 15 the formation of glicome acid from glucose from Hlarrison’s
glucose dehydrogenase system This 15 now keown to be activated
etther by DPN or TPN, and 1 showed 1n 1938 that 2-keto-glicome aed
{the unphosphorylated sod) was readdy owudized m Iadney shices
Since then, Miss I Satmony m our department has been studying

4 and heto-gluconate and finds that these are
much more readidy oudized i hver aod kidney than most people, I
think, realsze.

There 15 an cscellent paper by Stetten and Stetten (J. biol. Chemy,
1950, 187, 211} using labelled glucomie acad, which shows that part of
the carbon at any rate probably fimshed up i the pentose fraction,
I thonk 3t would be more rensonable to call that a direct oadathe
reaction, and to call the other the hexosemonophosphate owuadative
Toute

Lukexs To what extent could the pentose oxidative pathway be

e wafact anymal by the admmstration of pentase?
© ““tem and we have been tryimng to devise
* ~ o an the intact anfmal.

A e ‘ed intermediates are
attacked Onepoints . < generally cansrdered
as traverng the glyeoly tie Toute, wee. > 18 certamly a main

pathway by which triose can get back to the hexose  But the evulence
from fixation of eatbon 1s not entirely 1n fasour of that route, there’s
an exeellent review of that by Dr YWood in a recent Ciha Foundation
Symp (Tsntopes 1 o B 227), 1 winch he showed that
nat all of the fived carbon appears a1 €, and C of the hevose, and 3t
will be interesting ta know where the other hittle tst comes from  The
most direct observations are oh a mucre-orgamsm by S 8, Cohen
{Nature, 1951, 168, 746, Fed Proc, 1852, 11, 264) who found that by
comparitg the sugar uptahe per cell of K. Colt with the actinity of the
direet HMP-oudatn e enzymes, the fatter could account for 30 per cent
of the oxadatson, n sgreesent 5th Ins other eypeniments on Cy-labelled
glucose

C. ¥, Conr 1 wonder whether you have thought of an anserabne
pathway for the formation of nbose phosphate, beravse deoxynbose
pliosphate 15 formed by an aldalase type of candensation, whicl would
be an anaerobie process.

Dickrxns That's a very mieresting pmnt, I think 1t is quite hkely
that the system could fanction anacrohicatly by re-oxadation of the
co-enzyme taking place at the expense of some other mechanism
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C. F. Cor1 Another question I would like to ask 1s whether the C,
‘ragment which 15 formed in the degradation of nbose phosphate has
seen identified 1n your laboratory?

Dicxrrns: The only thing that I can say defimtely about that 1s that
we and many workers are agreed that glycolaldehyde, wluch 1s the
shvious C, intermediate, 15 not formed. If 1t 1s formed, it immediately

a-glucose and f-glucose 1 the lver?

Dickens I am afraid we have no information at all on this point.

Youwe' Can Dr. Dickens throw any hight on the biogenests of ascorbne
acud on the basis of these reactions®

Dickens. I'm going to counter that by askang 1f the so-called diabeto-
genie action of dehydroisoascorbic acid 15 possibly related to this
mechanism? It seems a Iittle unhkely that lfascorbic acid is formed
by this type of route, because 1t 15 not the sort of molecule which one
would expect to anse from glucose 1 this way  On the other hand,

you? Have you in fact investigated the possibility that the glucose
may be oxidized at carbon 6 and reduced at carbon 17

oudaltion at the other end (C6) of the glucose molecule. 1t is certamnly
quite a possibility



NATURE AND INTRACELLULAR DISTRIBUTION
OF THE ENZYMES CONCERNED IN THE
METABOLISM OF THE HEXOSES IN THE LIVER

CHRISTIAN DE DUVE

Two facts are slowly emerging from the numerous studies
which have been concerned n recent years with the hormonal
control of carbohydrate metabolism in the liver.—

(1) The enzymatic reactions linking the hexoses, hexosc-
phosphates and glycogen form n central crossroad, on w Tuch
most hormones are erther known or suspected to exert a direct
action.

(2) The spatial orgamzation of the enzyme systems in-
volved may play an wmportant part 1 many of these regu-
Iatory mechanisms,

These two facts have prompted us to mvestigate more
closely the nature and intracellular distribution of these sys-
tems, as o prehiminary to an eventual study of their suscep-
tibility to hormonal influcnces. The present report will be
devoted mainly to a summanzed account of the results which
have been obtamed to date by different workers 1n this labora-
tory, mecluding, F. Appeimans, I1. Beaufays, J. Berthet, L.
Berthet, II G. Hers, T Kusaka, C. A Vuylsteke, R Wattiaux
and mysell Many of these results are still unpublished and
I am indebted to my co-workers for letting me use thewr data.

Metabolic Pathways and Enzyme Systems
Fig 1 summanizes the mam reactions involved in the inter-
conversion of hexoses and glycogen in liver tissue.

The Hexokinases
The only hiver hexokinase to be faurly well characterized is
Jructohinase, which has heen studied by several anthors (Slein,

22
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Cort and Cori, 1950; Vestling, Mylroie, Irish and Grant, 1950;
Leuthardt and Testa, 1950a, b, 1051; Cori, Ochoa, Slein and
Cori, 1951; Staub and Vestling, 1951; Hers, 1952a, ) The
enzyme from beef liver has been partly purified by Hers
(1952a). It 1s inactive on aldohexoses and on fructose-
phosphates, but, as was first shown by Leuthardt and Testa
(19504, b), phosphorylates other ketoh such as sorbose
and tagatose. The name ketohexokinase, proposed by Leut-
hardt and Testa (10504, b) would therefore seem te he more
appropriate. The enzyme requires magnesium and is strongly
activated by potassium jons, which act by increasing the
affinity of the enzyme for a Mg-ATP complex (Hers, 19525).
The product of the reaction 1s fructose-1-phosphate (Slein
et al,, 1950, Con et al., 1951; Leuthardt and Testa, 1951;
Staub and Vesthng, 1951; Hers, 1952a), an ester which
accumulates 1n the liver of fructose-fed ammals (Kjerulf-
Jensen, 1942)

Very little is known concerning the glucokinase of hiver.
Such an enzyme 1s undoubtedly present in hepatic tissue, but
its activity 1n homogenates or extracts 1s often surprisingly
low and 1s easily lost 1n the course of fractionation (Slein ef al.,
1950, Vestling et al, 1950, Hers, Berthet, Berthet and Duve,
1951; Long, 1952, Hers, 1952a) Preliminary experiments have
however shown that a considerable activation of the enzyme
can take place 1n some cases, but 1t has not yet been pessible
to define the conditions under which 1t can be made to oceur
m a reprodueible manner. It 1s not yet known with certainty
whether hiver glucokinase phosphorylates glucose in the 6
position like other glucokmnases, nor whether 1t or a separate
enzyme 1s responsible for the mannokinase activity of the
tissue

The existence of a galactohinase m liver has been demon-
strated by Baecila (1918) and confirmed 1n this laboratory.
Here agam, curious phenomena occur and 1t has repeatedly
been found that homogenates with a very low galactokinase
activity may yield active fractions From the observation of
Kosterlitz (1943) that galactose-1-phosphate accumulates m
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the liver of galactose-fed animals, and in analogy to the reac-
tion studied 1n yeast by Trucco, Caputto, Leloir and Mittelman
(1948), and by Wilkinson (1919), it may be assumed that the
product of the galactokinase reaction is galactose-1-phosphate.

G-Phosphofructokinase 1s present m liver, but has not been
studied so far, 1t1s not known whether hepatie tissue containg
a I-phosphofructokinase.

Imerconversion of Hexose-Phosphates

Phosph and Lot 'S hoh ase
have been known for a long time to be present n liver but have
not been specially studied i this tissue. Nether the galacto-
waldenase discovered i yeast by Caputto, Lelowr, Cardim and
Paladini (1950) nor the phosphomannose-isomerase wentified
by Slein (1950) 1n rablut’s muscle have yet been evidenced in
liver, but 1t is fawrly probable that both enzymes are present

Fic 1. Pathways of mtercomersion of hiexcses and ghycogen

A Phosphohnases

(1) Galactokinase (4) Ketohexokinase (fructokinase),
{2) Glucokinase (5) 6-Phosphofructokinase,
(3) Mannokinase ? {6) Glyceraldehiyde-hinase
B Enzymes acting on tnterconversion of hexoe-phnsphates
(7) Phosphoglucomutase (11) Plosphofructomutase ?
hospliohiexoisomerase 112) Aldolase
(9) Galactowaldenase ? {13) Phosphotncse-somerase

(10) Phosphomannose-1somerase ?

C  Enzymes acting on glycogen

(14) Phos brylase (16) Phosphory lase-reactinating
(a) \ctne form. Py
) ln'xctue form (17} Amylo-1-6-glucosidase
{1%) Phosphory laseanactn ating {unbranching factor)
enzyme (18) Branching factor

D Phosphatasey
(19} Glucose-G-phosphatase (21) \cid phosphatase
{20) Hexose-diphosphatase
E .lssoriated systems
(22) Glycolytic system (23) Owidative phosphorylations
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and are mvolved in the formation of hepatic glycogen from
galactose and mannose respectively. Uridine-diphosphate-
glucose, the coenzyme of galactowaldennse, has been found in
various animal tissues, mcluding liver, by Caputto et al. {1950),
and Caputto and Trucco (1952) have recently reported the
presence of the enzyme itself in the mammary gland of lactat-
mg rats. On the other hand, Cook (1952) has shown that man-
nese is converted mto liver glycogen without signifieant
splitting of the molecule mto smaller fragments.

The further econversion of fructese-1-phosphate is of par-
ticular mterest. It has been shown by Cori ef al. {1951} that
liver homogenates convert fructose-1-phosphate mto glucose
by way of hexose-G-phosphate They found this reaction to
be magnesium-dependent and to be inhilnted by fluoride and
postulated the existence of a phosphofructomutase, catalysing
the formation of fructose-6-phosphate from frictose-1-ph
phate. They were unable to rule out the alternative possibility
that frnctose-1-phosphate should be first converted to glucose-
1-phosphate through a I-phosphohexoisomerase.

Hers and Kusaka have wvestigated the metabolism of syn-
thetie and enzymatic fructose-X-phosphate by hiver tissue.
They confirmed the basie findings of Cort et al. {1951}, but
were unable to obtan any e idence mdicating the existence of
a phosphofructomntase (or of a 1-phosphohexoisomerase).
According to their results, fructose-1-phosphate is first split
by aldolase mto glyceraldehyde and phosphadioxyacctone; the
Iatter 1s partly 1somerized into phosphoglyceraldehyde by
phosphotriose-1somerase and the two phosphotrioses condense,
again through aldolase, mto fructose-1-6-diphosphate, which
s finally dephosphorylated into fructose-6-phosphate by
hexose-diphosphatase.

The possibility of such a pathway was first demonstrated
by Meyerhof, Lohmann and Schuster (1936) who showed that
yeast aldolase catalyses the formation of fructose-1-phosphate
{rom fructose-diphosphate and d-glyceraldehyde. According to
these authors, the reaction s irreveraible. In the prescat
system, it 15 able to progress mn the reverse direction, thanks
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to the hexose-diphosphatase which removes fructose-diphos-
phate as 1t is formed, thus displacing the equilibrium of the
whole system 1n favour of fructose-1-phosphate disappearance.
The striet magnesium-dependency of this enzyme and the fact
that 1t is inlibited by fluonide (Gomor:, 1943) explain the
findings of Cor1 et al. (1951).

The facts arguing mn favour of this mechamsm beng the
main pathway of fructose-1-phosphate breakdown in hver
tissue and agamnst the existence of a phosphofructomutase
include the following (1) Hepatic homogenates do not convert
fructose-6-phosphate into fructose-1-phosphate, although the
thermodynamie data mdicate that the cqulibrium 15 1n favour
of the latter; (2) Activation of the system with magnesium is
always accompanied by the production of morganic phosphate
1n quantities at least equal to the amount of hexose-6-phos-
phate formed; (3) Whole, freshly prepared homogenates of
liver tissue form considerable quantities of glyceraldehyde,
when ncubated either aerobically or anacrobically with fruc-
tose-1-phosphate  Unless special precautions are taken, this
process easily escapes detection, sinee glyceraldehyde 1s
rapidly destroyed by the barmum hydronide used to de-
proteinize the mixture and behaves like glucose 1n the copper
reduction test (Nelson, 1944, method). If deprotemzation 1s
effected by adding the zine sulpbate first and barium hy-
droxide afterwards, and 1f the reaction with the copper re-
agent 15 carried out during 2 minutes at 80", the free trioses
are estimated specifically *

Fig. 21llustrates in diagrammatic form the results of a com-
plete balance performed by Hers and Kusaka. Ten micromoles
of synthetic fructose-1-phosphate were incubated during one
hour at 30° and at pH 8 1n the presence of magnesium rons
with an enzyme system 1solated from rat hver according to
the method deseribed by Corref al (1951) At the end of the
ncubation period, 36 micromoles of fructose-1-phosphate had
been converted into a muixture of triose, fructose, norganic

*Fructose reacts to some extent under those conditions and a small correc-
tion has to be made when this sugar 15 present in the musture
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and are mvolved in the formation of hepatic glycogen from
galactose and mannose respectively. Uridine-diphosphate-
glucose, the coenzyme of galnctowaldenase, has been found in
various animal tissues, including lis er, by Caputto et al. (1950),
and Caputto and Trucco (1952) have recently reported the
presence of the enzyme itself i the mammary gland of lactat-
mg rats. On the other hand, Cook (1952) has shown that man-
nose 1s converted inte hiver glycogen without significant
splitting of the molccule into smaller fragments.

The further conversion of fructose-1-phosphate is of par-
ticular interest. It has been shown by Com et al. (1951) that
liver homogenates convert fructose-1-phosphate into glucose
by way of hexose-G-phosphate. They found this reaction to
be magnesium-dependent and to be mhibited by fluoride and
postulated the existence of a phosphofructomutase, catalysing
the formation of fructese-6-phosphate from fructosc-1-phos-
phate They were unable to rule out the alternative possibility
that fructose-1-phosphate should be first converted to glucose-
1-phesphate through a 1-phospholiexoisomerase.

Mers and Kusaka have mvestigated the metabolism of syn-
thetic and enzymatic fructose-1-phosphate by hiver tissue.
They confirmed the basic findings of Cort et al. {1951), but
were unabic to obtain any evidence indicating the existence 0
a phosphofr tase (or of a I-phosphohexoi ).
According to their results, fructosc-1-phosphate 15 first split
by aldolase nto glyceraldehyde and phosphodioxyacetone; the
latter 15 partly 1somerized mto phosphoglyceraldehyde by
phosphotriose-isomerase and the two phosphotrioses condense,
agrin through aldolase, into fructose-1-6-diphosphate, which
is finnlly dephosphorylated nto fructose-G-phosphate by
hexose-diphosphatase.

The possibility of such a pathway was first demonstrated
by Meyerhof, Lok and Selur (1936) who showed that
yeast aldolase catalyses the formation of fructose-1-phosphate
from fructosc-diphosphate and d-glyceraldehyde, According to
these authors, the reaction 1s irreversible. Tn the present
system, 1t is abfe fo progress in the reyerse direction, thanks
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to the hexose-diphosphatase which removes fructose-diphos-
phate as it is formed, thus displacing the equilibrium of the
whole system in fav our of fructosc-1-phosphate disappearance.
The strict magnesium-dependency of this enzyme and the fact
that it is hibited by fluoride (Gomori, 1943) explain the
findings of Cori ¢t al. (1951).

The facts arguing in favour of this mechanism being the
main pathway of fructose-1-phosphate breakdown m liver
tissue and against the existenee of a phosphofructomutase
include the following: (1) Ilepatic homogenates do not convert
fructose-6-phosphate into fructose-1-phosphate, although the
thermody namic data indicate that the equilibrium is 1n fay our
of the latter; (2) Activation of the system with magnesium 1s
always accompanied by the production of inorgame phosphate
in quantities at least equal to the amount af hexose-G-phios-
phate formed; (8) Whole, freshly prepared homogenates of
liver tissue form considerable quantitics of glyceraldehyde,
when incubated either aerobically or anacrobreally with fruc-
tosc-1-phosphate,  Unless special precautions are taken, this
process easily escapes detection, since glyceraldehyde 1
rapidly destroyed by the barium hydroxide used to de-
protemize the mixture and behaves like glucose in the copper
reduction test (Nelson, 1944, method), If deprotetnization 15
cffected by adding the zme sulphate first and barum hy-
droxide afterwards, and if the reaction with the copper re-
agent is carried out during 2 minutes at 80°, the free trioses
are esimated specifically.*

Fig. 2 illustrates in diagrammatic form the results of a com-
plete balance performed by Hers and Kusaka. Ten micromoles
of synthetic fructose-1-pliosphate were incubated during one
hQur at 30” and at pH 8 n the presence of magnestum rons
with an enzyme system isolated from rat liver according to
'tllc method deseribed by Cori et al. (1051) At the end of the
incubation period, 3-6 micromoles of fructose-1-phosphate had
been converted into a mixture of triose, fructose, morganic

“ *Fructose reacts to some extent under those conditions and a small correc-
on has to be made when this sugar is present i the mixture.
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phosphate and hexose-G-phosphates, containing traces of
triose-plosphates and of fructose-diphosphate. The dagram
shows to scale the fate of the carbon and phosphate moities
of the disappeared fructose-1-phaspl together with the
assumed pathways, Ttis clear that the main pathway js the

PATHWAY BALANCE
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Fig. 2. ¥ate of fructose-1.phosphate incubated nith rat hiver

one described, with tno wide-reactions due to the sphitting of
fructose-1-phesphate and triose-phosphates, presumably by
hevose-diphosphatase, The enzyme preparation showed a
very law heaose (‘;—p\msph'\msc activity when incubated with
an excess of gt phate, winch to for the
vartual .\\)icncc of free ghlcosc.

Ghyiousty, the evudence presented 1s anly presumptive, and
conclusive proaf that the hver docs not contain a phospho-
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fructomutase can only be obtamed by folloning the fate of
isotopic fructose in vive. According to the scheme presented,
one should expect a high degree of randomization between the
1 and 6 positions in the glucose formed from fructose labelled
in the 1 position.

Additional information 1s needed before the further fate of
the glyceraldehyde formed from fructose-1-phosphate can be
ascertamed. In all probability, it 1s phosphorylated and enters
the system in this manner A fraction has been isolated from
high-speed supernatants ol rat hiver homogenates, which con-
verts d-glyceraldchyde mnto fructose-1-phosphate 1n the
presence of ATP. Two molecules of glyceraldehyde disapp
for each molecule of fructose-1-phosphate formed. Presumably
glyceraldehyde 1s phosphorylated by ATP to 8-phosphogly-
ceraldehyde. The latter1s1somerized in phosphodioxyacetone,
which condenses with a second molecule of glyceraldehyde to
form fructose-1-phosphate. These results show that the liver
possesses glyceraldehyde-hinase actrvity, It remains to be scen
whether a speaific enzyme 15 mvolved.

Another possible pathway of fructose-1-phosphate disap-
pearanee would be by way of a direct phosphorylation to
fructose-diphosphate by a 1-phosphofructokinase, an enzyme
which has been reported by Cor et al. (1951) to be present
m muscle, but not in brain tissue. Except that aldolase would
be short-circuited in this mechanism, the last steps would be
the same as 1n the scheme described and an additional mole-
cule of ATP would also be consumed per molecule of fructose
converted to hexose-G-phosphate The results obtamed so far
are not 1n favour of this second scheme.

Formation and Breakdown of Glycogen
Our knowledge concerning the reachions mnvolved 1n the
synthesis and breahdown of hiver glycogen 1s due almost ex-
clusl\ ely to the work of the Coris and therr eo-workers They
rated the essential réle of phosphorylase and showed
that this enzyme catalyses the rev crsible phosphorolytic spht-
ting of termunal a-1-4 glucosidic linkages (Cor1 and Cori, 1938,
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Cori, Cori and Schmidt, 1939; Cori and Cori, 1943; Hestrin,
1949). Two additianal enzymes are needed for the formation
and splitting of the Y-6-linkages responsible for the hranching
of the glycogen molecule, The unbirancling enzyme has been
recently studied i muscle by Con and Larner (19531} who
showed that 1t possesses the properties of an anglo-1-6-glitco-
sidase, acting by hydralytieally detaching one ghicoseunit from
the side chains which bave been completely denuded by phos-
phorylase. Little is known concerming the branching factor,
which according to recent results of Larner {1952) appears to
be an isomerizing enzyme wath the properties of a trans-
glucosidase,

In the course of studies on the mechamsm of action of
adrenaline and glucagon (H-G factor), Sutherland and Cori
(1851) bave found that the level of active phosphorylase in
hver tissue is conditioned by two opposing systems. One of
these is an enzyme which converts phosphorylase into an
mactive form  Sutherlond (1951¢) has been able to purify
hver phosphorylase and to separate it from the inactivatmg
enzyme. Using punified systems he has shown that the latters
miubited by 6 1 M fluoride and by small amounts of adenosine-
5-phosphate and of some related compounds, and that it is
activated by various purines, including eaffeine (Sutherland,
19515, ¢). The nature of the reactivating system is still
obseure, Its activity supprcsscd W] bcn the celiular structure
1s distupted by fi g or h ion, The glycog
lytie agents shift the balancc hetween the tuo systems in
favour of the reactivation of phosphorylase. Simce they are
entirely nactive on {rozen shices or on homogenates and do
not inhubnt the mactivating enzyme, Sutherland supposcs that
they act by stimulating the reactivatig system.

This system has also been studied m tlus laboratory with
results wiich fully confirm those of Sutherland’s, Dr. Vuyl-
steke and I have found that if 0- 1 a1 fluoride 15 added to hver
slices which have been depleted of phosphorylase by a prelim-
inary meubation, & rapid reactivation of the enzyme takes
place. The same phenomenon has been observed by Suther-
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1and (1951%. ). Presumalbily flucride sets simply by inhibiting
the inactivatine enzyme and fumiches a means whereby the
resctivaling system ean be studied. Amonest other data, we
hasve found thst the rate of reactivation 1s greater m air than
in nitrogen and still greater in oxygen and that it ic enhanced
by dinitrephenol. Contrary to that of gluezcon. the effect of
dinitrophenol adds to that of flunride.  Fiz. 3 illostrstes
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these results. From the rapidity with which these reactions
oceur, it would seem that the turnover of phosphorylase in
liver tissue must be very high.

Dephosphorylation of Hexose-Phosphates
Glucose-G-phosphatase has been studied by Swanson (1990)
——

40

22 P LIBERATED

) H 3 3
116 4 Speaifiaty of glucose-G-phosphatase. Effect of pIl on
phmp)nta&l‘ actny IQ\ of \K"\ihe(‘ Tat-iver nucrosomes on 0 008
Mgl G-ph {G i 1-phosphate (G-1-1°)
“and 5 gl vxrophmplnle (Glye-P)

and in this laboratory (Duve, Berthet, Iers and Dupret, 1940
Hers and Duve, 1950; Hers of al,, 1951). The enzyme is
associated with an insoluble structure and has not yet Leen
obtained in soluble form. It can be partly punified by aggln-
tination of the particles at pH 51 the cold or better bv daffer-
ential centrifugation of the microsome fraction. B_\' this
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method it is possible to obtain preparations which are prac-
tically free of phosphogl tase, phosphohcxorsomerase
and acid phosphatase. As shown m Fig. 4, such preparations
are inactive towards glucose-1-phosphate and g-glycerophos-
phate and lughly active towards glucosc-6-phosphate.

More recent investigations by Beaufays have shown that
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Fic 3 Specficty of glucose-6-phosphatase  iction of washed
rat-liver microsomes on various phosphate esters at pH 6 5

the specifieity 15 not as narrow as was first beheved Fig. 5
summarizes the results of an experment performed on washed
microsomes from rat liver The enzyme was incubated during
10 minutes at pH 6-5 and 37" 1n the presence of equivalent
amounts of the various substrates mentioned. In order to
evaluate the contribution of acid phosphatase to the observed
activities, sumilar tests were performed with the same pre-
paration premeubated during 15 minutes at pH 5 and 37° and
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these results. From the rapudity with which these reactions
oceur, tt would scem that the turnover of phosphorylase in
hever tissue must be very tugh.

Dephasphorylation of Hexose-Phosphates
Glucpse-G-phosphatase has been studied by Swanson {1950)
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and in this Jaboratory {Duve, Berthet, Hers and Dupret, 1949,
Hers and Duve, 1930, Hers et af, 1951) The enzyme 15
associated with an msoluble structure snd has not yet heen
obtained 1a soluble form. It can be partly purified by agglu-
tination of the particles at pH 5 the cold or better by dhffer-
ential centrifugation of the micrasome fraction. E) this
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Coupled Reactions Involving Phosphate and the
Adenylic System

The reactions represented in Fig. 1 are intimately associated
with the general phosphate metabolism of the hver cell.
ATP 15 used up by the hexokinases and “glyceraldehyde-
kinase.” Inorganic P 1s liberated by glucose-G-phosphatase,
hexose-diphosphatase and during the synthesis of glycogen
by phosphorylase. It 1s taken up by the phosphorolysis of
glycogen. The associated reactions whereby ADP and
inorganic P recombine cither anaercbieally or acrobically
have also been schematically depicted in Fig 1.

Intracellular Distribution of the Enzyme

The mam instrument for the study of the mtracellular
distribution of enzymes 1s the method of differential centri-
fugation worked out by Claude (194Ga, b) and perfected by
Hogeboom, Schneider and Pallade (1948). In this method, the
tissueis first homogemzed n cold isotome or hypertonic sucrose
and separated by differential centrifugation nto various
particulate fractions and a final supernatant, which are then
analysed for their enzymatic content., Provided various causes
of error are correctly eliminated, 1t 1s possible i this manner
to obtain information concerning the distribution of enzymes
betueen the cellular structurcs which resist the homogemzing
procedure and are scparable by centnifugation Data relative
to the finer orgamzation of the cell cannot be derived from
such experiments.

Using the method of centmfugation, we have studied the
intracellular distribution of a number of the enzymes
mentioned 1n this report (IHers et al, 1951) Except for
glucose-6-phosphatase, which 1s entirely hound to submicro-
scopic particles (microsomes), practically all the enzymes
mvolved i the interconversion of the hexoses, glycogen and
lactic aeid appear to be present i the cell i a readily
soluble form This has been demonstrated m a quantitative
manner for phosphog! tase, hexose-diphospt e and,
by Kennedy and Lehninger (1949}, for aldolase. Studies on

1
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brought back to pIl 6-5. This treatment destroys glucose-
G-phosphatase completely and does not affect acid phospha-
tase. We are indebted to Dr. Desjobert from Paris for his
generous mit of synthetic substrates.

The most surprising of these results is the relatively high
activity of the enzyme on fructose-6-phosphate, That a direct
action is mvolved has been verified by measurements of the
fructose set free, by estimations of the phospholiesoisomerase
activity of the preparation, which was very low, by selective
maetivation of glucose-6-phosphatase (see Fig. 5) and by sub-
strate competition experiments.

These results are difficult to reconeile with the fact that
very little free fructose 1s formed from fructose-G-phosphate
by hiver shees or hepatic homogenates (Cort et al,, 1951; Duve
et al., 1949) No ready explanation can be given for this dis-
crepancy, but 1t must be pointed out that glucose-G-phos-
phatase shows peculiar properties, some of which seem to be
related to 1ts particulate nature, The enzyme is very unstable
m complete homogenates, where 1t is protected by phenols.
It may be very stable in thoroughly washed microsomes, in
which case addition of the soluble fraction mereases its rate
of mactivation. Agglutination of the particles at pl 5 or
freczing and thawing labilize the enzyme and may also alter
its specifiety. Preparations have been obtamned which, after
having been frozen and thawed several times, were almost
equally active on a-giycerophosphate and on glucose-6-
plhiosphate.

Despite these difliculties, there seems to be hittle doubt that
glucose-G-phosphatase is the enzyme actually invelved in the
formation of free glucose by liver tissue. It exerts a definitely
preferential action on glucase-6-phosphate and 1s found only
in liver and kidney (IHers and Duve, 1950}, i.e., in the two
organs which are known to manufacture glucose in the body.

Hexose-diphosphatase has been studied by Gomori (1943)
and by Roche and Bouchilloux {1950). The enzyme appears
to be specific for fructose-1-6-diphosphate and shows an abso-
lute requirement for magnesium fons.
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a soluble form which is the real substrate of the glycogenolytic
enzymes. The latter possibility appears to be more probable,
since it has been found that ndrenaline alfeets mainly the TCA-
soluble fraction in muscle glycogen (Bloom, Schumpert and
Lewis, 1030).

These various results have been schematically summarized
in Fig. 1. In addition to the recognized particulate entitics,
which are clearly indicated in tlus figure, two areas have been
enclosed in broken lines suggesting the possible existence of
labile structures One contains the hexohinase system and
symbolizes our lack of knowledge concerming these enzymes
rather than any positive information  The other contams the
glycogen-phosphorylase system

In this case, the experimental data are a little more defimte.
In the first place, there 1s the fact, already mentioned above,
that freezing or & liver tissue pletely abolishes
its ability to respond to the glycogenolytic agents and to re-
activate phosphorylase. The finer orgamization of the cell
appears to be necessary for this process, but this is by no means
certain, since dilution or destruction of an essential component
mught also be mvolved.

Another argument, resting on even more tenuous ground,
is derived from some observations made by Dr Vuylsteke and
myself which suggest that when phosphorylase 1s reactivated
m liver shices under the influence of glueagon, 1t becomes at
the same time ble to gl 1-phosphate. Fig. 6
1llustrates an experiment of this type. Liver shees were mcu-
bated during 10 minutes 1n the presence of glucose-1-phos-
phate and fluoride at p¥ 6 (optimal conditions for glycogen
synthesis) before and after a period of preincubation with or
without glucagon (H-G). A sumilar set of shces were treated
in exactly the same manner except that they were quickly
frozen and thawed diately before the phosphorylase test
was conducted The norgamc phosphate liberated was
measured. It 15 seen that the frozen shices show the drop 1n
phosphorylase which oceurs during the premcubation period
as well as the presence of extra-phosphorylase in the slices

S
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phosphorylase were complicated by the rapid mactivation o
this enzyme, but since as much as 80 per cent could be re
cavered i the final supernatant after a rapid separation of al
the particulate entities, this conelusion would secrn to hok
true for phosphorylase as well.

Ihgh-speed supernatants of hver homogenates sere found
to contam a large proportion of the glucokinase and fracto
kinase activities. In the presence of fluoride, the reactio
proceeded veadily to the stage of phosphoglyeene acid, mdi
cating the presence of phosphofructokinase and other glyco
lytie enzymes. As shown by Le Page and Schneider (1048)
the whole glycolytic activity of hiver homogenates is recoveres
in the {inal supernatant.

Owmng to the dificulty of estimating hexokinases quanti
tatively n complex systems, no concluston can be draun as
o the exact proportion of the enzymes present in soluble form
Recent results obtamed mn the study of glicokinase and o
galactokinase mdicate that the activity of these enzymes i
subject to factors wihich are not fully controlled under the
experimental conditions and that structural entities may be
wmvelved. It has also been found in recent mvestigations that
the “glyceraldehyde-kinase” actnnty 15 essentislly concen-
trated in the soluble fraction.

The fact that glucose-5-phosphatase 1s quantitatively bound
to mucrosomes 1 suggestive. In crude homogenates, this en-
zyme 15 a very disturbmng factor and renders a net uptake of
glucose almost 1mpossible, unless fluonde 18 added to mbibit
the phosphatase  Since intact hver cells readily take up
glucose, it 15 reasonable to suppose that their glucose-6-phos-
phatase activity 15 held i check under certain conditions and
the fact that the enzyme 1s firmly bound to a structure may
be relevant to this process.

Finally, 1t should be recalled here that a large fraction of the
liver glycogen can be scparated n particulate form by
high-speed centrnifugation (Lazarow, 1942; Claude, 18460). It
is not known whether particulate glycogen 1s directly suscep-
tible to enzymatic action or whether it 15 1n equilibrium with
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a soluble form which is the real substrate of the glycogenolytic
enzymes. The latter possibility appears to be more probable,
since 1t has been found that adrenaline affects mainly the TCA-
soluble fraction in muscle glycogen (Bloom, Schumpert and
Lewis, 1950).

These various results have been sehematieally summarized
in Fig. 1. In addition to the recognized particulate entities,
which are clearly indicated in this figure, two areas have been
enclosed 1n broken lines suggesting the possible existence of
labile structures. One contains the hexokinase system and
symbolizes our lack of knowledge concerning these enzymes
rather than any poaittve information. The other contains the
glycogen-phosphorylase system.

In this case, the experimental data are a httle more defimte
In the first place, there 1s the fact, already mentioned above,
that freezing or | hver tissue pletely abolishes
its ability to respond to the glycogenolytic agents and to re-
activate phosphorylase. The finer orgamzation of the cell
appears to be necessary for this process, but this 1s by no means
certain, since dilation or destruction of an essential component
might also be involved.

Another argument, resting on even more tenuous ground,
1s derived from some observations made by Dr. Vuylsteke and
myself which suggest that when phosphorylase 15 reactn ated
in liver slices under the nfl of glucagon, 1t L at
the same time inaccessible to glucose-1-phosphate. Fig. 6
illustrates an experiment of this type Liver shices were incu-
bated duning 10 minutes in the presence of glucose-1-phos-
phate and fluorde at pH 6 (optimal conditions for glycogen
synthegis) before and after a period of preincubation wath or
without glucagon (H-G) A similar set of slices were treated
In exactly the same manner except that they were quickly
frozen and thawed immediately before the phosphorylase test
was conducted The inorganic phosphate liberated was
measured It 15 seen that the frozen shees show the drop
phosphorylase which occurs durmg the premncubation period
as well as the y of extra-pl

phorylase m the slices
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incubated with XI-G. The decrease is also apparent in the
intact slices, but not the relative inercase in the H-G-treated
slices,

We have been tempted to attach some significance to these
results beeause the existence of a barrier between the reac-
tivated phospliorylase and glucose-1-phosphate would cxplain
the fact that the glycogenolytic agents always favour glyco-
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genolysis, evenin aliver which 1s actively synthesizing glycogen
from glucose, and because we have been unable, on the other
hand. to find any evidence that these agents modify the equi-
librium conditions of the phosphorylase reaction. However,
we arc aware that many other explanations can be given for
the observed results, and 1n our opinion they have only the
value of a slight indication,

In Fig. 3, allusion has also been made to the réle of the mito-
chondria in the metabolism of hexoses and glycogen Although
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they appear to contain none of the enzymes directly eoncerned
with this metabolism, they may nevertheless play an impor-
tant part in the regulation of their activities by controlling
the levels of ATP and inorganic phosphate within the liver
cell. It is now a well established fact that the mitochondria
are the main site of oxidative phosphorylations. As such they
are presumably involved 1n supplying ATP to the hexokinase
system and 1n withdrawing morganic phosphate from the
phosphorylase system, thereby favouring glycogen synthests.
An inhibition of such a 1 mght well t for the
well known phenomenon of anoxie byperglycmia.

In previous expeniments from this laboratory, special
attention has been paud to the mitochondria-inked acid phos-
phatase of iver (Duve, Berthet, Berthet and Appelmans, 1951;
Berthet and Duve, 1951; Berthet, Berthet, Appelmans and
Duve, 1951) The pecular character of the bound enzyme
made 1t possible to study some of the structural and osmotic
properties of its particulate support. Although not directly
relevant to the problems at hand, these experiments are re-
called here, because canclusive proof has now been obtained
that acid phosphatase belongs to a population of granules
which are different both from the cytochrome-oxidase-bearing
mitochondria and from the glucose-6-phosphatase-contaimng
microsomes. Liver tissue therefore contains at least one addi-
tional particulate entity besides those already recognized. Its
funetion still remains to be explored

Conclusions

Summarizing the data which have been gathered so far, we
find that the components of the systems mnvolved in the inter-
conversion of hexoses and glycogen are distributed between
at least four distinct cellular phases:—

(1) Particulate glycogen, the significance of which is
unknown

(2) The glucose-6-phosphatase-bearing microsomes which
control the glucose output of the Liver cell.

\\/'\
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(3} The mitochondra which govern to a large extent the
turnover of morgame phosphate and of ATP.

{4) The soluble fraction which contains practieally all the
enaymes coticerned,

This partition 1s fairly well preserved in homogenates and
represents therefore the level of organization of
these systems within the hving cell,  As such it may serve as
a first basts for any attempt to reconstruct the sel-regulatory
mechanms which are at work 1 the intact organ. It would
be premature to speculate on these mechamsms, but it 1s our
fecling that & closer study of the mteractions between these
cellular phases and of thewr eventual susceptibility to hormonal
mftuences mught help ta cear up some of the problems winch
are still puzzhng us today.

Of course, one must heep n rmnd the possnlity that the
real organization of the systems occurs at & higher and more
deheate level and that it 1s irreversibly destroyed by disrupting
the cellular structure aund perhaps even, for some pracesses,
by isolating the tissue from 1ts natural environment. Indeed,
the resuits which have been obtained so fur with vanous hor-
mones appear ta argue n favour of this possibility. However,
wark with reconstruc ted systems must first be advanced much
more than st has been to date, and must have consistently
negative results, before such 2 view can bhe finally adopted.
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DISCUSSION

Dickrys: T would hike to ask about the fructose diphosphatase m
Iiver, beeause many of our extracts seemed extremely deficrent mat.
I presume that 1s beeause we dialysed them and Jost the magnesum?

v Duvi  There are several possble explanations. TFirst of all,
without Mg 1t would not Le active, and in nddition nmmonjum sulphate
has a very bad effeet on the enzyme, very hittle activity remains after
the enzyme has been treated with ammonium sulphate.

Dicknns That's very interesting and would confirm our expeniments,
because these ssere ammonium sulphate fractions

G Com. I Just want to say how greatly interested I was i Dr. de
Duve’s analysis of the fate of fructose-1-phosphate. ‘The evidence for
Elﬂlc ¥ of a ph h had never been satisfactory.
i . s

¥

. \ stuu
ntified
Lelowr

and s co-workers have also found the co-enzyme of galactowaldenase
(uridme-diphosphate-glucose) 1n liver, and Just recently 1t has been
published (Nature, London, 169, 1061, 1952) that the enzyme 1s present
in the mammary gland of the lactating rat  Therefore we now hnow
that 1t 1s present 1n one amimal tissue,

ForLny Yes That s the first time that it has been found yn ammal
tissue, I think.

BEST. I’d like to bring the clinicians into this discussion, Dr. de Duve,
but I don't know Just how to do 1t What enzymatic disturbances
wou?ld you expect 1n diabetie coma, where the serum potassium is very
Tow!
pE DuvL. I know of only two enzymes in this chart whichactually
are hnown to require i and py
In addition, as you know, Dr. Hastings ef al have shown that the
presence of potassium 1n the incubatory flwid is very important n
experiments with hiver shees 1n order to get positive uptake of glucose
and synthesis of glycogen. Even the effect of 1nsulin, wlich they have
now deseribed 1n this system, appears to depend on the amount of
potassium present i this fluid (Fed Proc., 11, 227, 1952).

Mrxsxy: Dr de Duve, have you any studics on the utilization of
fructose by muscle?

pe Duvr. Dr. Hers has iy 1 the of fruet
phosphate in_muscle and 1t goes the same way as mn the hyer. The

e

Butius vy o
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gating the product of the fructokinase reaction in muscle, because
glyeeraldehiyde should be formed frons fructase +f fructose-1-phasphate
is the produet.

C. F. Conr In muscle, there 15 an enzyme that comverts fructose-
I-phosphate to fructose-diphosplate in the presence of ATP, I thunk
this 15 confined to the muscle, and the enzyme i not present 1 other
tissues

DE DUsve: Yes, that is true, but even in the presence of ATP, muscle
extract will form gly ceraldehy de nlso when intermixed with fructose-1-
phosphate.  We have a competing system therefore, and by using an
exeess of aldolase, one shoukd be able to trap part of the fructose-1-
phosphate, if it is formed.



THE ENZYMATIC SYNTHESIS AND STRUCTURE
OF GLYCOGEN

CARL F. CORI

IN thus report T wish to describe recent experiments by Drs
1lingworth, Larner, G. T Cor and myself which make possible
a fairly complete deseription of the structure of branched poly-
saccharides of the glycogen-amylopectin class. The method
of analysis consisted in step-wise degradation by scparate
and consceutive action of two enzymes—phosphorylase and
amylo-1,6-glucosidase. Step-wise synthesis has also been
achieved by separate and consecutive action of phosphorylase
and the branching enzyme from liver or muscle.

The two types of bonds that occur 1n these polysaccharides,
the a-1,4 bond m hnear portions of the molecule and the o-1,6
bond at branch pomts, are dealt with by the three enzymes
as follows: Phosphorylase makes the 1,4 hnked chains longer
or shorter by addition or remony al of glucose units, and thereby
modifies the structure 1n such a manner that the other two
enzymes can act Degradation by phosphorylase exposes the
1,6 linked glucose umt at branch points which can then be
sphit off as free glucose by amylo-1,6-glucosidase, Conversely,
when a chan reaches a certan critical length through the
synthesizing action of phosphorylase, it can be acted upon by
the branching enzyme n such a manner that a 1,6 link 15
formed from a 1,4 hnk through transfer of a chain segment.

Consideration of this mechanism of enzymatic synthesis
permits certain deductions to be made about structure. It
may be recalled first that phosphorylase cannot mtiate the
formation of a polysacchande chan from glucose-1-phosphate;
it can act only 1if there are chains present onto which the en-
zyme can build. This 1s the so-called primer or starter action,
and 1t has been shown that chains of 4 or more glucose units

m
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can act as nuelei for the synthesis of linear chains of 100 or
more glucose units. When there is added to this system a
purified fraction of branching enzyme from the hiver, the poly-
saccharide synthesized has the charactenstics of glycogen.
The synthesis under these conditions may be represented
schematically as shown in Fig. 1, and the question is what kind
of structure would result. Two possilities are illustrated. It

A
. L
.'MMMO-OO — —
Fie. of

L1 y 2 action of phos-

phorylase and branching enzyme A—represents the growth

of the molecute when all clains have an cquit chance of beng

made longer by phosphorylase In B—only one of the branched
chamn$ 13 made longer by phosphorylase action

15 assumed 1 Fig, 1A that the new end groups created by
branching all have the same afhmty for phosphorylase, so that
there 1s an equal chance for any of the branched chams to be
made longer A continuation of the process shown m Fig 1A
would result 1n the formation of a tree-like structure, such as
has been proposed by K. H. Meyer In Fig. 1B 1t 1s assumed
that one branch has a much lngher affinity for the enzyme than
the other branches, so that it alone would be made longer, and
this would give rise to the laminated structure proposed by
Haworth

A distinction between these two possibilities 1s afforded by
the Kineties of the reaction. With low primer concentration,

.

\m
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the curve for polysacchande synthesis with phosphorylase
plus branching enzyme is S-shaped (Fig. 2). The interpretation
is that phosphoryluse 1s far from saturated with respect to
primer end groups and that the type of branching illustrated
in Tig. 1A gives rise to a rapid increase in primer concentra-
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tion. On the other hand, formation of a laminated structure
would not give an autocatalytic curve, since the number of
effective primer end groups remains the same in each molecule
that 1s being built up.

Fig. 8 shows a recent experiment by Dr. Larner m which a
chain labelled with 12T glucose units has been used as a means
of investigating the mechanism of action of the branching
enzyme. The experiment consists of several steps. Rabbit liver
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glycogen is first incompletely degraded by phosphorylase (30
per cent out of a possible 86 per cent).  Thus reduces the
average length of the outer chains from 9 to about 5 glucose
units. The missing glucose umts i the outer chains are then
replaced by labelled ones, by incubation of the partially
degraded polysaccharide with 0 glucose-1-phospliate and
phosphorylase.  From the amount of glucose-1-phosphate
which has reacted, the length of the outer chains ean be caleu-

C14 LABELLED
ol R7SIDUES
—_— — ~UNLABELLED
-6 RESIDUE

INCOMPLETELY ~ GLYCOGEN GLYCOGEN
DEGRADED WITH LABELLED AFTER ACTION
GLYCOGEN OUTER CHAINS OF BRANCHING

ENZYME

Fic 3 Radiowetive labeling techmique used to imvestigate
the action of the branching enzyme

lated. In tlus manner labelled polysaccharides with different
lengths of cuter chams could be made, 1n order to find out how
fong a chain has to be hefore branching can occur,

The labelled polysaccharides were mcubated with a purified
and dialysed preparation of branching enzyme from liver or
muscle which was free of amylase Whether or not branching
has oceurred can be detected through the speaific action of
amylo-1,6-glucosidase which sphts off the glucose unit mn 1,6
Imkage as free glucose For thts purpose. the polysaccharide
is first digested with phosphorylase in order to exposc the
ghucose umt in 1,6 linkage, so that the glucosidase can act.
Before action of the branching enzyme 95 per cent of the radio-
activity was found m the glucose-1-phosphate released by
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the curve for polysaccharide synthesis with phosphorylase
plus branching enzyme is S-shaped (Fig. 2). The interpretation
is that phosphorylase is far from saturated with respect to
primer end groups and that the type of branching illustrated
in Fig. 1A gives nise to a rapid inerease in primer concentra-
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rylase alone or ¢ enzyme alone or phos-
phor}lase+heat mxcu\ ated branching enzyme. B—phos-
phorylase +branclung enzyme.

tion. On the other hand, formation of a laminated structure
would not give an autocatalytic curve, since the number of
effective primer end groups remains the same in each molecule
that 15 being built up.

Fig. 8 shows a recent experiment by Dr. Larner m which a
chaim labelled with C glucose units has been used as a means
of investigating the mechanism of action of the branching
enzyme. The experument consists of several steps. Rabbit liver
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glycogen is first incompletely degraded by phospliorylase (30
per cent out of a possible 36 per cent).  This reduces the
average length of the outer chains from 9 to about 5 glucose
units, The missing glucose units in the outer chains are then
replaced by labelled ones, by incubation of the partially
degraded polysaccharide with M0 glucose-1-phosphate and
phosphorylase.  From the amount of glucose-1-phosphate
which has reacted, the length of the outer chains ean be caleu-

C14 LABELLED
oULlB RESIDUES

i —_— ~UNLABELLED
; -6 RESIDUE
INCOMPLETELY ~ GLYCOGEN GLYCOGEN
DEGRADED WITH LABELLED AFTER ACTION
GLYCOGEN OUTER CHAINS OF BRANCHING
ENZYME

Fig. 3 Radioactive labelling techmque used to imvestigate
the action of the branching enzyme

lated. In this manner labelled polysaccharides with different
lengths of outer chains could be made, m order to find out how
long a chain has to be before branching can oceur

The Jabelled polysacchartdes were tncubated with a punified
and dialysed preparation of branching enzyme from liver or
muscle which was free of amylase  Whether or not branching
has occurred can be detected through the specific action of
amylo-1,6-glucosidase which splits off the glucose unit 1n 1,6
Linkage as free glucose. For this purpose, the polysaccharide
1s first digested with phosphorylase 1n order to expose the
glucose umt 1 1,6 linkage, so that the glucosidase can act.
Before action of the branching enzyme 95 per cent of the radio-
activity was found i the glucose-1-phosphate released by
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phosphorylase action and none 1n the free glucase released by
glucosudase action.  After branehing the free glucose showed
a specific activity about one-tlurd of that of glucose-1-
phosphate.

This indicates that the braneh unt is formed from a unit
previously situated in a Imear portion of the molectle by a
type of transglucosidase action, involving perhaps the shift of
awhole chain segment in the exchange of a 1,6 for a 1,4 bond.
Tt has also been found that the outside chains must be at least
8 glucose umts long before they can be acted upon by the
branching enzyme. This type of branching would explain why
the outer branches of glycogen (range 7 to 12 glucose units)
are always longer than the inner branches (range 3 to 5 glucose
units)  As an outside chain grows to a eritical length, it can
undergo branching with the result that the mnner chans formed
are shorter than this eritieal length

Our concept of the enzymaticsynthesis of glycogen envisages
the simultaneous action of phosphorylase and branching en-
zyme, and dillers somewhat from that developed by Peat and
collaborators.  These workers believe that amylose—~the
linear component of starch-—s formed first, and is then slowly
transformed to amylopectin through the action of Q enzyme.
Converston would be mecomplete smncee starches contawn about
25 per cent amylose. There 15, however, no amylose present
1 ammal tissues.

We found a much more rapid action of ammal branching
enzyme on the outer chams of glycogen and amylopectin than
on amylose. The action of Q enzyme alone on the outer chains
of amylopeetin has not been mvestigated, and 1t will be of
mterest to determine what its chain length requirements are.
It is known, however, that the kinetics of polysaccharide syn-
thesis by phosphorylase plus branching enzyme in the presence
of low primer concentration are the same for the animal and

oo o ’ © 7 stothat shown
i ars to be no
glycogen and

amylopectin.
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A macromoleeule huilt up by the type of branching shown
m Fig. 1A will look as follows (Fig. +). This is a schematie
representation insofar as 1t is based on a complete regulanity
of enzyme action; 1t sers s to llustrate ecrtain characteristic
features of structure and it permits comparivon with the strue-

INNER
BRANCHES

felycogen The

groups  Therefore {16« 100}7 7=208 glucose residues, or
(X162)=M W 33700  Addmg another tier would double the
outsule branches and the molccular werght

ture actually found by step-wise enzymatic degradation of
glycogen and amylopectin

The branch points, mdicated by black dots, occur in succes-
sive layers or tiers and they become fewer in number as the
redueing end 1s approached The structure shown has four
tiers and a molecular weight of 33,000 If five more tiers were
added, the molecular weight would be of the order of one
million, such as has been found for ylycogen bv ultracentri-
fugation or osmotic pressurc measurements  Irrespective of
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the molecular size, the outermost tier would contain 50 per
cent, the next 25 per cent, the next 12-5 per cent, and <o on,
of the total branch points present. In a laminated structure,
on the other hand, the percentage of branch points present in
cach tier would remain the same.

A decision between these two possibilities could be reached
by step-wise cnzymatic degradation. Experiments have
been carried out with liver and muscle glycogen from rabbit
and man, and with corn and wheat amylopectin.

The first degradation with crystalline muscle phosphorylase
results in the formation of a limt dextrin i which the branch
units m 1,6 linkage have been exposed. Phosphorylase can
netther break nor by-pass this linkage The Lt dextrin
after exhaustive phosphorylase action 15 isolated and sub-
jected to the action of amylo-1,6-glucosidase m a medium
free of wmorganic phosphate. When the action of the gluco-
sidase has reached an end pomt, the branch umts in the first
tier have been spht off as free glucose and this opens the way
for the second phosphorylase step which results mn the for-
mation of hmit dextrm 2, and so on In some cases & succes-
sive hmit dextrins have been 1solated, when the degradation
reached 90 per cent. From the analytical salues obtained
after each enzymatie step, only one kind of model could be
constructed, namely one which represents glycogen and
amylopectin as multibranched, tree-like structures. The
degree of regularity of the structure can be deduced from the
per cent branch pomts present in each tier. In the ease of
muscle glycogen this was 50 per cent in the outermost tier,
20 per cent m the next, and 10 per cent imn the therd tier,
while a completely regular structure would give 50, 25, and
12+ 5 per cent respectively. Similar results for the distribution
of branch points in successive tiers have been obtamed with
Iiver glycogen and w 1th corn and wheat amylopectin.

The glycogens and amylopectins form a contmuous series
of branched polysacchandes, and they dilfer mainly in the
degree of branching and the length of the mner and outer
chamns. This statement 15 based on a survey of glycogens from

»
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ten animal species and from one plant source (sweet Indran
corn), as well as of amylopectins from four different starches.
The range of values is given below and may be compared with
the values obtained with glycogens isolated from 10 cases of
von Gierke's disease.

Table 1
(teerage Number of Glucose Resubues
Potysacehand Per Cent
proechnae & nd Group Outer Branches Inner Branches
Ammal ghycogen 83558 712 33
Phyto-glycogen 83 7 5
Amy lopectin 3041 13-18 56
Glycogen from
von {herke’s
disease 13 18 7 413 87

The degree of branching (per cent and group) was deter-
mined enzymatieally as follows: On complete degradation of
these polysaccharides with phosphorylase plus amylo-1,6-glu-
cosidase, one obtamns the 1,4 linked residues as phosphory-
lated glucose and the 1,6 linked residues as free glucose, each
bcing determined separately. Hence, {free glucose x 100)/
{frece + phosphorylated glucose) = per cent end group {since
the termmnal non-reducing glucose units or “end groups” are
related to the branch units as n to [n—1]). It was shown that
enzymatic and chemical (methylation or periodate oxidation)
end group determiations carried out on the same sample
were in good agreement.

The per cent end group varied considerably m the same
specics, depending on the previous nutritional history and on
age, It was 8 1 in glycogen isolated from rabbit hver with
fow content, 6-8 1n a pooled sample from well-fed rabbits and
6-0 in glycogen freshly deposited after a fasting period. The
per cent end group decreased (7:7 = 6 9> G-5) n glyeo-
gens isolated from the hvers of embryonal, new-born and
young adult guinea pigs. A similar decrease (3-8 8-4 > 7:6)
was noted in phyto-glycogens 1solated from immature, mature

and over-mature kernels of sweet maize,
camno
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Normal human hiver and musele glycogen feil within the
range of valnes for animal glycogens shown above, In 2 ot of
10 cases of von Gierhe’s disease the glycogen structure was
defimtely abnormal, one glycogen resembling a phosphory-
lase linut destrin and the other amylepectin,

DISCUSSION

Russinn Could you tell us what kinds of glycogens were studied?
Were they particulate glycogens or glycogens isolated after alkaline
hydrolysis or aaid extraction?

C T. Comt These were soluble gly cogen preparations, The particulate
glveogen preparations contiun a lot of imputities and they are most
wsoluble ~ We have done a few studics with them and they are degraded
m the same way as the soluble glyeogens I do not hnow whether the
particulate form 15 the natine state of glycogen or an artifact formed
during hotnogenization  These were all water-soluble polysaccharides,
obtiuned by athalt digestion.  Purnfication consisted in repeated lp:e-

. . A . o v - salates

. recipt

Tucose
spared

enzymes  Fhe methiod of punfieation of glycogens is therefore of
considerable mmpoertance n this type of work

Lona Was thore any difference i the structure, depending on the
ortgmal source of the glveogen, for example that denved from gluco-
geme amino-acids, which presumably are a large part of its source
during fasting’

C F Comt We have not mestigated the structure of ghycomn
formed from amuio-acids, but they all would have to go theough giucose
10 any case and 1 suppose that the transformation of amno-acids to

or does the shorter chain represent the speed with which 1t has been
formed?

€ F. Cont: The length of the outer and inner chiainsis a distinguishing
feature hetween different polysacchandes, and depends on the relative
rates of actinity of branching enzyme and phosphorylase I suppose
that ver glycogen in fasted rabluts 1s Iughly branched because the
branching enzyme has had mare time to act onst.

Dickrns- T shonld hike to ask Dr. Con if he bas detected any fructose
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quite a considerable percentage, around 3 per cent, and 1 wondered two
.things about that: (1) Whether the fertal glycogens tn those specics
(sheep, cow, groat) which are known to have fructose in the feetal fluids
generally contain much fructose? (2) If there 15 a specific phosphors lase
known which would incorporate fructose?

It seems a very interesting aspect of faetnl metabohsm

C. T. Coms. The feetal glycogen from guinea pig livers could be
degraded completely by the two enzymes, if there were any fructose
mozety in the molecule, I think 1t would stop enzymatic action, The
erystalline muscle phosphorylase 1s specific for a-glucose-1-phosphate,

DE Duve: Dr. Con, have vou any evilence that the reducing ends
of tha o1 - [t Btk

Uy solutions of ghycogen 1solated by gentle procedures, but has a
pronounced effect when the glycogen has been extracted by the Pfluger
method  They conuder the posaibiity that alkal-treatment may
owdize some of the reducing groups 1n the molecule

C.¥.Cont We do not hnow, because we only approached the reducing
end by stepwise enzymatic degradation, leaving 10 per cent of the
molecule mtact  As for the light-scattering method for the deternuna-
tion of molecular w eights, 1 wonder whether 1t 1s the best method that
one can use nn & poly saccharide of the size of glycogen, especially when
one considers the difficulties of pumfication, which are not generally
appreciated. Impure ghycogen solutions are turlnd and yet observations
m terms of weig' * . - R

to be present 1
solution, one car
hundred milbon. .
these polysaccharides has not been completcly solved, but T doubt
whether the molecular weight 15 as large as that

Youne Iwould iike to ask Dr Cortif he 1s satisfied with the evidence
that the 1-G links are a, and also if he finds any relationship between
the v aniations 1 10dine eolour among vanious samples of muscle glycogen
and the percentage of branching?

C F. Cont The evidence 1s based on the 1solation in crystalime form
of the disaccharide 1 also called h
armj, from enzymatic digests of starch, this was done by Montgomery
She d the f th h by methods which
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Normal human liver and muscle glycogen fell within the
range of values for animal glycogens shown above. In 2 out of
10 cases of von Grerke’s discase the glycogen structure was
defimtely abnormal, one glycogen resembling a phosphery-
lase limit destrin and the other amylopectin.

DISCUSSION

Russiie Could you tell us what kinds of glycogens were studied?
Were they particuate glycogens or glycogens isolated after alkaline
hydrolysts or acid estraction?

C ¥.Com These were soluble glyeogen preparations _The particulate
alycogen - -
msoluble .
n the san
particulat
durmg ho ..
abtamed by alkali digestion. Punification consisted i repeated pre-

considerable importance 0 this type of work

LoNa Was there any difference m the structure, depending on the
onginal source of the gly cogen, for example that dertved from gluce-
genic ammo-acids, which presumably are a large part of its <ource
during fasting?

¥ Cori We have not nvestigated the structure of glycogen

formed from ammo-acids, but they all would haye to go through glucose
n any case and I suppose that the transformation of amino-acids to
glucose 15 too fa1 removed from the enzymatic mechanism of glycogen
synthesis to mflucnee 1t

Mirsky Would vou have smid that the amount of change—the lugh
percentage m the fasted anmal—represents the more basic glycogen.
or does the shorter chain represent the speed with which it has been
formed? i ) .



PART IT

TORMONAL CONTROL OF THE INTERCONVERSION
OF CARBOIIYDRATE. PROTEIN AND FAT

HORMONAL INFLUENCES IN THE SYNTHESIS OF
FAT FROM CARBOHYDRATE

F. D. W LUKENS*

AT the outset, 1t 15 fitting to place the syntheas of fat from
carbohydrate m the larger frame of which it 1s a part. The

cop KETON[S\
LIVER Ccop
GLUCOSE—FAT 4 /TISSUES/
DEPOTS
GLYCOGEN
¥is 1.

conversion of carbohydrate to fat 1s one of the three major
pathways by which carbohydrate 15 utilized (Fig. 1). The
ingenious experiments of Drury (1940) demonstrated the mm-
portance of the storage of carbohydrate as fat and the distur-
bance of this process in diabetes. Stetten and Boxer (1944a}
were the first to quantitate the principal pathways of carbo-
hydrate metabohism By the use of deuternum they showed
that, of the daily intake of carbohydrate m the rat, about 3
per cent was used for glycogen formation, 30 per cent was
converted to fat and the remainng 67 per cent was oxidized.

*From the George $ Cox Medical Tesearch Institute, Umversity of Pennsyl-
vama, Pinladelphia, Pa

53
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length. Starting with short linear chains as primers (too short to give
an 1odine colour), one can make the chams longer at will by means of

phosphorylase, caleulate how long they are and then correlate the
ndinn anlnus with tho b Janatl Yaeatmn ta the wadime ealanr of

10dine colour.

ve Duve, In regard to the discovery of g-glucose-1-phosphate
formed from maltose (Fitting and Doudoroft, Fed. Proc. 11, 212, 1952},
does that have to influence our ideas on the structure of plyvogen?
Have you any comment to make on that?

C. T, Corw This 1s different—it 15 a bactenial enzyme which forms an
a 1,4 hnk from the 8 form of glucose-1-phosphate Ammal and plant
phosphorylases, on the other hand. are specific for the a form of glucose-
1-phosphate and de not act at all upon the g form Incidentally,

phosphorylase is competitively whilnted by « gluco‘:c and m:"t bylﬂ
- EREARE e T Secnnan the aolit

0.
.15
ose

N

formation
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tissues and in cell-free homogenates or enzyme systems. These
various combinations of chemical and biological matertal have
been used to gmin some information about the part played by
the principal metabolic hormones.  From tlus large body of
evperiment wiitch has been recently reviewed {Gunn and
Crandall, 1951) a few examples will be selected. 1t 15 hoped

Table 1
PRINCIPAL VARIABLES INVOIVED IN TIE STUDY OF TIF SYNTIESIS* OF FaT
¥roM CARBOIN DRATF

Sutstrate “Tuewue "

Hormone
Al Normal
hibetr
Ete Remoral or admem-

Glucose e ——— | stratwonor

Fructose Tissue —Laver

Acetate Adipose tissue Insubn

Short-cham Mammary gland Growth hormone
fatty acids A( TII-cortisone

Others e Others

Cell free enzyvme systems

*Synthesia 13 often measured by the imenrporation of stbstrates fita Latty acals

that they will indicate the present status of the problem of
the hormonal regulation of fat synthesis

Most investigators have examned fat synthests i normal
ammals and the effect of nsulin deficiency on this pracess.
Without discussing the chemical reactions nvolved i the
transformation of carbohydrate to fat, a transformation which
appears to require the conversion to a 2-carbon mtermediate,
the over-all results may be summarized under the followmg
headings

Fat Synthesis in Normal and Diabetic Animals Studied
by means of Isotopes

Table II contains some of the data reported by Stetten and

Boxer (1914b) and by Feller, Strisower and Chatkoff (1950)

In the results of Stetten and Boxer (1944a, b), the figure for

glycogen formation 1 normal rats amounted to 3 per cent of
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This Jargest 1tem, oxidation, 1s caleulated by dufference in their
work but has since been confirmed by direct measurement m
studies with 14C glucose. The exact proportion of each path-
way would of course differ with different dictary conditions
In the amimals of Stetten and Boxer (1944a), which were at
constant weight, the calories expended were dertved from
glycogen, fat and directly oxidized glucose mn corresponding
proportions. Whether carbohydrate is converted to fat for
storage or as a step towards ulimate oxidation or for both
simultaneously, appears to depend on experimental con-
ditions  Certainly the formation of fat 1s the most apparent
Ik between what 1s called carbohydrate metabohism and the
equally important field of fat metabolism, One may assume
that when fat has been formed from carbohydrate 1t then
becomes part of the scheme of fat metabolism and 15 subject |
to the laws governing the transport, storage and ovidation of
fat. The mobization of fat, ketogeness, and the formation
of cholesterol and phospholipids will not be discussed.

The relation between the fields of carbohydrate and fat
metabolism, which i1s not yet clearly defined, becomes par-
ticularly complex when one thinks of the part played by
hormones mn regulating these metabolic processes. One must
face the pOSSlb!]lty that hormones may nfluence the synthesis

'==2= 4~ directly, by acting on some part

by altering other pathways of

1 {¢) indirectly by affecting the

vartety of ways. I shall try to

outline certain studies of the more or less direet action of the

hormones on the synthesis of fatty acids from carbohydrate

precursors Whether Dr Wilhelm: later completes the dis-

cussion of this, or whether he outlines the hormonal influences
outside of this hmited topic, he will have plenty to do.

The magmtude of the problem may also be seen by an
abbreviated statement, 1n general terms, of the methods used
Table I shows that a variety of substrates have been exammed
for their capacity to form long-chain fatty acids, The dilferent
substrates have been tested 1n mtact ammals, in 1solated
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glucose oxidation in the diabetic rat has been observed
(Stetten et al., 1951). The impairment of fat synthesis was
not directly measured in these experiments. For the most
direct and striking demonstration of the effect of msulin defi-
ciency on fat synthesis, one must turn to the studies on 1s0-
lated tissues. The liver has been most mtensively studied

Table 11T
CarnonynraTE MFraRoLisw oF Docs

Glugose turnover accounted for by

Gluroxe Rody Turnmer
orudized | pool tme | Geadation | Encreteon | Undeter:

‘mune
& perhe \g perdog|  bea pereent | percent | percent
Normat 17-23] 34 [1217] 7896 o 22

Depancreatized |0 6-0 &| 12-21 45 18-21 | 43 53 | 29-38

From Feller etal (1951)

The Metabolism of Various Carbohydrates by Liver
Slices from Normal, Diabetic and Insulin-Treated Rats
Table IV shows that the phenomenon of “‘starvation dia-
betes” is the result not only of deereased oxidation of glucose
but also of the virtual abolition of fat synthesis from glucose
(Masoro ¢t al, 1950). It 1s mmportant for investigators to
realize that eertamn processes, notably fat synthesis, can be
reduced to the diabetic level by fasting, and that conditions
under which earbohydrate 15 normally well utilized must be
employed to d rate the significance of msulin defi
Table IV also shows the great increase m both oxidation of
glucose and fat formation when normal or diabetic rats are
pre-treated with insulm,

The cffects of experimental diabetes on the conversion of
various substrates to fatty acids by the liver are also shown
(Table IV) In this table, the methods used m the study of
acetate chffered from those used for 1sotopic glucose or fructose
so that the absolute values for acetate cannot be compared
with those for the hexoses. The figures for normal fed ammals




58 F. D. W, Luxens

dietary carbohydrate and was not altered in diabetes. Ducto
the lability of glycogen, the size of the glycogen pathway may
well be somewhat larger than this, but the general significance
would not be altered. One may note that the formation of
1-9 g. of body fat from glucose means that 5 g. of glucose or
more was used m tlus way, accounting for 30 per cent of
dietary glucose (Stetten and Boxer, 19444). Tlus figure might

Table 11
CARBONYDRATF MITABONISM OF RATS STUDIED RY MEANS OF IS0TOPLS
Glucose Body Fat Dhetary
Rats ——— I from Glucose
Daetary in
Oxrduzed | Ezcreted | Enaceounted | Giucose Glyeogen
mg per 100 per huTtr & perday & per day
A Studies with deuterum (1)
Normal 0 19 0 a4
Thabetic 140 1 041
B Studies with 1C glucose (2)
Normal 69 0 4
Diabetic 59 80-135 19-78

(1} From Stetten and Boxer, 19444,

(2} From Feller, Stnisower and Chmknﬂ‘, 1950
well explamn the “unaccounted” ghicose 1n the normal rats
studied with 14C-glucose (Feller, Strisower and Chaikoff, 1950).
The excretion of glucose by diabetic rats was about the same
in both mvestigations. In the normal rats, the proportion of
glucose bxidized was 67 per cent. This figure was estimated
by difference and hence 1s not tabulated i the experiments
with deuterium It was measured as %CO, 1n the expired air
when 1s0topic glucose was used. In the diabetic rats studied
with labelled glucose, the shight reduction 1n the oxidation of
glucose may be due to the persistence of some msulin after
alloxan. In any case the studies summarized in Table IIT on
the fate of MC-glucose in the depancreatized dog by Feller,
¢t al. (1951) show that, whether one looks at the grams pe;
hour or at the percentage of glucose oxadized, glucose oxida-
tion 1s reduced to a third or a fifth that of the normal anmal
jn the absence of msukin, Recently, a similar reduction of
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m the first Iine of Table IV provide a control and a
contrast to the impaired oxidation of glucose and the practical
cessation of fat synthesis m the alloxan diabetic rats. On the
other hand, both fructose and acetate are oxidized to the
normal degree by the diabetic liver slice. Nevertheless,

Table 1V

Carmoms pBATE METAnOLISY OF LISTR Sticce 1N Mcopia Conrtantvg MO
Grucose, FRUCTOSE OR ALETATE

Per cent of added #C

Type of rat uC vntome per g huer secovered tn
co, Fatty acuds
Normal (1}
Fed glucose 314 3 0313
Fasted 24 I - 2550 [ o0o0t007
Fasted 48-72 lrs - 0623 | 000004
Diabetie (alloxan)— fed (2, 3) glucose no-19 [ o0o00o02
Thabetic + wmsulin . 4692
Normal + msubn “ 12 214 5
Drabetic (4) glucose 035109
5y fructase 1870
Normat - 5174
Normat (4, §) acetate a3-37
Dhabetic (4, 6) “ 17-37

(2) Cheraick et al
{5 Chermack and Ehameott, 1951
(6) Brady and Gurw, 19502

() asoro et
‘Chermel and Chavkot, 1950
3 Bredy mdGunn o8

diabetes, fat synthess from fructose or acetate 1s as seriously
mmpaired as that from glucose. This mmpairment of a major
pathway of uhlhzation may well explain why fructose has
failed to serve as a practical substitute for glucose 1 diabetic
patients 1n spite of some evidence of its better utihzation
(Miller ef al., 1952)

In Table V, these observations are extended. First, some of
the results obtained by the addition of insulin to the medium
are shown, In the normal arumals this insulin effect on fatty
acid synthesis from acetate 15 significant. In shees from dia-
betic ammals it is not demonstrable, in eontrast to the eflect
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as one might expeet. (2) On the other hand, during the
mereased fat synthesis in the adrenalectormzed rats, “‘the
amount of body fat was nearly constant during the period of
observation.”” From tlus they conelude that the increased
synthesis 1s accompanied by nn mereased utilization of fat
This means that “the adrenalectomized animal diverts a
greater proportion of carbohydrate through the metabolic

18 A

o

M

TER D,
o 2

ACTH
GH

o owoa

D, IN FATTY ACIDS
AS PER CENT OF Wa'

Ol
o 12 4 8
Davs

Fic, 2 The rate of increase of carcass fatty acids measure § by

pathway of fat synthesis and combustion” (Welt and Wil-
helmu, 1950).

Brady, Lukens and Gurin (1951} pre-treated rats with cor-
tisone and found a marked inhibition of fat synthesis from
labelled acetate by the liver shices, as shown 1n the first four
experiments of Table VI.  Thus agrees with the response to
ACTH observed by Welt and Wilhelm. Since both ihibitors
of fat synthesis, growth hormone and ACTH, have been re-
moved by hypophyseetomy, 1t 15 not surprising to see in Table
VI, experiments 5 and 6, that the amount of fat synthesis by
the ivers of hypophysectomuzed rats 1s 2 to 8 times that for
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of pre-treatment of the diabetic animal scen 1n Table IV. This
provides an {n vitro example of the msulin resistance of severe
diabetes which requires a period of exposure to insulin before
it is overcome. Such a period 15 not possible under 4n vitro
conditions. Without stopping for detailed discussion of the
chemustry, it may be stated that both acetate carbons were
equally well incorporated nto fatty acids. The inclusion of
another substrate, octanoate, shows that in the ease of short-
chain fatty acids, mnsuhn 1s also required for therr conversion
to the long-chain acids, probably because a breakdown to
acetate, or an equivalent 2-carbon fragment, is the pathway
by which this is accomplished (Gurin and Crandall, 1951).

The Effects of Pituitary and Adrenal Hormones on Fat
Synthesis

Having seen that the admimistration of msulin has an
accelerating action on fat synthesis, the effect of the prineipal
contra-insulin hormones, growth and adrenocorticotrophic
hormone, may be examined. The first study of these hormones
on fat synthesis was that of Welt and Wilhelmi {1950), who
used the uptake of deuterium 1 the liver and body fat of rats
to measure the effect of the hormones The reader 1s referred
to the orinnal presentation for experimental details and for a
meticulous statistical analysis of the results 'These may be
illustrated by Fig. 2 which has been prepared from their data.
This summarizes the results with carcass fat, and lver fat
followed a sumlar pattern. The curves show the rate of incor-
poration of deuterium mto fatty acids during a period of eight
days. After noting the normal rate of fat synthesis 1t can be
scen that this 15 strikingly 1nereased after adrenalectomy and
retarded or mnhibited when normal rats were treated with
either growth hormone or ACTH. All differences from the
normal curve were statistically significant. Fig. 2 does not
show two things: (1} Treatment with growth hormone caused
a progressive decline 1 the amount of carcass fatty acids
smmilar ta that described by previous workers (Lee and Ayres,
1936). Impaired fat synthesis and loss of body fat go together
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the controls in these experiments. Even with this large syn-
thesis there is an insulin effect.

Table VI
Errrer of INIFCTED CORTISONE OR 113 POPHY SECTOMY ON THE CONVERSION
OF LABTLLED ACETATE To FATTY AciDs By RaT LiveER SLicEs

Micromoles substrate
Bep Trcatment Dans | Tnwitin ncorporaled p
Jatty acvis
1 Normal - 8¢
Cortisone 10 mg 3 - 2
2 Norma) - 28
Cortisone 10 mg 4 - 10
3 Nermal - a1
Cortisone 20 mg 3 - [
4 | Normal - 23
Cortrsone 5 mg 3 - 12
5* | Normal - 14
Normal . + 26
Hypophyscetomized - 30
ypoph sectomized + 16
6* | Normal - 9
Normal + 12
Hj pophy sectormized - 31
Hypophysectomized + 39

*In these experiments rats of the Sprague Diwley strun were used  In all others, rats of
the Wistar stramn were employ e
From Bradv, Lukens and Gurin, 1951

Experiments with Doubly Operated Animals

In view of the effects of msulin aud of the anti-msulin hor-
mones deseribed above, 1t seemed appropriate to examine the
relation of these hormones to each other by means of doubly
operated anmals.  For this purpose hypophysectomized-
depancreatized (Houssay) cats and adrenalectommzed-depan-
creatized cats were prepared  Normal and depancreatized
cats were used to complete the series of experiments which
Table VIIsummarnizes. The depancreatized eats had recervedno
insulin for 48 hours; the doubly operated amimals had had no
insulin since the second operation (panereatectomy), 1.e. for
the post-operative days given as ranges m the table. The syn-
theais of fatty acids from acetate by the normal eat agrees
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DISCUSSION

Torwev I tlunk jou sard that vou didn't get direct addition of
acetate to short-chain fatty acids, and that you thought that they had
to be Lroken down to 2-carbon units bcfore you got the buld-up of
long-chan fatty acids®

Lukews. Well, that is the general working hvpophiy sis wlich 1s Teld
today, namely that the channel for synthesis 1s through some 2-carbon
compound

Fories Popjéh and his collaborators have recently demonstrated
very nicely the mechamsm of the formation of long-chamn fatty acds
n mammary tissue They showed that 1t does take place by the suc-
cessive addition of acetate units, or the active 2-earbon units dernved
from acetate, to the carboxy! end 1 would have thought, therefore,
that you might have expected to get elongation of short fatty acd
chains.

Lukcss T am aware of the fact that the addition of 2-carbon
radicals to short chain fatty aads has been demonstrated I don't
Rnow how large a part this plays in mammary tissue but [ beheve that
in the hiver 1t 1s a minor component of the total fat sy nthesis

Forrey Another point which interested me was that you smd that
Gunin has found that hiser slices from diabetic rats showed no response
to msuhn

Lukeas That was true for liver slices mn these expeniments

ForLry  As you hnow, Stadie has been studying the mechanmism
1solated tissues, and he postulates that msuln combines with active
groups on the cell surface I think that I am right 1 saying that when
he pre-incubates tissues which are sensitive to meulin as remrd; effects
on glycogenests, he only needs to pre-mcubate them for a few minutes
and then, 1f he washes the nsulin away, he still has the enhanced
effect on glycagenesis.

Luxens I know about Stadie’s work. The effect of msuhn 2 viro
in these expenments oceurred 1n the normal amumal but not in the
diabetic under the conditions used That does not mean that one might
not get an insulin effect under different conditions

Mirsky What was the dosage required®

Luxexs  Insubn was used 1n a concentration of 1 unit per ml

eanzo
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with that found wn the rat. Fat synthesis is elmost abalished
by pancreatectomy, as in the studies with diabetic rats and
dogs. When the pituitary or. adrcnah were also rcmovcnl
{¥oussay and adrenal catized animals) the
synthesis of fat was norma! or ncady so. The two Housﬂ)
awmals treated with growth hormene {Avmour) showed
striking nhibition of fat synthesis. From these experiments
it appears that fat synthesss is extremely dependent on hor-
monal regulation. Since, under these circumstances, fat can
be formed 1 the absence of insulin, the part played by the
contra-insuhn hormones 1s emphasized.

In concluston, it has been amply demounstrated that msulin
15 essential to normal fat synthesis and that fat formation is
stritungly impatred in exper: al dhabetes. The anti-insuli
hurmones, growth, ACTH and cortisone, mhibit fat synthesis
and are probably responsible for the conditions found in severe
dwbetes. The quantitative importance of fat synthesis and
of its regulation m diabetes is apparent, particularly as a con-
sequence of the work of the last 8 years. Fmally, these results,
based on the most direct methods of observing fat synthesis,
must be viewed 1n relation to other effects of these hormones
on carbohydrate and fat metabolism 1f we are ever to com-
preliend the full significance of the metabelic hormones.

The advice of Professor Samuel Guswi in the preparation of this
manuseript 15 gratefully acknowledged

REFERENCES
Bruoy, . O, and Gurin, § {1930a) J. biol. Chem , 186, 481,
Brapy, . O, and Goriy, § (1950b)  J. biol. Chem., 187, 589.
Brapy, R, 0 Luxens, ¥ D W, and Gorex, § {1051) J. biol. Chent
193, &

c;mmc’x %S, and Crarmosm, 1. L. (1930), J buot. Chem , 186, 533,
CrLRNIcK, S, §., and Cmn\orr. I. L. {1931} J biol, Chem , 188, 280
CHERNICK, 8. 8., Criaigory, I L., Masoro, B. 1., and Isaerr, E. (1950).
o lml[ Chem 186,

varm 4.

T DF ent 73 mac



‘GeneraL Discussiox 9

that there are two different enzymes involied for the utihzation of
glucose and fructose. The 1utial steps are catalysed by different
enzymes.

Kowrr I would like to ask Dr. Lukens how he explains the well-
known observation that patients taking cortisone, as well as patients
with Cushing’s discase, tnerease their fat deposits?

Lukexs: Well, I do not know how that takes place exactly —or
inexactly, esen  In the prescnce of a grreat deal of cortisone 1t may be
possible to have some inlubition of fat formation, which still permits
a slow aceumulation of fat. The cortione-treated patient cannot be
quantitatisely compared with the patient with Cushung’s syndrome.

Mirsky: In the relatively uncompensated patient with diabetes with
demonstratable ketosts, cortisone produces a cessation of the heto-
genesis, I think that will fit 1n with what Dr. Wilhelmi suggested, that
thereby you may have a retention of fat rather than breakdown.

Luxevs: If one gives cortisone to the Houssay animal, there 13 Just
as much fatty change in the hiver as i an untreated diabetic ammal.
Ths is a gross change.

Best: It might be actual intubition of the function of the cells which
caused 1t,

Luxevs: But the mobihization of fat from: depots 1s not the same as
an inhibitton of hipogenesis.

CaxpreLl, In the untreated diabetic cats, I suppose that 1f you do
not give them insulin they do get fatty hivers as in the dog?

Lukexs: Yes.

CamprriL. But not m the Houssay cat?

Lukrvs Yes, but only to a very shght degree.
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Mrmsry The pomnt whielt Pin trying ta get at 1s that with glucsw
uptake, o marked effeet oecurs with 0702 unitsmt, wherens to affect
hpogenesss we have 10 use o pummum of 8 1wt per ml, 1 thnk that
the marked differences s effects depend on dasage.

Forrey ¥ <hal show m my paper that we get threshold effects on
hpagenesis in the manunary pland wath @ 1 pp, insult/ml

Suiniock I Emay, Twould hke to brng $hs on to a lover plane and
try to pet some chincal advice. We heard thus afternoon that diabetic
amrmals bad difficuity sn converting carbobydrate to fat - We have also
earnt thal growth ) und co ! abe result in
diffreulty s canverbing carbolivdrate to fat flow can one vorrelate
that with the chacst types of thabetes? Vounyg dimbeties are usually
an and have httle fal n the depots ar m the hvers, yet they are
sersitive to ansulm  On the other hand, the elderly ones are obese,
have much hepatic fat, and presurmably comert o lot of carhohydrale
to fat, yet are insuhn-ansensitne  Excess of growth or adrenat cortical
hotmone 15 often postulated s this group, Pevhaps Dr Lubens coufd
tell us how thes compares with the ammal world®

Lixe~ns No, T cortawly cannot smght say that the test of insine
senmtraty 35 superimposed upon 4 set of metabohe condihons which
wmight or might nut be found at the fime of 4 particular test dose

Lowsence I8 a practiang dizbetiesan is ollowed to make a comnient,
and 1 suppose the problem w linked with the human disease, 1 don’t
see why yon <hould expect the ansalin to show an effect 1n the older fat
shiabeticy, beeause they alreadv have plenty of ther pwn. The additon
of 4 kttle wiare 1s not needed and will not make much drfference That
15 & possthiisty

Lrsrns D Stadie’s work sn shich the mbutatron of the uptake of
msubn by the diaphragem by vanous hormones w being demonstrated,
gyves haboratory confirmation of the pomt yon make

Lawrines [ am aot sure, Dr Lukens, that I had time to absord
your shdes, but it seemed to me that the mving of fructose winch you
shoned, althoug) ) freath sed the utihzation of
carbohydeate. Is that correct?

Luxrns That i correct, under those 2n vitre condiions

Lawgrxer  Well, then, hown does that werk? Imean, 1 have assumed
that fruetose goes into glucose i the livers how 51t sowell metabohzed
as fructoor per se?

Lurews There 1s o verv rapid and mmmediate eflect upon the ad-
ditten of fractose to a medimm. VWhen Dy Max Mller tested fructose
in patients, there was a yery shght slevation of cudabion for a short
period of time, but then sts conversion to glucase by the hvor, which
Dr. Con mentwned., conies 1nto play and there 15 no sigwficant it
ference between fructose angd glucose after that conversinn takes place.
We may be exaggerating a phenomenon by the use of an 2 tifve
snechanism.

Lawzescr  Then if you pve fructose to 3 animal without a fiver,

hat happens 1o it?
" 8 F? %ponr I think that the answer to D, Lawrentes question 18
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to fat and subsequent oxidation. Anmals of this kind may be
particularly well suited for the study of hpogencsis.

The extreme mstances of fasting and of single-meal traming
Tepresent exaggerations of the phases of the metabohsm of
normal animals with dictary habits of regular but intermittent
feeding, who alternate between periods of surplus and storage
and periods of lving off the stores, It 1s by now clear that
the ability of normal ammals to make the necessary adjust-
ments 1n metabohsm depends mamly on a balance between
the secretions of the pancreatic islets, the pitwitary, and the
adrenal cortex. Our knowledge of the contributions of the
ndividual hormones to these metabolic adjustments 1s at
present mcomplete and somewhat disorderly, but for the
purpose of a brief and probably too simple summary, these
actions may be constdered under two headimgs. those tending
toward the expenditure and those tending toward the con-
servation of carbohydrate,

The actions of msulin seem to fall entirely under the first
heading. It 15 reasonably well establishcd that insulin faci-
litates the uptake of glucose by the cells of nearly all tissues
and makes possible 1ts rapid entry into the system of phos-
phorylated intermediates through which glucose 1s stored as
glycogen, 1s oxdized, or converted nto fat (for review, see
Krahl, 19051). Whatever the exact nature of this action of
insulm may be, 1t does not seem to be directly related to
the effect of insulin on lipogenesis, for three mamn reasons,
(%) Insulin promotes hpogenests from acetate as well as from
glucose, and thrs would appear to require another pomnt of
action than that at which 1t promotes the uptake of glucose.
(1) Although an active process of gluconeogenesis 1s contin-
uously m play in the diabetic animal, this intracellular glucose
production, presumably mvolving the intermediates of the
Embden-Meyerhof-Cor1 eycle, does not lead to fat synthesis
m the absence of msulin (i1} Although hver shces from dia-
betic ammalks can assmlate and oxidize fructose at normal
rates (Chernick, Chakoff and Abraham, 1951) hpogenests
from fructose does not take place readily unless msulin 15



THE ROLE OF THE ANTERIOR PITUITARY IN
THE SYNTHESIS OF FAT FROM CARBOHYDRATE

ALFRED £ WILHELMI

IN b presentation of the mam pomts of evidence hearing
upon the hormonalregudation of lipogeness from carbohydrate,
Dr. Lukens has mdicated that one of our present tasks s to
fit the evidence that he has prevented into the framework of
intermedary metabolism and mto the general pattern of the
actions of the metabohe hormones, The object of this paper
will be to present, i 2 summary and tentative fashon, a
picture of the relations between the piturtary, the adrenal
cortex, and the panereas, which it 1s hoped can provide a more
coherent and unified view of the actions of these glands on
carhohydrate and hpd metabolsm

Evidence for the importance amd magmitude of the process
of hpogenesis as a pathway of carbohydrate utihzation has
alrcady been presented.  In addition, it may be emphastzed
that hpogenesis 1s a continuing process m the metabohsm of
anmals mamtannng constant body weght and composttion
on diets which contain normal proportions of the major food-
stufls (Schocnhemer, 1942).  Alvwo, the extent of this con-
tinwing process may be greatly modified not anly by changes
i the composttion of the diet but also by alterations m dictary
habit The marked depression of hpogenesis m fastmg has al-
ready been conrmented upon by Dr Lukens. An acccleration
of this process has been noted (indirectly, as judged by the rise
n R.Q. after a carbohydrate weal, and by the merease in satu-
ration of the fatty acids of hser shices incubated with glucose)
in rats trained to eat thew daily food requirement m one or
tywo hours {Dickerson, Teppermanand Lony, 1948). The trained
rat, by necessity, utilizes a greater than normal proportion
of 1ts dictary earbohydrate by the pathway of conversion

a
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might be related to the mhibition of lipogenesis from carbo-
hydrate. For this reason one can guess that the action of
growth hormone may be primary in this respeet, and that 1t
may be mtensified, or only fully realized, at certain levels of
adrenal cortex activity. To answer the question properly,
however, one needs to know (a) whether growth hormone can
nhibit Iipogenests 1 the adrenalectomized animal, and {b)
whether cortisone alone ean mhibit hipogenesis in the hypo-
physectomized animal. Neither of these eritical experiments
has as yet been done

The carbohydrate-conserving actions of the pituitary and
the adrenal cortex are also seen, mdirectly, i the rapid loss
of Iiver and muscle glycogen i fastmg hypophysectomized
animals and 1n the rapid loss of hiver glycogen in fasting adre-
nalectormized animals. The loss of muscle glycogen in the
fasting hypophysectomized ammal may be prevented by 1n-
Jeeting purified growth hormone during the fast (Russell and
Wilhelmy, 1950)  So far as the loss of liver glycogen 1s con-
cerned, the hmited rate of gluconeogenesis in both hypophy-
sectomized and adrenalectomized animals may certainly play
a part. The evidence already presented, that lhipogenests 1s
accelerated in both adrenalectomized and hypophysectormized
animals, leads one to wonder whether some of the loss of hiver
glycogen might not be due to the absence of the restraint upon
lipogenesis which 1s scen to develop m the hvers of normal
fasting animals. It would therefore be of great mterest to
know something of the extent of hpogenesis from glucose and
acetate in Iiver tissue from fasting adrenalectomized or hypo-
physectomized ammals  So far as the author 1s aware, such
experiments have not yet been done.

The carbohydrate-conserving actions of growth hormone
and ACTH have their concommtants i the effects of these
hormones on the catabolism of fatty acids. Both growth
hormone and ACTH have been shown to be ketogemic 1n
normal fasting rats (Bennett, Kreiss, L1 and Evans, 1948,
Bondy and Withelmi, 1950), and growth hormone has been
found to increase ketone body production by liver shees from
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grven or unless the animals have been fed a diet of 58 per cent
fructose for scveral days before the expeniment (Baker,
Chakofl and Schusdek, 1052). The argument of these authors
that thismay be due to the flooding of the organism with 3- and
2-carbon fragments denved from the metabolizable sugar 1s
not very strong, since the sctive contmmuing process of gluco-
neogenesis m diabetic ammals would seem to imply an smple
stock of such mtermediates.

The pitustary and the adrenal cortex seem to be concerned
mainly with carbohydrate conservation  As we have seen,
growth bormene and ACTII or cortisone, exert a marked
snlubition upon hpogenesss from both carbohydrate snd
acetate (Welt and Wilhelmy, 1050, Brady, Lukens and Gurin,
1951). Sinece this pathway of catbohydrate metabohsm 1s so
mmpertant quantitatively, this action of growth hormone and
cortisone may easiby be the most smportant of thenr several
effects on metabohism. One pomt of great waterest and wpar-
tanee remains to be settled. are the two hormones independent
or related w thewr actton on hpogenesis? If they are related,
1t 15 essential to know wineh 1s prunary in its effect and which
18 supporting or “permissive.”” An mstance of the latter type
of relation 1s seen 10 the action of growth hormone m depress-
ing the R.Q. and mereasing the storage of muscle glycogenn
aumals given o carbohydrate meal. Tlus effect 1s not obtaned
m adrenalectomized ammals unless, along with the growth
hormone, a small amount of cortisone (meflective by itself) fs
also grven (Russell, 1938, Milman and Russell, 1950; Iling-
worth and Russell, 1951), Another mstance 1s the observation
{Engel, Viau, Coggns and Lynn, Jr., 1952} that growth hor-
mone can mduce glycosuria i normal rats, force-fed with a
high carbohydrate diet, if ACTH 1s also given. At a constant
dose of growth hormone, the glycosuria 1s about the same when
the dose of ACTH 1s vaned over ten-fold, but at a constant
dose of ACTH, the glycosuria varses directly with the dose of
growth hormone. It will be scen that depression of the ’.Q.,
increased glycogen storage, and spilling of excess sugar are alt
actions reflecting a carbohydrate-conserving tendency that
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from acetate 1s inereased or deercased, lipogenesis from glucose
is affceted in Iike manner. The first postulate, therefore, 15
that the assimilation of acetate into fatty acids 15 coupled 1n
an obligatory manner with the utihzation of an ntermediate
derived from carbohydrate. Secondly, since both glucose and
fructose are hpogenie, the eritical intermediate must be com-
mon to the two sugars, The synthesis of fatty acids 1s therefore

Glycogen
Fatly Acids
. Ghicose3-ph
+
Glucose Glucose-6 ph "
Fructosed pha— Fructose 6-ph « N H-
[aTP (AP o
Fructose Fructoses,6-ci ph
CHICOCOOH ,mz cu;coou
""2 HzCOOH CH:COCH?COOH
' ocoo»4
C
%0 C""’*e Cholesterdh
Acetylahons

Fic 1 Explanation m text

operated by a “carbohydrate-coupled feedback’ of acetate
(which may be derived from fatty acids themselves, by beta-
oxidation, or from glucose via pyruvate in the usual manner)
The third postulate 15 that msulin facilitates the formation of
the entical intermediate from glucose and promotes 1ts utili-
zation 1n the feedback Fumally, the fourth postulate 1s that
growth hormoue mhibits the utilization of carbohydrate n
the feedback and that 1ts action 1n this respect may be rem-
forced by adrenal cortreal hormone.

These relations are outlined schematically m Fig. 1. It will
be noted that insuhin 1s required for the primary step of glucose
utihzation, but not for the assimlation of fructose. In hver,
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Sfed normal rats, or from hypophyscetomized rats also treated
with cortsone {Tepperman and Tepperman, 1951), Both
grow th hormone and cortisone, actmg jomtly, appear also to
be concerned with the mobihzation of fat to the hver in fasting
miee (Levin and Farber, 1052}, The two latter effects may also
be mstanees of the “permissive” action of the adrenal cortex
on the effects of growth hormone,

In thinking, therefore, of the dle of growth hormone and
ACTH 1 fat synthews from carhohydrate, it 15 necessary to
take mto comuderation the other actions of these hormones
on plycogen storage. carbohydrate utihzation, hetone body
production and fut mobthzation, and to relate these actions to
the effects of msuhin on these aspeets of metabalism  The first
important step m the development of o umfving concept of
these refations was taken by Brady and Gurin, They noted
that although hpogenesis from acetate and lower fatty acxds
such as octanoate 1 afmost completely suppressed m hver
shees from dibetie ammals, acetate {or acctoncetate) pro-
duction from actanoate procecds at normal rates, and acctate
oxidation appears to be httle different from normat  Therr
smple and mteresting explanation of these ebservations 1s
that the process of acetate production from fatty acids by
beta-oxidation s not direetly reversble, but that the meor-
poration of acctate mto fatty aewds oveurs by a different meta-
bokie pathway. In the abuwence of wmsulin, the Intter pathway
15 blocked and hipogenesis ccases, whale fatty acsd osidation
and acetate and acetoacetate production may continue ufi~
ymparred (Brady and Gunn, 1950)  Therr idea 15 diustrated
the right hand side of Fig. 1 In thew view, the eatabolism
and anabolism of fatty acids represent two phases of a eycelic
process, the synthestang half of witeh 15 under the mfluence of
msulm. The restoration of lpogenests w the Houssay ammal
also imphes that thr process 1 influenced 1 addition by the
prtantary (Brady, Lukens and Gunn, 1931).

This attractive hypothesrs may be modsfied to cover a great
deal more ground by adding to 1t a few simple postulates
Farst, 1t 15 noted that m every mstance i which hpogenesis



ANTERIOR PITUrTARY AND Far Syxtnesis kg

Letone body production, and merease hver glycogen or Lepatic
glucose output. With hoth ACTH and cortisone, cffects of
both kinds have been observed (Engel, 1952).

In the dinbetic animal, the feedback may be at least partly
blocked by the unopposed action of growth hormone and the
adrenal cortex. Removal of the pitwitary relieves this intu-
itien, and carbohydrate utihzation by tiis pathway may be
resumed at its natural or unregulated rate. The feedback
operates to a degree, and nett fatty aeid catabohsm and
ketone body production are dimmished. Such a preparation
is, however, unstable and sensitiy e to the carbohydrate supply
to insuln and the growth hormone.

If we may assume that the metabolic organization of the
liver is somewhat specialized but not fund, ally different
from that of other tissues, this hypothesis might be applied
to them as well, In muscle, for instance, the action of growth
hormone 1n dimimshing hipogenesis from carbohydrate could
lead to the observed phenomena of depression of the R.Q. and
increased storage of muscle glycogen after a carbohydrate
meal. It may be worth emphasizing that in this instance
insuln and growth hormone are not entircly antagowstic,
smee glucose uptake 1s nét intubited. In fact, 1t has been
observed that the admmmstration of insulin to glucose-fed rats
treated with crude anterior pituntary extract has httle effect
in Tasing the R Q. but does bring about spectacular increases
in muscle glycogen (Russell, 1938) One other interesting
consequence of this hypothesis as applied to musele 1s that the
rate of ketone body utihization may also be determined 1 part
by the extent to which the feedback 1s 1n opcration n the
peripheral tissues.

A detailed account of the suggested consequences of the
scheme would take far too much time and space, andtishoped
that many more aspects ean be brought out 1n the discussion.
There are two pomnts that may be made n conclusion. First,
the essence of the hypothesis 15 due to the excellent work and
the bold suggestion of Brady and Gurin; 1ts faults in extension
and in1ts probable o hfication of these complex rel
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the pathways of the two sugars converge at fructose-G-phos-
phate: in musele, fructose-}-phosphate appears to be phos-
phorylated to yield fructose-1, G.diphosphate (Cori, Ochoa,
Slein and Cori, 1951} At the moment there is not enough
evidence to mndicate the nature of the common mtermediate
that 1s coupled with lipogenesis. The point of convergence of
carbohydrate and fatty acid catabolsm is in the two-carbon
unit indicated as acetate, From this point acctate may be
lated into the feedbaek, 1t may be oxidized, after con-
densation with oxaloacetate, via the ertric acid cycle, it may be
utilized for the synthesis of cholesterol or it may be employed
w the acetylation of foreign amnes, and finally, if it is pro-
duced m exeess of the eapaesty of other systems to consume it,
aeetate may be condensed with stself to form acetoacetate.

A few of the consequences of this scheme may be briefly
outlined. In the fasting norma} ammal the depletion of liver
glycogen leads to a reduction w the ameunt of carbohydrate
available to operate the feedback. Acetate asssmilation by this
pathway 1s reduced, and the nett breakdown of fatty acids is
increased. There may be 2 small increase in ketone body pro-
duction.  As the process of gliconeogenesis from protein
accelerates, the flow of carbon tends to be from rather than
towards the citric acid cyele, so that acetate utihization by
this pathway may also be dimunished. If in these errcumstances
¥ is ad tered, the diminished feedb may be
intibited, resuftmg m a greater nett breakdown of fatty acids
and an ncrease in ketone body production. the “ketogenie”
effeet.

In the hight of this scheme, ACTH or cortisone might be
expeeted to have two different effects, depending on the cir-
cumstances. If insulin 15 present and growth hormone activity
15 relatively low, then the actiwn of cortisone in promoting
al g may be sufli to mereasc the supply of
sugar to the feedback, decrease the nett catabolism of fatty
acids, and reduce ketone hady praduction If, however, insultn
activity is low and growth hormone activity is relatively high,
cortisone may reinforce the inlubstion of the fredback, increase
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glyeogen effcet, it has been shown that cortisone and allied compounds
da influence the carbohy drate metabolium of by pophy sectomuzed rats
Lukens and Dodds, as well as oursclves, have shown that cortisone
aggravates the diabetes of the Ioussav anmal, 5o that there 15 at least
one example of the independence of the growth hormane effect from
the presumably ACTIL cortivone effect. ‘Lhs question as to the nde-
pendence or mterdependence of the action of these two hormones will
1 thiok come up time and tume again here A good deal of stress wilt
Le lud, and lias been Lad, en observations of the debicient state of the
adrenalectomized animal or the ammal treated with growth hormone
I think it well to remember the opposite circumstances, that when a
Lirge amount of cortical hormone 1s given to the normal ammal, the
effcets are positive and are presumably ndependent of any other
pitwtary hormone

WiLnriar But the normal ammal has its own pituitary, and you
may be attmming a level at which certain aspects of the pituitary
action arc expressed, whereas at low levels of adrenal cortieal activity one
may not really see the full effects of the depressian of pituttary hormones.

Love T think 1t 1s well to remember though, that vou do have
cortisone effect 1 hypophysectomized ammals- at  keast on thar
carbohy drate metabolism

Russrin  About the effect of cortione m hypophysectonuzed
ammals, in the expenyment to which Dr Long referred the mereased
depowition of carbobydrate was less than that in intact or adrenaleeto-
muzed ammals given the same amount of cortical extract, and small in
Pproportion to the effect on mtrogen excrction It appeared that the
usual cffect of the extract on glucogenews had been obtammed, but not
the interference with earbohydratc utihzation wliuch may be <een 1 the
animal with a piturtary

Lo~o  That's perfectly true, Dr Russell In fact, while the stim-
ulstion of glucogenests as Judged by mtrogen excrétion 15 just as
large i the hypophyscctomnzed ammal mven cortical extract. the
accumulation of liver glycogen 15 not wo great It would appear that
n the Ty pophy sectormzed ammal therc 15 another deficiency operating
against the accumulation of the hver glyeogen found mn the adrenal-
ectomized or intact ammal

WiLnpim  In this connection, 1t might be worth while to emphasize
that 1f you caleulate on a carbon to carbon basis, the potential carbo-
hydrate that can be dertved from protemn 1s actually much greater than
18 ordinanly realized in ciabetic ammals  Therefore, 1f there s an

Long That 15 true, because 1 our caleulations we used the factor
3 65 to 1, but obviously there 1 still a conwderable proportion of
carhon to he accounted for
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must be borne bv the author. Secondly, the hypothesis

does not aceount for the most important relation between

msulm and growth hormone. their combined action in mtrogen

retention and growth. It does lead to the speculation, how-

ever, that the action of growth hormone 1n suppressing carbo-

hydrate utihzation for fat synthesis may be related to the

requirement of carbohydrate in some special form for protemn

synthesis.
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DISCUSSION
Lowg. Dr. Wilhelmm posed a question as to the cortisone effect 1n
hypophyseetomized rats, he remarked that the actual experiments
had not been carried out  However, so far as the effects on carbohydrate
metabolism are concerned, and presumably they are linked wath the
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C. F. Cort: Would you espect the same mechanism to eperate m
the ncorporation of glyeine into glutathione?

. Winmrvn I think it s different. One possible extension of this idea
Is that one coull argue that there may be a coupling between carbo-
hydrate utihization and the assmlation of amine avids.  One of the
B R © ' ydrate utilization by fatty
. the required synthesis of

' ait too far--I dide’t want

A . unresolved state—but I
adrmit that this 1s a pure speeulation so far as the couphng goes. the
CILO in the inlubited fecd-back system 1s conserscd for other purposes,
one of which may be the suppnrt of protein sy nthesis

BesT Is this “fecd-back™ conception primarily yours, Dr. Willielmi,
or Gurin's?

Winrisn Well, T think it really belongs to Brady and Gumn
They made the mitial supgestion that the assinulation of the acctate
was probably by a different pathway from the breahdown of the fatty
acids to €, umts  They did not, however, make the assumption that
this was coupled 1n any obligatory fashion with carhohydrate utihza-
tron.

Lukens T hope that Dr Withelmi will some day include an tus-
toncal reference to the obligatory utibzation of CHO, we never hnew
what we were talking about i the old days—and I am not sure whether
we do now!

G Cort Perhaps one should remember that fructose 1s converted to
glucose n the liver, and that 13 the reason why fructose 1s not a satrs-
T R

Lt Pratt U Le RAsUTo-INIesUndl traet, as well as i the nver  1hus,
if fructose 15 fed, 1t 15 even less efficient than when 1t 1s admmnistered
Intravenously
Younc I would like to emphasize the question of dietaty factors 1
the mtiology of hetogenesis, and to recall some evperiments which
Marks and I did about fifteen years ago. in which we showed that the
bt e e e B T O

a

N v

which 15 capable of inducing ketonuna on administration to a normal
tat on & high fat diet  What the mechamsin 1s, T don’t know Itisa
substance present m the Iipd fraction of meat, which appears to be
capable of c?mlyslng the formation of ketone bodies from fat in the
ok A it fii bt e

hetonuna. Indeed Petren says that he gave 100-200 gm of butter fat
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Woarresr: What did your ealculations show, Dr. Russel(?

Russiun: 8-23 was the salue for protem of average composition.
‘This is the theoretienl maximum D N if all the carbons are comverted
to glucose, oF spare equvalent glueose earhons from oxidation

Lukinw In connection with these experiments with corhisone in
hypophy sectonuzed ammals, we did several experiments giving corti-
sorie to Houwsay ammals which were not included 1n the fat synthesis
work  However, there was no doubt that cortisone produces a severe
fatty liver 1n the anymal with termmat acidosis, it 1s a very powerful
factor 1n the Honssay amumal.

Brst In regard to “feed-back,” T don't hke the term very much
and don’t understand why it w used  Terhaps thns ss due to defects in
my knowiedge-—it is an electrical analogy, 1sn't 1t?

Witiiean - Yes, it anses from electrotones—a feed-back civewt is
one which puts a httle bit of power back to regulate 1ts source It
probably 15 not quite correct to use 1t in this sense because the scope
and mechamsm of the process are rather different. T used the anaslegy
1o indicate that the return of Z-enrbon units to the higher fatty amd
level involved a coupling of the whole process with glucose utihzation,
and that in the nbsence of that coupling or in testraint, sueh a return of
half of the eyele m inhiluted

Bost  Perliaps we could have some beftel; term for st—I have no

] . .-
glycine and measured the mcorporation of glycine into the proten
e T s it it e TT4 v anid that ctnreatinn

from fasted ammals s very low in glycogen

When he repeated these expeniments with liver slices from disbetic
arumals, he found that the incorporation of the Iabelfed glyeine into
glutathione was very much depressed  When he added plucose to the
medrum, this restored somenhat the mcorporation nto givtathione.

mmeonbing

. - n

. ' 13
. o, . T
LY

1 don't know what the feed-hack mechanism is, but it must be
explained in terms of some intermediary reaction. What is the
chemical or enzymatic basis for the feed-back mechamsm, that is my
question?

WinneLvr: I oecan’t answer that qn'cst'mn. a:\ lhe"momenl beeause

P amers swhich



EFFECTS OF INSULIN AND CORTICOIDS ON
LIPOGENESIS IN VITRO

8. J. FOLLEY

Tnat hipogenesis is an important route of carbohydrate
disposal 1n animals has been hnown from the time of the class-
ical experiments of Lawes and Gilbert. In view of the erucial
role of msulin in carbohydrate metabolism 1t mught be ex-
pected that this hormone would be eoncerned n the regulation
of the conversion of carbohiydrate to fat. Indeed such a rdle
for insulin has been postulated on the basis of experiments
on the whole amimal (Drury, 1910, Stetten, Jr., and Boxer,
1944).

The question of the effects of insulin and other hormones,
added in vitro, on the metabolism of 1solated tissues has re-
cerved mereasing attention 1n recent years, the majority of the
earlier studies being concerned with glycogen syntheas and
breakdown. Bloch and Kramer (1948) were the first to report
a stunulating effect of insulin zn vitro on Lipogenesis 1 tissue
slices (rat liver) but their findings could not be confirmed n
all breeds of rat studied (Bloch, 1948) More convineing evi-
dence of the stimulation of lipogenesis in rat liver shces by
insulin added to the ineubation medium was later presented
by Brady and Gurin (1950).

Our own studies on this question have been carried out on
lactatmg mammary gland shees, mammary tissue beng, as
we have pointed out (Folley and French, 1919, 1950}, a tissue
especially suitable for studying hpogenesis tn tiro, and we
have used manometric and 1sotope ncorporation methods for
this purpose. Our manometric measurements have been of
two types first, di i of the lled
respiration curve, which 1s essentially the curve of o‘ erall
pressure changes resulting from the metabohism of tissue slices

carBo 83
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to bring his patients out of diabetic coma, T don't see how that obser-
vation fits m with any thing which we hold at the present time about the
mtermediary metabolism of fatty acids, hut certainly our own results
agree with Petren’s obseryations.

Bis1 From what ment was tlis ervstatline substance 1solated?

Yourno We got it from horse muscle, and also from calf intestinal
mucosa

Brrroren  We've heard a lot this afternoon about the mfabitions
caused by growth hormone —1t inhibits hesolinase, 1t inhbibits fat
synthiests, 1t depresses the R.Q. To this I can add that it inlubits
cpidermal cell division i titro Hlow does 1t coine about that 1t 13 also
a growth hormone?

Wonrist Iean't answer that. s a matter of fact, if you tahe the
data from human responses to the imjection of growth hormone, this
cannot be regarded as growth hormone Most of the emphasis and
references in the Literature are to the responses of animals other than
man to our present preparations of growth hormone,

CoNne T have some data that I plan to show later this afternoon
dealing with the effects of the Raben-WWestermes er growth preparation
m a buman being  We were able to demonstrate defimte mitrogen
retention 1 man without any evidence of diabetogenie activity  This
human subject she 7 ° : et e e
effcet since he was
diabetes melhitus,

Brsr. @ want t
(Salter and Best)

4y Conx If I may add something to what Dr Best has Just said—m
the patient that P'se just described we were able to show marhed
aitrogen retention by admimstration of msulin alone,
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Folley, 1951). These results have since been confirmed by
Hills and Stadie (1852).

Similar though somewhat smaller effects were obtaned with
glucose as substrate but msulin had no noticeable eflect on
the metabolism of rat mammary gland slices incubated with
acetate alone (Table I). In the latter connection it should be
noted that rat mammary tissue incubated with acetate alone

Table 1

EFFECT OF INSULIN 1 11170 ON THE. RFSFIRATORY METABOLISM OF MAMMARY
GLAND SLICES FROM LACTATING RATS

(Results from Batmatn and Folley, 1931}

tage

No o of | Addtn
. | lactation

2

o, rq Qacd “Rglucose

wnsufin

Substrate- acetate (0 0251) +glucose (0 3%)
+ {108t

1 | 13as 603l —23£0231824090
— 60 6|1 53£005 | —07:02}47£08
Substrate  glucose (0 3%)
10 +15 ] + [ No207{1 52402
- 061 3303
Substrale. acelate (0 0251)
10 | 1218 | + 6+0 1|0 82:0 04 | 05402
~ | 4e6x03j0783i003[-0201

does not oxidize this substrate nor utilize 1t for lipogenesis as
Judged by respiratory and 1sotope incorporation data (Folley
and French, 1950, Balmain, Folley and Glascock, 1952a).

In unpublished experiments in our laboratory, Miss J. H.
Balmain has studied the dose/response relationshups of this
nteresting effect of msulin on lipogenesis n vitre  Using
as response the effect on the slope of the composite curve,
she has found that the threshold dose of insulin is in the
neighbourhood of 0 002 1u./ml and that there 1s a graded
ncrease in response with inereasing insulm concentrations up
to 0-055 Lu fml. With Mr. C P. Cox we are at present inves-
Ugating the possility of utihzing this response for the assay
of insulin,

The above-mentioned ncreases m -Qqy R.Q., -Q,q. and
“Queose Gue to insulin were 1nterpreted as indicating that
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meubated with suitable substrates (in the present work,
acetate + glucose) in Krebs-Henseleit bicarbonate-saline in
equilbrium with 0,-CO, gas mixture, and sccondly, measure-
ments of R.Q., -Qo, and Q. supplemented in some cases
by chemical determmnations of ~Qgtucos-  Our more recent work
has involved., besides manometme observations, measure-
ments of the mcorporation of isotopieally labelled substrate
earbon into the fatty acids 1solated from the slices at the end
of the incubation period.

Stimulation by Insulin of Lipogenesis from Small
Molecules

Fig. 1 shows the effect of insulin (0-05 r.u /ml. of medum)
on the composite respiration curve of lactating rat mammary
gland shees metabolizing acetate -+ glucose as substrates. This
effect was first deseribed by Balmain, French and Folley
(1930) It will be <een that in the absence of added nsulin,
the overall pressure progressively increases, giving a composite
respiration eurve of positive slope. This 1s undoubtedly due to
the fact that, under these conditions, mammary gland shices
from lactatmg rats exhibit R Q. > 1, which has been nter-
preted (Folley and French, 1950) as evidence that the tissue
15 effecting the net synthesis of fat from small molecules. In
the presence of insulin the slope of the composite respiration
curve was markedly mncreased, from which we inferred that
insulm mereases the R.Q. of thie tissue and hence the rate of
net fat synthesis.

Actual measurements of R Q show that the quotient is
indeed 1ncreased by addition of msulin to the incubation
medium. Table I, taken fiom Balmam and Folley (1951)
shows that msulin (1 1u./ml) mcreased the R Q. of lactating
rat mammary gland shees mcubated with acetate+glucose
from a mean value of 1:53 to a mean value of 2:07, with
a concomitant increase in -Qq,. At the same time there
was an increase in -Quug, showing that the acetate uptake is
increased by insubn, and of ~Qgrucose indi
that the same applies to the glucose utilization (Balmain and
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In experiments on mammary gland shees from lactating
rats (Balman, Folley and Glaseock, 1952b), we have found
that addition of cortisone to the medium decreases the positive
slope of the composite respiration eurve which 1s character-
1stic of the tissue at this funetional stage (Fig. 1), Tlus indi-
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Fic 1. Effects of msulin and cortrsone on the gas exchange of

lactating tat mammary gland shees incubated in_ acetate

(0 02w) +glucose (0 8 per cent) (from Balmam, Folley and
Glascock, 1952b)

(Published by permission of the editors of Nature.)

cation that, under these conditions, cortisone decreases the
R.Q of the tissue and hence the rate of hpogenesis was con-
firmed 1n the first instance by measurements of R.Q. and more
definitely by experiments with labelled substrates which
showed that the incorporation of both glucose and acetate
carbon 1nto the fatty acids was decreased by cortisone
(Table IIT). When both msulin and cortisone were present
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msulin inereases the rate of utilization of hoth acctate and
glucose carbon for fatty acid synthesis by the tissue, This
conclusion has been cenfirmed hy expeniments mvolving the
meubation of mammary gand slices from lactating rats with
Inbelled substrates, At first we used mixtures of {earbory-1C}-
acetate - unlabelled glucose (Bal Folley and Glascock
19520} and 1» later unpublished experiments, doubly Iabelled
acetate {1-PC-2-tnitio] acetate + 3(-glucose, A typreal
example from the latter series of experiments (Table 11}
shows that insulin inercases the wcorporation of both the

Tabte 1T

LIPOGENESIS 5% Masrwany Granp hescns proyw s Lacrsrive Rar
{Balmarn, Folley und Glascoch  unpublished work}

Substrate M0-glucose (0 3 per cent) 4 CT,CO0Na (0 02v)
BC Wpcel T Waet B0 5 atam per cent excess

Faotope content of C'a salta of mazed fatty scuds after 3 ke
ne e
e rmjmg ol g & atom % exeess
Control a8t [} 0 034
Xnsulin
11u/ml) 803 202 014

carbons of acetate and of glucose carbon nto the fatty acids
by lactating mammary tissue from the rat

Effect of Corticoids on Lipogenesis fram Small
Molecules

In view of the antagontsm between msulin and corticoids
as regards diabetogenesis in the mtact ammal it was of
interest to study the effect of I-oxygenated adrenal cortex
steroids on hipogenesis by mammary gland slices a zitro, par-
ticularly since Brady, Lukens and Gurn (1951) have shown
that pre-treatment of rats with cortisone decreases the incor-
poration of [earbory-15C}-neetate mta the fatty acids of shees

of therr hivers inr vitro.
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energy from the oxidation of acetate alone, glucose neverthe-
less stimulates the mcorporation of acetate carbon wnto the
fatty acids of mammary gland shices from ruminants (sheep),
as well as enabling mammary tissue from non-rununants (rat)
to use acetate carbon for lipogencsis (Folley and French, 1950,
Balmam, Folley and Glascock, 1952a). However, udder slices
from lactating ewes, when incubated with labelled acetate +
labelled glucose, utilize much less glucose carbon and more
acetate carbon for lipogenesis than do rat mammary shees.
Results of a typical experiment (Balmam, Folley and Glas+
cock unpublished) illustrating this species difference are given
in Table IV
Table 1V
LipoGENESTS 1N LAC1ATING MaMyARY G1AND SLICES IN \B-LNCE 0F INSULIN
(Balmarn, Follcy and Glascock  wnpublished worh)
hulhtr?‘t(e CTBCOONa 0 020 + HCglucose (0 3 per cent)
c

w1 T 10 g 1 rat), 20 e | (Sheep)
1C 5 atom per cent excess

Isotope content of Ca salty of mured fatly acrds after 8 Ar

we o e ne
cpmimgC combustan ho atom % excess.

Rat 381 03 0054

Sheep 225 1002 0313

A further difference between lactating mammary tissue from
rurmnants and non-ruminants 1s revealed 1n the response to
msulin tr vitro. We have found that addition of msulin to
the medium 15 totally without effect on the respiratory meta-
bolism (Balmain and Folley, 1951) or on the incorporation of
glucose and acetate carbon into fatty acids by udder shices
from lactating sheep (Balmain, Folley and Glascock, 1052a;
and further unpublished work) Table V shows results of a
typical experiment 1 which sheep udder shices were incubated
with CT;?COONa + “C-glucose.

If it should prove that species differences of this type
apply to tissues other than the mammary gland, one would
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Table IIT

ErFECTS Or INSULIN AND CORTISONE 17 19770 oy LipoceENEsrs 1v Mawiny
LAND SLICES TROM A Lacraming Hat

(Results from Balmam, Folley and Glascock, 1952b)

Substrate  MC-glucose (0 8 per cent) 4 CT,COONa (6 02v)
HC 10pcfl T 50 ol

Isolope content of Ca salts of mized fatty acidy after 3 hy
ue T
Addihen
cpmimgC | o of controt | P m,],, 4 of control
None 363 100 283
Cortisone 25t ki ks
Insulin 783 218 430
Insulin +
cortisone 383 105 18

together there was evidence of antagonism, sice the poten-
tiating effect of insulin on hipogenesis was neutralized wholly
or in part,

We felt1t of interest to study the dose/response relationships
of the effect of glucocorticoids on lipogenesis in vitro and, since
prelmmnary experiments by the composite curve techmque
indicated that corticosterone was appreciably more active
than cortisone in this respeet, we have used corticosterone 1n
these mvestigations  Our prelmnary studies (Balmain,
Folley and Glascock: unpublished} so far indicate that rela-
tively low doses of corticosterone (10-50 pg./ml) instead
of inlubiting, actually stimulate—and to quite a considerable
degree—the utilization of glucose and acetate carbon for
hipogenesis, while higher doses exert an inhibiting effect, as
found 1n our previous studies with relatively lngh concentra-
tions of cortisone. These studies are being continued.

Species Differences in Response of Mammary Tissue
to Insulin wm vitro

Though, as respiration studies (Folley and French, '194.9,

1950} show, mammary tissue from ruminants can obtain its



HormONES oN LIPOGENESIS in titro 91

on lipogenesis is bound up with the effect of the hormone on
the utilization of carbohydrate for energy production.
However, recent work in our laboratory suggests another
posstbility for consideration. It should be pointed oat that
the mammary gland not only builds up fatty acids but incor-
porates them mto glycerides. It 1s therefore to be expected
that m such a tissue the supply of glycerol might well be a
rate-limiting factor in fatty acid synthesis from small mole-
cules. Evidence that this 1s so has come from manometric
measurements (Balmain and Folley, 1951) and isotope incor-
poration studies (Balmain, Folley and Glascock, 1952a) which
showed that glycerol added to the incubation medium exerts
2 marked stimulating effect on lipogenesis by rat mammary
tissue stmular to that of insulm. Table VI shows the results
of a typical experiment Ths raises the question whether the

Table VI

CovrarizoN OF TUL EFFPCTR oF INSULIN AND GLYCEROL OV LIPOGENESIS
¥ MAMMARY GLAND BLICES FROM A Lactativg Har

(Results from Balmain, Folley and Glascock, 1952a)
Substrate  CIL,COONa (0 024) + glucose (0 3 per cent)
UC 50 pc I

C content of Ca salts of
maaed fatty acds after 3 kr

cepmimgC
Control . 5951
Insuln (13 fml ) 9061
Glycerol (0 2 per cent) 10282

effect of msulm on lipogenesis may be mediated through the
breakdown of glucose to glycerol Glycerol could arse as a
result of a side reaction at the triosephosphate stage of glucose
breakdown, and 1t 1s worth noting that recent results indicate
that glucose 15 the mamn precursor of the glycenide glycerol of
the mulk and that the conversion takes place 1n the mammary
gland 1tself (French and Popyak, 1951, Popjak, Glascock and
Folley, 1952)
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expect insulin to be less important in the mtermediary meta-
bolism of ruminants than in that of carnivores. Were thus
the case, the fact that pancreatcctomy is less severe m its

Table V
L1rOGENESTS 1N UDDER SLices FROW A Liacta1iNG Ewe
(Balmain, Folley and Glascoch  unpublished work)

Substrate : #4C-glucose (0 3 per cent) 4 CT,9COON2 (0 023)
MC 10 ucfl T 20 pc/l. C 5 atom per cent excess,

Isotope content of Ca salts of mured fatty acids after 3 hr.

ue T
cpmimgC o i o atom 9, excess
Controt . 22 5 1002 0373
Insulin
1rnjml) 253 970 0 331

effects 1n herbivorous ammals than carnivores (see Lukens,
1944) might find some explanation.

Mechanism of the Stimulation of Lipogenesis by
Insulin

As pomted out above, the stimulating effect of mnsulin on
lipogenesis in mammary tissue has only been observed n cir-
cumstances i which glucose 1s oxidized and at the same time
used as a substrate for hpogenesss, Le. 1t has been observed
with mammary tissue from non-ruminants (rat) meubated
with glucose alone or plus acetate, but not with mammary
tissue from rummants (sheep). Now, as we have seen, mam-
mary tissue from ruminants and non-ruminants respectively
appears to differ in the nature of the system which yields
energy, since manometric results (Folley and French, 1949,
1950) show that non-rummant mammary tissue obtamns its
energy from the oxidation of carbohydrate, while in the case
of rummant mammary tissue acetate 1s the oxidizable sub-
strate of choice. Since lipogencsis 1s an energy-requiring pro-
cess 1t thus seems possible that the stimulating effect of insulin
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ForLey. We have done exp < with an all diabetic goat
In these experiments, the animal soon had a very high hlood sugar
which was controlled by msulin, but the insulin-resistanee seemed to

organie metabohsm, they are very mueh less than those produced by
cortisone. The major activity of corticosterone m man 1s upon clectro-
Iyte metabolism

We were interested some years ago 1n the changing electrolyte
composition of sweat under the influence of admimstered deoxy-
corticosterone or ACTIL Under these eircumstances there occurs a
sharp deerease m swcat sodim and chloride and an ncrease of sweat
potassum  Dr Wolfson tested the effect of corticasterone upon the
concentration of electrolytes in human mulk and cbserved the same
. . o e CL e TN e

\ mnnbnin Ao rosfinad Taar  TTo farnd

Foiry We haven't done many such experiments We have done

me g RQ d ons but on ma; y
gland shces only, we got rather mdefinite results, so I didn’t present
herm

them,

MANX With reference to Dr Folley’s important mvestigations on
the essential dufference between carbohydrate metabolism in mono-
gastrie animals and 1n ruminants, Twould like to mentien some expen-
ments on the mechanssm of seminal fructose formation i ruminants
and monogastnc ammals In monogastric ammals, such as the rabbits
for mstance, we can nfluence the level of fructose m the blood. In
alloxan_dabetes both go up, and when nsulin 15 injected, both go
down Inruminants, the level of glucnse 1n the blood 1s low Neverthe-
less, the semen of these animals (e g. ram and bull) has a haygh fructose
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The work discussed 1n this paper has been carried out in collaboration
‘\:‘lth th_c late Dr T H TFrench, Miss J. H. Balmain and Dr. R, F

to the following  Dr K Hallas-Moller of Novo Terapeutisk Labora-
torium, Copenhagen, for erystallne msulin free from glycogenolytic
factor, and to Dr Abraham White of Chenucal Specialities Co Inc.
for corticosterone
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DISCUSSION
Mirsxy Have you studied the effect of cortisone on lipogenesis?
Foricy No. We haven't yet
Mimsky: ‘The reason I ask this 1s because of the expeniments which
show that depancreatized chickens develop hyperglyemma after the
N ¢ & am ~8onctenna Temaswwell ha that sinee msulin does not
flect of cortisone on Dipo-

nd we intend
If you arc
have bred,

: g poipt,




RESPONSES OF DOGS TO PURIFIED GROWTH
HORMONE*

JAMES CAMPBELL

Ix 1945 Ly, Evans and Simpson described procedures for
the isolation of the growth hormone of the anterior pitwmitary
gland, and Wilhelm:, Fishman and Russell (1948) succecded
in crystallizing the material 1n good yield by application of
methods which were developed by E J Conn and lis asso-
ciates for the separation of plasma protems These advances
have made possible physiol 1 and biock 1 studies
which reveal that the growth hormone has important effects
on metabolic processes, as well &s on structures. Investigations
now under way are providing hinks for the correlation of the
metabolic with the structural influences. Expermnental
results that have been obtained indicate that there are prob-
ably functional relationshups between the pancreas and the
hypophysis 1n regard to the secrction of these hormones.

It has been demonstrated that lughly purified growth hor-
mone 1s diabetogente 1n cats (Cotes, Rexd and Young, 1949},
and in dogs (Campbell, Davidson, Snair and Lei, 1850).
Houssay and Anderson (1949) produced permanent diabetes
mn the partially depancreatized dog by relatively high doses
of growth hormone, and Campbell, Davidson and Lex (1950)
produced metahypophyseal diabetes m dogs, which previously
had been given jections of a diabetogeme prbutary fraction
on one or more occasions In the ec tion of these studses,
the effects produced in dogs by doses of growth hormone
adequate to produce diabetes have been determmed. These
nvestigations are reported fully by Campbell, Hausler, Mun-
roe and Davidson (1958), and will now be briefly described.

¥The investigations descnibied were supported by a grant from the National
Research Council of Canada and the National Cancer Institute of Canada

a3
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concentration. How then is seminal fructose formed a the ruminants?
We find in the organ which produces fructose in the rumunants, 1€,
the serminal vesicle, a very lugh reserve of glycogen which provides
through 1ts metabolism (via and hofructose) the
source of fructose.

Another pomnt which I should Iike to mention is that the sperma-
tozoa both of ruminants and of monogastric animals consume fructose
at the same high rate,
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analysis, show less than 1 per cent of impurity.* These prepar-
ations have very high growth activity and produce intense
diabetogenic effects in dogs.

Through fractionation of hog pitwitary gland extracts,
Raben and Westermeyer (1952) indicate that the diabetogemic
factor of the pitwitary 1s distinct from the growth hormone.
However, in this laboratary, it has not been possible so far to
separate diabetogenic activity from purified bovine growth
hormone preparations. To the contrary, in our experience from
1949, the more highly purified growth hormone has given more
prompt and mntense diabetogenie responses m dogs. If it 1s
postulated that a growth factor could be separated from a
diabetogenic factor in these preparations from bovine prtwi-
tary glands, the factors must have practically 1dentieal mole-
cular weights and have the same electrophoretic mobilities;
or alternatively, the hypothetical diabetogemie factor must
produce the responses in dogs m doses of less than 5 per cent of
those required to produce diabetes, together with 95 per cent
of the growth hormone. These possibilities do hot appear
hikely at present

The subeutaneous admimnistration of highly purified growth
hormone produced severe diabetes in four previously un-
treated dogs, 1n dosage of 3 5 mg per kg. per day (dogs F, P,
Mand R of body weight 9 2 to 12 kg., Fig 1) The daily diet
consisted of 300 g. ground horse meat, 100 g. ground dog chow
(Purina} and 40 g. sucrose. Samples of blood were taken n the
morning (16 hours post-prandial), then the first injection and
the first meal were mven, followed after 8 hours by thesecond
mjection and meal. A small amount of urine was lost, as exer-
cise was allowed for two short wmtervals each day Hyper-
glycema, glycosuria, polyuria and polydipsia were eheited in
1 to 2 days of 1njection and remamed as long as the injection
continued. The plasma was visibly lipemic on the second to
fourth days of mnjection, and ketones appeared i the urme.
During the diabetes the dogs became noticeably quiet, the

*We are mdebted to Dr ¥ D Dettand Mr K A B Degen of the Con-
naught Medical Research Laboratories for these analyses
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The growth hormone was prepared (Campbell and Davidson)
from bovine anterior pituitary glands by precipitating the
globulin fraction by dialysis and subsequently applying the
procedures used by Willielmi, Fishman and Russell (1848) for
the purification of their Fraction A The growth activity was
determuined by the tibia test of Greenspan, Li, Stmpson and
Evans (1949): doses of 10 and 25 pg. per rat per day for 4 days,
in young female hypophysectomized rats, produced increases
m the widths of the uncaleified, epiphyseal dises of the tibie
of 116 and 149 microns over the control values. These res-
ponses compare favourably with those obtained with punfied
growth hormone by Greenspan et al. (1949). Since the tests
were made n different laboratories the results however may
not be compared directly. The preparations contained detect-
able amounts of other piturtary principles. The ACTH con-
tent, assayed by the method of Sayers, Sayers and Woodbury
(1948), was estimated to be about 1 per cent of the standard
La-1-A. The thyroid-stimulating hormone (TSH) activity,
assayed by the method of Ghosh, Woodbury and Sayers
(1951), was about 010 U.S.P. umts per mg The prolactin
activity was of a low order, and was estimated, by the method
of Hall (1944), to be equivalent to 5 per cent of the Inter-
national Standard.

From electrophoretic analyses performed by Dr. A. W.
Wilhelmu on another preparation whicl was used for reference,
the main component was 1dentified with the growth hormone
preparation of Wilhelm, Fishman and Russell (1948). Electro-
phoretic analyses in this laboratory by Dr. E. S. Goranson
indicated that the growth hormone preparation used i the
present studies contained about 5 per cent of more mobile
material. The administration content of the growth hormone
preparation determined by Dr. A. F. Graham, agreed with
that found for purified bovine growth hormone by Li and
Moskowitz (1949). These analyses also showed that about 5
per cent of heavier T b b
mone. On further
have subsequently . N
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1m this period and until the end of the experiment. The growth
hormone preparation was then administered again to the three
dogs in dosage of 2 mg. per kg. per day for 6 to ¢ days. Iyper-
glyeemia, glyeosuria, polydipsia and ketonuria again appeared
in two of the dogs, on this lower dict and dose, but not n the
dog R who was obviously the most resistant.

The diabetes elicited by purified growth hormone corres-
ponds 1n mmportant respects with that induced previously by
crude and partially purified anterior prtuitary extracts, and
can properly be termed idiohypophyseal diabetes. Since the
response ean be elicited by a single factor, the growth hor-

N PR oo e

the responses to the growth hormone For example, ACTH
i relatively lugh dosage increased the blood and urine sugar
of dogs, but to a lesser extent than the growth hormone
{Campbell ¢t al, 1950). Probably this matter will resolve
mto a question of semantics.

E ion of the p 5 of these dogs by Dr W. S.
Hartroft and Mr W Wilson showed that the growth hormone
had produced degranulation of the 8 cells of the Islets of
Langerhans. In the dogs with the most severe diabetes (F
and M) the degranulation was practically complete, whereas
n the most resistant dog R, granulation was still recogmzable
mn a few of the 8 cells of the 1slets, but the amount was much
reduced as compared to the normal

The 1nsulin extractable from the pancreases, determined by
Dr.G. A Wrenshall, was much less in these dogs given growth
hormone than 1n the five normal control dogs that were given
bovine plasma albumm (Fig. 2) In agreement with previous
results in dogs given a diabetogemic pituitary fraction (Ham
and Hast, 1941), there was good correlation between the
degrees of B cell degranulation and the extractable msulm of
the pancreas.

The degranulation of the 8 cells and the reduction of the

extractable msulin of the pancreas produced by the growth
canzo. &
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appetite deereased and vomuting occurred, while the water
mtake remamed lugh. The rate of respiration increased and
tremors were present n the fore and hind limbs. The signs of
diabetes were most mtense in dog F, and after 7 days of -

GROWTH GROWTH
P‘REPARATION PREPARATION!
Haminnu IR
400 0551
o

=

Ol see6v0 ] oty b

2., e
~4-20 2 4 68101 K 35
DAYS, FROM FIRST INJECTION

B S SN VS

jection he was found in a state of diabetic coma which prm_red
fatal despite the admmistration of msulin = A resting period
of 80 days ensued for the remamnmng three dogs, during which
the signs of diabetes disappeared 1 from 2 to 4 days from the
last injection The diet was reduced to half the former amount
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hormone is of interest in relation to the blood sugar level.
I‘l‘E\'lOllS]), Best, Campbel] and ITaist (1939) found tlmt there
was in a general sense, an imverse relation between the reduc-
tion of the insulin content of the pancreas and the increase in
blood sugar in dogs given a diabetogeme pituitary fraction,
It was not concluded, however, that the reduction n insulin
content depended upon hyperglycerma, During the first few
days of injection 1n some of these dogs, the msuln content
was definitely reduced although the fasting blood sugar did
not rise ahove 124 mg per cent. In the present experiments,
although the most resistant dog (R} did not show glycosuria
or fasting hyperglyczemia during the second series of injec-
tions, marhed degranulation of B cells occurred and the msulin
of the pancreas was only one-fifth of the normal amount.
Hyperglyeema, therefore, cannot be considered as the sole
cause of these effects of growth hormone on the panereas, nor
is it an important cause mn the early stages of admimstration.

Several mvestigators have studied the effects of hypergly-
czerua, produced by continuous parenteral administration of
glucose, on the pancreas. Although prolonged infusion of
sugar can produce d e cb m the 1c B

cellsn cats (Dohan and Lukens, 1918), the 8 cells pass through
different phases m gumnea pigs (Woerner, 1938), and blood
sugrar levels corresponding to those which occur n dogs given
diabetogenie pituitary extracts do not decrease granulation,
and may even cause slet hyperplasia (Houssay, Foglia,
Smyth, Rietti and IToussay, 1942).

It also follows that hyperglyceerma and acidosis can be
excluded as principal causative factors for the icreases in
plasma volume and plasma protemns which result from the
admunistration of growth hormone. It appears, however,
that in dogs given growth hormone, the extent of the merease
m the fasting blood sugar can be taken as a rough general
index of the intensity of the effects of the hormone, but that
profound changes can occur in the body fluids and tissues
in the absence of obvious changes m blood sugar.

Studies of blood 1 cells and-phkrsma.protemns were prompted
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also produced interesting changes m the plasma proteins. The
concentration of total protein m the plasma was increased n
the order of about 1 g. per 100 ml by the admmstration of
the purified growth preparation; as a consequence of this and
of the increase m plasma volume, the amount of total protemn
i the plasma per kg. body weight was mereased above the
pre-mjection values, During the resting period the amount of
total protem decreased, and on re-adnumstration of the
growth hormone was again increased (Fig 4). It would seem
probable that the volume of the plasma may be ncreased as
a result of the increase i the amount of total protem 1n the
plasma.

The concentration of fibrinogen (deterrned as fibrm) in
the plasma was greatly increased by the admimistration of
growth hormone, the values obtained being 2-5 to 8-fold the
initral values. Since the plasma volume also increased, the
quantity of fibrinogen was much greater than normal (Fig. 4).
The ncrease m fibrinogen 1s, however, not large enough to
account for the over-all increase mn the amount of total protein.
The difference was due chiefly to mereases mn the amount of
globulins (other than fibrmogen). The concentration of this
protein fraction was also increased Thus when the hormone
was given, the total protemn was increased i amount more
by the globulin fraction than by the fibrinogen, but the latter
was 1ncreased to the greatest extent above the pre-injection
levels. The results do not permit of defimte conclusions on
the effects of growth hormone on the albumm fraction.
Although the concentration of this fraction decreased, giving
low A/G ratios, the amounts were not decreased, due to the
nse n plasma volume. On the occasion of sampling for
blood volume determinations, the quantities of albumin
found were above the normal during the first series of injec-
tions, were still high during the resting pertod, and were
again higher during the second series of injections.

The cause of the increased amounts of protein in the plasma
1s not known, It 1s, however, recogmzed that the growth
hormone creases the amount of protemn in the body. It
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by the ohservations that in dogs given growth hormone the
cells settied out rapidly from blood samples, and that the
blood has an mcreased tendency to clot on withdrawal. It
was found (Campbell, Le1 and Davidson, 1951) that the ery-
throcyte sedimentation rate (ESR) was greatly increased by
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Fic. 3 The average values for four dogs given 3 5 mg growth

preparation, D2IP, per kg. per day during the first series of

injections (seven days), and 2 mg. per kg during the second
seres (seven to rune days)

the admimstration of growth hormone and that an increas'e
in plasma fibrinogen was apparently responsible for this
effect.

Further mvestigations have shown (Campbell, Hausler,
Munroe and Davidson, 1953) that growth hormone n doses
adequate to produce diabetes (Fig. 1) increased the plasma
volume per kg. of body weight (Fig. 8). The growth hormone
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also decreases the rate of formation of urea 1 nephrectomized
1ats. In the dogs given growth hormone, the body weight
inereased (except in the instance of dog F whose diabetes was
so severe as to result in death) and the amounts of nitrogen
and of urea excreted were reduced. Since also & shght increase
m concentration accompamed the increase in quantity of total
plasma protein, it 1s probable that the rate of synthesis of
plasma protein was increased; 1t 1s also probable that the rate
of utilization of these proteins was reduced. The evidence for
increased synthesis is more impressive in the case of fibrinogen,
a protein that 15 produced by the liver (Madden and Whipple,
1940) In the dogs given growth hormone, the fat content of
the hver was increased; the liver weight and dry, fat-free
solids, which represent chiefly protein, were also ncreased
markedly 1n relation to the body weight (Fig. 5). The increase
1 plasma fibnnogen cannot be attributed therefore merely to
release of the protemn from reserves in the tissues Thus the
evidence suggests that the rate of synthesis of this protein by
the liver was increased by the growth hormone
The total quantity of cells in the blood per hg. body weight
m these dogs was apparently not appreciably mfluenced by
the growth hormone injections (Fig. 3). However, the volumes
per cent of packed erythrocytes (Fig. 6), the hemoglobin con-
centrations and the red blood cell counts were decreased
(Campbell et al., 1958) These effects on cells per umt volume
of blood can therefore be attnbuted to diution due to the
ncrease 1 plasma volume
The rapid ESR of the dogs given growth hormone (Fig. 6)
can be attributed largely to the effect of the increased con-
centrations of ibrmogen m causing a tendeney towards aggre-
gation of cells. A relatively small part of this effect could be
attributed to the reduction in the hematoerit readings.
Direct observations of the blood flow i the small vessels
of the mesentery indicated that m three of the dogs given
growth hormone there was an mcreased tendency towards
“sludgmg™ of the blood, as compared to two normal eon-
trol ammals. Tt 1s probable that a tendeney towards
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appears, in the growing animal, that the rate of synthesis of
protein {s increased and the studies of Young (1945) indicate
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that the rate of utilization of protem 1s also decreased by
prtuitary extracts contaming growth hormone. The results
of Russell and Cappiello (1949} show that growth hormone
increases the rate of uptake of amino acids from the blood and
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plasma, determined by the method of Quick (1938), was also
decreased (Fig. 7), but the relation of these results to the clot-
ting system is apparently not understood at present (Brambel,
1950). However, these observations may prove to be of in-
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terest n relation to the considerable mcrease mn weight, and
probable increase m the activity of the hiver

Administration of the growth hormone also produced a con-
siderable leucoytosis m these dogs which proved to be due to
increase 1n neutrophil granulocytes and to a lesser increase 1n
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sludging of blood was promoted by aggregation of cells
(Kmsely, 1950).

The activity of the clotting system was ncreased in the
dogs given growth hormone, since the clotting time of
the blood was decreased (Fig. 7). The prothrombin time of the
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stab cells (Fig. 8). The percentage (per 100 white cells) of
Iymphoeytes, monocytes, cosinophils and basophils deereased,
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but the actual amounts of these cells {(per c. mm of blood)
were not defimtely altered. Examination of smears of the
b?ne marrow has not revealed differences in the frequency
distribution of the vanous cell types.
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between the hypophysis and the pancreas in respect of the
secretions of grow th hormone and msulin, Recent observations
in this laboratory have mdieated the possibility that a dirmn-
ished secretion, or supply, of msuhn may produece compen-
satory hyperseeretion of growth hormone. This was suggested
by the finding that in depancreatized dogs, mamtained on
msulin and a dict contaming raw panereas, the ESR and
plasma fibrinogen tended to be erratie, and were above normal
(Munroe and Campbell). In these dogs, and also m depancrea-
tized dogs given growth hormone, Mr W. Wilson observed
deeply staining ncidophil cells 1n the anterior pitmitary gland.
This observation 15 suggestive of mcreased secretory activity
of these cells. Analogous relations between the sceretion of
pitwitary hormones and removal of the organs that they

have been d trated. R al of the thyrowd
gland, for example, apy 1y leads to P Ty OVer-
activity of the cells of the anterior pitwitary which produces
thyrotrophin (Purves and Griesbach, 1951}, and dectomy
15 also apparently followed by mecreased secretion of gonado-
tropin (Halmi, 1952) There 15 a suggestion m the results,
therefore, that the pituitary and the pancreas may be inter-
dependent not only by the supply of growth hormone 1n-
fluencing the secretion of msuhin, but also by the supply of
mmsuhn mfluencing the rate of secretion: of the growth hormone,
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In depancreatized dogs deprived of insulin, & considerable
leucocytosis was found. This change was characterized by a
neutrophilia, but with relatively little ecrease in stab cells
{Campbell, Munroe, Hausler and Davidson, 1958). In the
dogs given growth hormone, possibly part of the leucocytosis
may therefore be due to the effects on the tissues of lack of
insulin. Mere lack of insulin, however, does not account for the
increase in stab cells, which occurred i response to excess
growth hormone.

Leucocytosis has frequently been observed in individuals
with diabetes mellitus who have developed acidosis or coma
through lack of proper control. On re-establishing control
of the diabetes with msulin, the leuecocytosis 1s reduced.
According to Allan (1927) the leucocytosis m these cases Is
not necessanly dependent on the mnfections which may also
be present; 1t has been suggested that acidosts 1s the cause.
However, 1n the dogs given growth hormone, the neutrophtha
cannot be attributed to acidosis, since this effect occurred in
the dog R 1n which hyperglyczemia, glycosuria and ketonuria
were absent during the second series of mjections. Also m all
dogs, neutrophilia occurred early durmg the njections of
growth hormone, before ketonuria was found.

There is evidence, derived chiefly from studies on mitrogen
metabolisin, that diabetogenic antenor prtwitary extracts may
increase the rate of hiberation of mnsulin from the pancreas
(Mitsky, 1989; Young, 1945, Gaebler and Galbraith, 1941;
Gaebler and Robinson, 1942). This conclusion was stated also
by Haist, Campbell and Best (1910). The more recent studies
of Milman and Russell (1950); Milman, DeMoor and Lukens
(1951); and Campbell, Munroe, Hausler and Davidson (1953)
indicate that purified growth hormone may increase the rate
of secretion of insulin by the pancreas. It 1s possible therefore
that increased rate of secretion of msulin may be involved m
the production of some of these responses of intact dogs to
grovwth hormone.

These 1esults, and consideration of the effects of hypophy-

sectomy, suggest that there may be functional relationships
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DISCUSSION

Gaskenstroow T was rather surpnsed to hear that growth hormone
produced s comparative merease 1 weight of the liver and the hadney.,
because earher it was only with non-punfied growth hormone prepara-
tions that one got an increase n the weight of the internal organs
About ten years ago I did some espeniments with partly punficd
growth hormone in hypophy<ectomized ammals and the ammals did
show considerable growth, but the hidneys and lnser didn’t grow at all,
nor the heart either. 1 cannot imagne that your preparation was not
a punfied one?

CastpoLir. Yes, it was a purified one. May I ask. were these ammals
Tats which you were using®

GaamensTRoOM: Yes.

Cayeperi: Li and Young and also ourselves have found that, when
given highly punfied prtuitary growth hormone. the rat does not show
an increase in kidnes or hver weight relative to the body weight The
P sshira-r-S et e Sl G N T p

rmirad mat

rationale bemng that 1t was the older ammal that was more hkely to
become drabetic than the younger one  However we were quite unable
10 increase their blood sugar levels, the old ammals grew just as though
they were lively 3oungsters.
. Tam sorry that Dr. Campbell did not hazard some theory as to what
it is that brings about et damage under the wnfluence of growth
hormone. I wonderif I could goad him inte makng some comments on
this point by putting forward my own views, which are still that the
amage is brought about by an excessnve stumulation of the rslets tn
Secrete insulin. I think that 1dea has been in the nund- of many of us
for many vears. I don't see any evidence asailable at the present time
1o dispute 1t and I would be yer interested to hear Dr Campbell's
¥iews on this rather controversial matter
Cavpperc: I think that the growth hormone causes a great mnerease
of insulin secretion from the 8 cells, and produces the eventual damage
to the cells by over-stimulation, and that this increased output of insulin
is probably by st the extra-hepatic tissue The
growth hormone causes an increased demand for nsulin, and in order to
meet this demand there may be an increased <ecretory activity on the
Part of the islet cells
Young  Therefore you would expect the blood nsulin content to
be low after the admimstration of growth hormone, ultimately”
CampeELL. Yes, ultimately
NG+ There 15 another effect of growth hormone over and abuve
that on the pancreas If you want to throw a IHoussay animal into a
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treated cats, and admmstered that to an ailoxan-diabetic, adrenal-
ectomuzed, hypophysectomuzed rat, as Dr. Campbell found, we found
the blood sugar was raised It may well have been that under the
mfluence of growth hormone, a Iy pergly canue substance was hberated
from the pancreatic 1slets simultaneously with the insulin The situa-
ton mught well be complicated by the o cell gy cogenoly tie factor.
Conx: In 1915, we reported experiments in which we admunistered

patients with spontaneous hy pogly cxrmia due o 1slet cell tumours. We
had expected the blood sugar to rive  Instead, much more severe hypo-
glyezemia oceurred until the estract admimstration was stopped. These
patients, before extract admimstration, were chronically and severely
hypoglycemic due to excessive seeretion of insulin - Under these condt-
tions 1t seemed unlikely that admumstration of prtuitary extract so
increased the peripheral need for insulin that more severe hyper-
wsulintsm occurred  We, therefore, coneluded that the extract contained
a prnciple which st lated directly the it cells of the
Pancreas,
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diabetic coma, just give 1t the punfied preparation, and acidosis and
coma quickly develop.

A second pomnt which I want to make 15 that these same preparations
given to fasting ammals produce hypoglyczmia.

Best: Sometimes?

LoNe  Well, 1n the rat, I should say regularly. It's an immediate
effect, and within a few hours you get hypoglycemia.

Brst Our Dr Sirek does not find this effect m the normal dog.

ManN. May I askof any of the changes wluch you observed after
R “1-atn namagsed

i

. s de-

veloping, wouldn't you?
Lawnre~er  I've never come across it All my new patients get

these dogs do ~
Swyrr  Could I revert for a moment to the question of growth
hormone increase and the effect on the 1slet cells of the pancreas? I'm
not sure if I understand the situation correctly but since growth hor-
mone ingections produce hyperglyemmia in the dog, 1t can’t be pri-
manly merely a question of excessive outpourings of msulin, surely”
Brst  Not necessarily, the tno effects could take place at the same

time
N effect 15 obviously

ame tirne.
- S enalaye

insulin level The treatinent with growth ROTMONE WOUIL sus 1us s
the processes which would utihze more of the msuhn, and thereby
lower the blood msuln level and mduce further activity on the part of

the 1slet cells  On the other hand, we had the 1dea that possibly there
B 0T N ~tant an € awow th hormone which

[ off and Mr J 5.

* ook some blood

nlyema from dogs with idwhypopnysen uuuub;',l:‘:od:“c:d",:);r::j
to the

what

. arned
ryself
mone-
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provided that food intake is kept constant and that the cat
does not become “refractory” (insensitive), From this rela~
tionship it 1s usually possible to estimate the potency of a
diabetogeme preparation, relative to that of a reference sub-
stanee, by performing two tests with the reference substance
and an intervemng test with the “unknown” preparation
(Reid, 19515).

The diabetogenic tests now to be reported were performed

car 212
1

g
H Testt Ten 2 Teta
H ; \
EI?I: /\\ O acTH (20)
S R [ W‘>

E} 30

URINARY GL

7 7 0

oars
Fic 1 Effect of \CTIH on the diahetogeme activity of a crude
anteror-pituitary extract (APE)
Period of treatment denoted by rectangle, the height of which s
proportional to the daily dose falso mbicated numerically).
APE (alhaline extract Batch No 207) denved from cattle
prtwitary glinds, dese expressed i ml (L mi =0 23 g gland
tissue}
ACTH (Armour & Co, Batch no 84-85H) demved from pig
pitwitary glands, dose expressed as equivalent amount (mg)
of La-1-A {bayers test)

exclusively in cats, 1n which the pancreas was intact. We have
confirmed that the partially-depancreatized rat or alloxan-
diabetic rat 1s Inglily insensitive to the diabetogenic action of
preparations of growth hormone (Reid, 19515). Since the
glycosuria of alloxan-diabetic rats 1s greatly mncreased by
ACTH (Bennett and L1, 1947), and simce we have so far been
unahle to mduce diabetes m eats with ACTH, 1t 15 evident
that the effectiveness of different diabetogenic agents may



ACTH AND GROWTH HORMONE AS
DIABETOGENIG FACTORS

E. REID

I wiLL not attempt to review the background to the dis-
covery that punfied preparations of growth hormone are
diabetogentc 1n test animals such as the cat, as first reported
by Cotes, Reid and Young (1949) T propose to consider this
finding in some detail, with reference to the possibility that
the diabetogeme action of these preparations might be due to
a factor distinet from growth hormone itself. 1 will also dis-
cuss the action of ACTH preparations in enhancing the diabe-
togenic activity of preparations of growth hormone (Reid,
1951a).

This action of ACTH 1s illustrated i Fig. 1, which shows
how we test preparations for diabetogene activity. This cat
was given daily subcutaneous njections of a crnde extract of
cattle piturtary glands, until a diabetic response was obtained,
namely the excretion of glucose in excess of 5 g. during 24
hours. VWith the dose used i this test (No. 1), the response
was obtamed after 6 days, but with the higher dose uscd 1
Test 2 the response occurred after only 8 days. ¥When, how-
ever, a low dose was given 1n Test 3, after the administration of
ACTH, the response was again obtained 1n 8 days. We con-
cluded that the ACTH had rendered the cat hypersensitive
to the diabetogentc action of the growth hormone present in
the erude extract. When the crude extract was again mnjected
a month later (Test 4), 1t appeared that the cat was no Jonger
hypersensitive.

From tests 1, 2, + and 51t 1s evident that there 15 an inverse
relationship between dose and period of treatment required
to induce the diabetic response. This dose-response relation-
ship has been found to apply to any cat in our laboratory,

116
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cats, and the growth-promoting potency in rats, of a number
of punfied speeimens of growth hormone, some obtamned by
Ly's method and others by Wilhelmi’s method. The data we
obtained (Fig. 2) suggest that the ratio of the two activities is

eotency (rmearenft D).
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Fi6 8 Dflect of certam treatments (cf Reid, 1952a) on the
d genic and  growth. potencies of punfied
preparations of growth hormone
In Figs 3, 4 and 7, a potency bar termmating m a *spthe™
represents a mimmum value for the potency, the actual value
being possibly higher than that indeated

quite constant, although different preparations may vary
absolute patency A smmlar broad parallelism between dia-
betogenic potency and growth-promoting potency was found
with speetmens which had been partially inactivated by treat-
ments such as acetylation (Fig. 3).
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depend on the test animal employed. There 1s, however, A
broad analogy between the finding of Engel, Viau, Coggins and
Lynn (1952) and of Ingle and 1. (1952) that ACTH can render
growth hormone diabetogenic in force-fed rats, and our finding
that ACTH can enhance the diabetogeme activity of prepara-
tions of growth hormone n cats.

Is Diabetogenic Activity an Intrinsic Property of
Growth Hormone?
We have closely investigated the possibility that the diabe-
togenie activity of growth hormone, as obtamed from cattle

Gu
EREPAFATIONS COMPARED poveNcY (478)
Ly a

os 10

o
[
-

o

Lot @ o5, o
W WILELL DYDIABETOGENIC (CAT) G+ GROWTH (RAT)

Fic 2 Compansons of vanous punfied specumens of growth
hormone (GH), wrth respect to diabetogemec and growth-
promoting potencies
G prepatations derived from eattle pituitary glands, L1512B
and W22KR2 were Lindly provided by Prof. C. H i and
Messrs Armour & Co (by courtesy of Prof A. E Wilhelo)
respectively

pitwitary glands, might depend not on growth hormone itself,
but on some other substance associated with the purified
protemn and not revealed by the usual physical tests of homo-
geneity. We have determjned the diabetogenic potency in
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Raben and Westermeyer (1952) have reported that diabetes
could not be induced in dogs with growth hormone derived by
a novel procedure from pig mtuitary glands. The growth
hormone which these authors tested, and which was not dia-
betogeme even with doses much higher than the eflective dose
of beef growth hormone, had been treated with oxidized
cellulose so as to remove ACTH. Since this treatment was
conceivably the key to themr apparent success In separating
the diabetogeme factor from growth hormone, we have now

sepunmon g ZOTENCY (O G pommiaL )

TH ONDZED EELUNOSE,

an s maves o 2
LEL)

Homcompletaly purified  pme—
bt A e R e L T
h wsmmm)

M (PG method of AADEN  bumm——
H WESTERMEYER) c

° o3 Py
CORBETOGENIC (CAT)  G-GROWTH (RAT)

Fic § Comparisons of preparations of growth hormone (GH)

treated with owidized cellulose and “normal” punfied GH

preparations (beef), with respect to diabetogeme and growth-
promoting potencres

assayed specimens of growth hormone after treatment with
oxidized cellulose,

The diabetogenic potency of such preparations was n no
case significantly lower than their growth-promoting potency
(Fig. 5). One of the preparations tested was a specimen
obtained from pig pituitary glands, and kmdly provided by
Drs. Raben and Westermeyer by courtesy of Prof. E. B.
Astwood, Only preliminary assays (Fig. 5) have been performed
with this preparation, but it 1s already evident that its dia-
betogenic potency 15 quite high 1n relation to its growth-
promoting potency, tlus bemng only about half that of
growth hormone from cattle pituitary glands

The data of Raben and Westermeyer, together with data
now obtamed, suggest a possible explanation of their failure
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An interesting finding which emerged from work with acety-
Iated preparations was that the activity of growth hormone
does not depend on the mtegrity of the a-amimno groups which
terminate the peptide chams of the protein molecule (Reid,
1952a). Experiments with the enzyme carboxypeptidase
(Fig. 4 cf. Reid, 1952b) have indicated, in agreement with
Condhiffe and Li (1952), that the amino-acids at the carboxyl

TREATMENT POTENCY (YREATED / UNTREATEG)
-] ©5 [
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THIOGLYCOLLATE frermD E
i
DITTO E—
ALKALL TN G
i p— :'
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o 05 10
D:DIABETOGENIC €AT) G+GROWTH (RAT)

Fic 4 Effect of certan treatments (of Reid, 19525) on the
ddiabetogenic and growth-promoting potencies of punified
preparations of growth hormone

ends of the chamns are also dispensable. It 1s, therefore, pos-
sible that the activity of growth ho mone may depend merely
on a small portion or constituent of the protemn molecule.

Fig. 4 also shows the eflect of treating specimens of growth
hormone with thioglycollate or alkali. The values for diabe-
togenic potency were shghtly higher than those for gro’wth-
promoting potency m the case of these treated preparations,
as with the acetylated preparations (Fig. 3}, but in no case
could the difference be considered significant.
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extract of cattle pituitary glands. After some time the senst-
tivity of the cat fell to the level found in the control test (No, 1)
performed at the outsct of the experiment. This temporary
change in sepsitivity 1s stmkingly similar to that occurring
after admunistration of ACTII, as in the experiment shown in
Fig. 1. It would however be premature to press this possible
analogy, particularly since the action of ACTIH preparations

_GH ACTH PREPARATION  POTENCY,GH_WITH ACTH/GHALONE €AY
PREPARATCN (g Lot 4d4sy) O o 20 "By
PURIFIED GH " 2k =
" 3
CILHELMD, " — R
v sy 22
v R 222
sy ¢ 252
FRACTION 2
WILHELMD, v 11
Saich2p
chyos ape, H 25
Batch 207 v - 23
cRunE AvE, " y - -
Boteh 293 ¥ 1
0 20

Frc 7. Prelmnary study of the effect of ACTH preparations
on the diabetogeme activity of various preparations of growth
hormone {GH})

GII preparations derived from cattle priwtary glands
ACTH preparations (Armour & Co  Batch nos 81-85H and
84-85U) denived from pig pitwitary glands, admestered 1
divided doses (3 miectionsjday) concurrently with the GH
preparation but at a diffesent site

m enhancing the diabetogeme activity of preparations of
growth hormone, 15 1tself a ph with several puzzl
features.

Effect of ACTH on the Diabetogenic Activity of
Preparations of Growth Hormone
Fig. 7 summanizes the results obtamed m a prelimmnary
study of the effect of ACTH preparations on the diabetogentc
activity of preparations containing growth hormone In these
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to obtain a diabetic response in dogs with their own specimen
of grawth hormone. Tlus material was dissolved at pH 10 in
the present assays, because it was highly 1soluble at neutral
pH values, Raben and Westermeyer did not use alkaline
solutions of their material, but injected exther acidic solutions
(pH 3:5) or mildly alkaline suspenstons. In a preliminary
experiment (Iig. 6) I gave theiwr material at pH about 3-5,
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Fic. 6 Tests of a erude anteror-piturtary extract (APE),
and of Raben-Westermeyer growth hormone (GH) given at
an audie pH, for diabetogenc activity

ot amTa 45 o ¥ aen
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Veriad af traatmant danated 1.

and observed no glycosuna It would appear that dhabetes
cannot rteadily be induced in eats with growth hormone
administered at an acidie pH.

Although no diabetes was mduced by growth hormone
{Raben-Westermeyer) thus admunistered in the experiment of
Fig. 6, an unexpected result was obtained after the negative
test—the cat was found to be hypersensitive to the diabeto-
geme action of the reference substance, namely an alkaline
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to be more effective that “81-85H" with respect to this action
1 cats, has been found by Stack-Dunne and Young (1951)
to be more effective in the so-called adrenal weight test, that
is, 1n increasing the size of the reduced adrenal glands of the
hypophysectomized rat. It 1s possible, then, that some factor
quite distinet from the “ascorbic acid factor” is responsible
for the potentiating action observed with ACTH preparations
in cats. It 1s somewhat puzzling that the weight of the adre-
nals of hypophysectomized rats can be mereased not only by
ACTH preparations obtained from pig pituitary glands, but
also, to an appreciable extent, by punfied preparations of
growth hormone from cattle pitwitary glands (Stack-Dunne
and Young, 1951). It would be premature to speculate
whether there is any connection between tlus finding and the
diabetogenic activity of growth hormone n cats.

1 have obtained some support for the tentative conclusion
I mentioned, that, with a given ACTH preparation, the dia-
betogenic potency of crude preparations of growth hormone 1s
usually enhanced more than that of purfied preparations.
I performed successive experiments in each of three cats (Nos.
222, 229 and 231, Fig 8), with the vame ACTH preparation
th hout but with d preparations of growth hor-
mone Serial experiments performed 1n other cats under these
conditions, but with the same preparation of growth hormone
throughout, indicated that the degree of potentiation was
fairly constant 1n a given cat. It 15 thus particularly signi-
ficant that, in each of three cats (Fig 8), ACTH enhanced the
diabetogenie activity of a crude pituitary extract more than
that of the purified preparations of growth hormone which
were used 1n the preceding and subsequent expermments.

A possible explanation of this finding 1s that these crude
extracts are relatively rich, as compared with the punfied
preparations, 1 some ‘“‘co-factor” which enables, or at least
helps, ACTH preparations to enhance the diabetogenic acti-
vity of growth hormone. A suggestive result has been obtaned
with a specimen of choronic gonadotrophm (Fig 8, Cat 257)
The diabetogenic potency of a puritied preparation of growth
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experiments the ACTH was given subcutaneously, concur-
rently with the growth hormone but at a different injection
site. Ve have been quite unable to demonstrate a diabeto-
genie action of ACTH alone, even with doses twenty times
those employed in the present experiments, and even with a
high-carbohydrate diet in place of our usual high-protein diet.
Campbell, Davidson. Snair and Ler (3950) have obtamed
siriar negative results in intact dogs, but 1t may be mentioned
that a diabetogenic action of ACTH, given at a low dose, has
been demonstrated 1n Houssay cats by Milman, deMoor and
Lukens (1951).

We obtamed very discouraging results in our first attempts
to venify our mitial hypothesis that ACTH could enhance the
diabetogenic activity of growth hormone in the cat. In cats
229, 227 and 228, the ACTH preparation “84-85H" had httle
or no effect on the diabetogeme actinity of a punfied prepara-
tion of growth hormone (Fig. 7) [ then repeated the experi-
ments with the ACTH preparation “‘84-85U,” and obtamned
defimite mdications of a potentiating action. The results were
even more encouraging when I used crude preparations of
growth hormone in place of a purified preparation. It appears,
from the data of Fig. 7, that with a given ACTH preparation
the diabetogenic activity of a crude extract of cattle pituitary
glands 1s usually enhanced more than that of a punfied pre-
paration of growth hormone. Furthermore, 1t appears that,
with a given preparation of growth hormone, the potentiating
action of the ACTH preparation “84-85U" 15 greater than that
of “81-85H,” evenif the latter 15 mvenatalugher dosein terms
of potency m the conventional Sayers test.

I am not yet convinced that these differences between
ACTH preparations could nat be due merely to differences
in the rate of absorption after mjection into cats. At present,
however, it appears that there 1s indeed a poor correlation
between the potency of ACTH preparations In the Sayers test
and their effectiveness in enhancing the diabetogenic activity
of preparations of growth hormone. It 1s of interest n this
conneetion that ACTH preparation “84-85U," which appeared
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Resumé and Discussion

Preparations of growth hormone, derived from cattle
piturtary glands, have been tested for diabetogenie activity
1n cats and for growth-promoting activity w rats. Even with
preparations which had been subjected to drastie mactivating
treatments, no indications have been found of a wide diser-
gence between diabetogenic potency and growth-prometing
potency. There was admittedly a tendency for diabetogenic
potency to be rather lugher than growth-promoting potency
in the case of certain treated preparations, It appears, how-
ever, that the claim of Raben and Westermeyer (1952) that
the diabetogenic factor v distinet from growth hormone
is not based on valid cvidence, and that the diabetogeme
actvity of preparations of growth hormone 1s due primanly
to the same factor, or possibly group of factors, as 1s respon-
sible for the growth-promoting activity of these preparations.

ACTH preparations derived from pig pitwitary glands
appear to be devoid of diabetogenic activity 1n the intact cat,
hut they can enhance the diabetogemic actinity of purified
Preparations of growth hormone to some extent, and that of
crude extracts of cattle pitumitary glands to a considerable
extent, It appears that the effectiveness of different ACTH
preparations 1n produeing this potentiation 1s not well corre-
lated with therr effectiveness in the conventional Sayers test.
This potentiating action of ACTH in the cat may persist for
some time after cessation of ACTH injections. Its mechanism
has not been studied, but we have obtamed no evidence for
a lowering of the renal threshold for glucose in cats treated *
concurrently with ACTH and with preparations of growth
hormone

These expersments were performed dunng the tenure of a Beit
Memorial Fellowship I express my thanks to Professor ¥. G Young,
for .
ma .
dra . .

An
Bunding -
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hormone was greatly enhanced if ACTH and the gonado-
trophic preparation were administered concurrently, although
not if only one of these was administered with the growth hor-

POTENCY, GN WITH ACTH[G ALONE AT
N

GH_PREPARATION

PURIFIED GH (LD, Batch3o
CRUDE APE, Batch 3016
PURFIED GH (LD), Botch LS

PURFIED GH (WiLHELM), Bateh29
CRUDE APE, Botch294
PURKIED GH (), Bateh L §

PURIFIED GH (WILKELMI)Batch 33
CRUDE APE, Bateh 33
PURIFIED GR (LD), Batches

PURIFIED {WITH ACTH ONLY
GH (L), 9 WITH ACTH +€G
BarchLS | WITHCG ONLY

10

o

It sors—

o 20

Fic & Further stndy of the effect of an ACTH preparation
on the diabetogenie activity of various preparations of growth

formone {CE)

GI1 preparations dernved from cattle mtwtary alinds: ﬂ;e

mone. 1t would, however, be premature to conelude that
the pituitary co-factor, if indeed such a factor exists, is a

gonadotrophin.
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Resumé and Discussion

Preparations of growth hormone, derived from ecattle
pituitary glands, have been tested for diabetogenic activity
m eats and for growth-promoting activity in rats  Even with
preparations which had been subjected to drastic mactivating
treatments, no indications have been found of a wide diver-
gence between diabetogenic potency and growth-promoting
potency. There was admittedly a tendency for diabetogenic
potency to be rather higher than growth-promoting potency
1 the case of certam treated preparations. It appears, how-
ever, that the claim of Raben and Westermeyer (1952) that
the drabetogeme factor 1s distinet from growth hormone
1s not based on vahd cvidence, and that the diabetogenic
activity of preparations of growth hormone is due primarily
to the same factor, or possibly group of factors, as 15 respon-
sible for the growth-promoting activity of these preparations,

ACTH preparations derived from pig pitwitary glands
appear to be devoid of diabetogenic activity n the intact cat,
but they can enhance the diabetogeme activity of punfied
preparations of growth hormone to some extent, and that of
crude extracts of cattle piturtary glands to a considerable
extent It appears that the effectiveness of different ACTH
preparations in producing this potentiation 1s not well corre-
lated with their effectivencss m the conventional Sayers test
This potentiating action of ACTH 1n the cat may persist for
some fime after cessation of ACTII mjections Its mechanism
has not been studied, but we have obtained no evidence for
a lowermg of the renal threshold for glucose 1n cats treated *

concurrently with ACTH and with preparations of growth
hormone,

These experiments were performed during the tenure of a Beit
Memonal Fellowslup 1 express my thanks to Professor F. G Young,
Memonal Fe 3 Professc

Bunding .
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DISCUSSION
Conn  Inview of the recent reports of Raben and Wes\er{nsyer and

to us by Dr Raben He had found 1t to be growth-promoting but not

17-year-old male pituitary

‘ “ug. 1 shows lus photograph.
anhypomtuitansm, namely,

cates the chnical data upon

L P, Schoolboy, age 17.

BMR—minus 23 per cent,  Glycosuna -+ + 4
G T.T -F—1050
Th—343 ++++
e Sh-B801 4t
h—206 +++ 4
1 fields—Normal

Serum cholesterol~275 mg per eent

A

Diagnoms+ Calesfied  cramop g1oma;
a8nos ‘with dwarbsm ; diabetes melittus

Fre. 3 (Conn) Chmeal findings 1n subject n Fig 1.
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w v s athonn acdetina dinhatac

HRADEIE S FISLIUCLIUNS, LLIE TILATELIAL WS AUUIG 10 UL 3L WAL 0 Lt uasaesng
but became completely soluble as the pII approached 4.

May I direct your attentton first fo the mtrogen balance data in
Fig 4 In the busc-hne there was essential mtrogen equilbrium

Erratum

The plate showmng Tigs. 1 and 2 (Conn) has
been placed between pages 12 and 13 m engg.
ts correct position s bebween pages 128 and 129.

LT T
RO oD

e o g ST el et ]

i C ool R T T R fro0 w7

e Ty o O ORI

F1c. 4 (Conn) Metabolic effects of Raben-Westermeyer
growth hormone mn man &, 17, panhypopituitansm,
dwarhism and diabetes meltrtus)

hormone

ame down Sharp mtrogen retention, Lowever, returned Thus,
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msulin admimstered to the pomt of maximal tolerability produced as
much positive nitroger balance as did the growth hormone. But that
this appears to be a different kind of protein anabolism will be imdicated
1n 2 subsequent Figure.

In Fig 5 we see 2 control glucose tolerance curves, Number 3 15
that obtained after growth hormone There certainly was no wtensifi-
cation of the diabetic state

Fig. G 1s set up to show the nitrogen balance data in relation to those
of phosphorus. potassium, sodtum and chloride. It will be observed
that during the period of growth hormone admmstration the positive

@ conraon
& convroL
AFTER 5 Days Ao cRowTH
29 Oarmen g0z 39

G o3 v B 3
HOURS

Frc. 5 (Conn)  Effect of Raben-WWestermeyer growth hormone

upon glucose tolerance (L P., &, 17, panhypopitustarism,
dwarfism, diabetes mellitus)

with t of phos-
o V-~ to e
were
sated
ature

ritrogen balance was

Wity s - . .

and that assomated with excessive insulin activity. ‘'Fhese
fi‘;{'a“‘,’,?fy help, however, to clucidate the recently Teported findings of
Dr Charles Best, our chairman, that admmstratton of msulin mduees
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growth in hypophysectomized rats Our data are confirmatory with
respect to total nitrogen retentron but they sugfest that the mechanism
of protein synthesis under insulin may be different from that which is
operative under the influence of growth hormone,

These observattons may be summarized as follow«:—

1. Sigmficant anabohsm of body protemn has been observed m

Fic 6 (Conn) Metabolic effects of Raben-WWe growth
hormone m man (L P, 3, 17, paphypomitwitanism, dwarfism,
diahetes mellitits)

a growth-hormone-deficient-man mven large doses of the Raben-
Westermeyer growth preparation

2 No mtensification of a pre-evisting diabetic state was observed

3. Admimstration of insulin did not intensify the protein anabolic
effect of the Raben-Westermeyer growth preparation

4. Insuln alone exerted a protein anabohc effect 1n this diabetic
pitwitary dwarf, who, without msulin, maintained mitrogen equilibrium
But the on bols suggest a form of
mitrogen retention which differs from that produced by growth hormone.

ata
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3. From a practical point of view, it is believed that the Raben-
Westermeyer preparation, when given intramuscularly at pI 4, can be
expected to mduee growth in human prturtary dwarfism without the
nisk of inducing diabetes mellitus.

Before concluding these remarks I should Iike to show three figures
from a study to which T bad referred earlier. We had produced a
“cleaned-up” crude anterior pitwstary extract whrch when given mira-
venously to dogs produced severe diabetes mellitus, In retrospect this

o
ek
M s .
‘v
S PeEus itnp Aatr
are
Saee
¥
H
fase
Ssee
e
ratrns wssos socan
‘oo
N -
L~ 3 3 . 3 3 3

F1o. 7 (Conn) Fasting blood sugar curve of dog treated with
“eleaned-up” crude anterior prtuitary extract.

EI O O

(shown at the right) were done, One notes decrensing tolerance for
carbohydrate long before the fasting blood sugar begins to rise,

~ 1 b abamamin

intensified the hypoglycemia  Kig. 9 shows the saime puenotcnon it

the second patient.
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These studies suggested that sometlung in the extract stimulated
1ncreased release of insulin from the insulomas.

Reip: I would add that mn collaboration with Dr. Black and Dr.
MacDougall, we have given purified preparations of growth hormene
to a patient with hypermsulinism, and have pever observed hypo-
glyexmia, but we have observed & definite mse in the blood sugar,

rasring

2003 Sukan
P
rp B
ey 1 s cconsranrs
1o |tH0-10u o
oro-t0cu
cacsreoo

20

a3 s

Fic. 8 (Conn) Fasting blood sugar curve it patient with a

and ‘while being treated

with same anterior pituitary extract as that given to dog mn
Fig. 7

Admittedly 1t wore off after a few days, but the effect did appear quite
significantly

LawseNcE I've met the same thimg

Mirsgy Dr Conn, wasn't 1t a httle dangerous to decide that that
was a Houssay subject?

ONN  Yes, one should not say Houssay, because the patient 1s

neither ¢ hypopl nor ¢ 1zed.

Minsxy: Well, that 1s exactly what I am thmking  I've seen 2
patient sunilar to the last one, who had all the anterta of pan-hypo-
pituitarism, as well as insulin resistance  That patient required a large
amount of msulin.  Quite instantaneously, without any furm of
Pitwtary therapy, the msulin requrements dropped and the patrent
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began to grow  If we had deaided at that tume that we were dealng
mt‘h @ floussay prepuration, we mught have ended up with trouble,

Cox: 1 think there 33 no question in this mdividual that he hay
diabetes. The patent d has pan-hy g

Minssy: 1’4 bke to draw attention to an waportant aspect of thiy
presentation—that a marked inerease of nitrogen retention oceurred
hen both msulin and grow th hormone were admmistered; 1t was fess
with insulin alone

Luxens I think both Dr. Resd and Dr, Conn wowld be interested

3] 1
\
s Y v o2rravIr 1ougeence
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Fig ¢ {Conn). Fasting blood sugar curve of a second patient

with 8 and hy witle bemg

treated with same antenor pituttary eviract o8 that grien to
og 1 Fig. T

in hearing some prebmimary remarks of Dr. de Bodo, who has been test.
ng some of the Raben and Ast 3 in hypoph 4
antmals, for its effect upon 1nsultn sensitivity. Now, 1f 1t is not diuabeto-
senie, 1t pught got to counteract the msuha sensitivity of these ammals
It dsd counteract 3t, however, not quite as much ns the consentional Li
or Withelmu growti hormane, but to a signifwant degree. De Bodo's
tentative thought was that this mught be weaker as n dishetogenic

agent.
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CamppeLL. I wonder if Dr, Conn has considered the possibility that
the substance presented 1n lus thesis was cufferent from growth hormone?
Conn 1have no idea whether 1t 15 different or not We were greatly
wmpressed by the fact that tlis 1s one of ‘the very few‘ times that any

2 pH of 10, and below a pIl 4. In the range between pH 4 and pH 9,
1t 18 exceedingly insoluble. That racs the question whether, 1f the

T T B PR T PO
to the continumg steady application of the growth hormone from the
depot 1 the human, so that 1t may be that this difference in such a
errtical property may be related 1n & very important way to the responses
observed.
Conn  If that 1s true, there certamly seems to be a broad dose-
response difference between mtrogen retention and diabetogemaity
CamppeLL In that regard I think that Gaebler has shown that very
small doses of the growth hormone have a pronounced mitrogen reten-
tion effect mn dogs
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THE INFLUENCE OF THE ADRENAL CORTEX ON
CARBOHYDRATE METABOLISM

INFLUENCE OF THE ADRENAL CORTEX ON
CARBOHYDRATE METABOLISM

¢ N H.LONG

'Tsrx. partieipation of the 11-oxy adrenal cortieat steroxds in
the regulation of earbohiydrate and proten metabolism has
now been well established.  The expermental evidence m
support of this has been gathered over the last twenty years,
fargely by observations made on the effects of adrenalectomy
‘or of the injection of adrenal cortical sterords on the metar
bolism of fasting and fed ammals, by ebservations on the
effects of these procedures on phlondain or pancreatic dabetes,
as well as by studies on the temporary diabetes produced by
the njection of large quantities of adrenal steroids or ACTH

m ntact animals,

Fasting Animals
Adrenalectormzed anpymals, as well as mdividuals with
Addisor’s disease, frequently develop hypoglyeemia when
food 15 withheld. While the rapidity and seventy of the hypo-
glyermia is usually not as marked as that obsersed m hypo-
physesl deficiency, nevertheless the liver glyeogen falls to
very low levels and does not rise with continued fasting as 1t
does in intact anmmals. The muscle glycogen s usually lower
ormal animals but 1s not depressed o the extent

NIR THEE DEDVRRURIDNS. TN & SUNPN- o SHDR R . Sy
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In experiments where adrenalectormized animals are fasted
and adequate renal function 1s mamtamed by administration
of sodium salts, the urinary nitrogen exeretton 15 some 20-30
per cent lower than that of normal anumals, nor does 1t rise
as the fasting continues

The injection of adrenal cortical extract or 11-oxy adrenal
steroids into fasting adrenalectomized or hypophysectomized
animals not only prevents hypoglyeemia but will raise the
blood glucose above the normal level At the same time the
liver glycogen stores are greatly inereased but, in fasting
animals, there is no accumulation of muscle glycogen, The
resulting increase in the earbohydrate content of the body
may be accounted for by the increased breakdown of tissue
proteins since the urmary mtrogen excretion may be twice
that vsually found under these eircumstances.

The same effects are also observed 1n fasting normal animals
and mdicate that the effect of these hormones 1s a direct one,
and is not merely a consequence of the absolute or relative
adrenal cortical incufficiency that s present wn the former
groups In all cases there 1s an accelerated loss of weight
during the period of injection.

Fed Animals

Long, Katzin and Fry (1940) found that the mnjection of
adrenal cortical extract or corticosterone nto mice to whom
ahigh carbohydrate diet was fed, resulted 1n a large deposition
of liver glycogen (as high as 12 per cent) At the same time
the muscle glycogen was increased. They also observed that
the admuimstration of cortical extract to glucose fed rats led
to an increased accumulation of glycogen in hiver and muscles,
hyperglyczmmia and mild glycosuria Several crystalline adre-
nal steroids were used instead of cortical extracts and of these
11-dehydro-17 hydroxy corticosterone was found to be the
most active,

In chromie expeniments, using rats force fed with a high
carbohydrate diet, and mjected daly with 11-dehydro-17-
hydroxy corticosterone, Ingle (1941) found that marked
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hyperglycsermua, and glycosuna occurred which disappeared on
cessation of the injections,

In both the acute and long term experiments the nitrogen
excretion was increased but under these circumstances the
quantity of glucose 1 the urine could not be accounted for by
an increase 1 tissue protein catabolism. This indicates that
in addition to their capacity to stimulate gluconeogenesis these
hormones, m the presence of adequate carbohydrate intake,
also mhibit the utihzation of this foodstuff by the tissues.
Since there 1s no reason to suppose that the basic action of the
hormones 1s any different 1n fed or fasted animals, it 15 prob-
able that the greater degree of gluconeogenesis in fasting
ammals 15 merely a reflcction of the smaller quantity of
carbohydrate 1 the metabolic mixture furnishing the energy
requirements of fasting ammals.

Pancreatic Diabetes

Long and Lukens (1936) ohserved that adrenalectomy
brought about alterations in the metabolism of total diabetes
which 1 many respects were similar to those observed after
hypophysectomy. In the fasting state, the chief alterations
observed were a reduction in the blood glucose level with the
not infrequent occurrence of liypoglycemta, a marked reduc-
tion 1n glycosuria and ketonuria, and, 1n addition, a significant
decline 1n urine nitrogen excretton Long, Katzm and Fry
(1940) subsequently found similar effects of adrenalectomy
on the diabetes of partially depancreatized rats, and demon-
strated that the seventy of the diabetes could be restored by
admimstration of cortical extract and the 1l-oxy adrenal
steroids. .

It would seem evident that at least part of the amelioration
of pancreatic diabetes following hypophysectomy 1s a con-
sequence of the reduction of adrenal cortical secrction that
follows removal of the anterior lobe of the pituitary. Thus,
Long and Lukens (ef. Long 1936-37) were able to show that
the injection of pituitary extracts contaming ACTH mereased
both the glycosura and ketonuria of hypophysectomzed-
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depancreatized eats, while Lukens and Dohan (1938) reported
that adrenal cortical extracts had the same effect. In view of
the abihity of both ACTH and the 11-oxy adrenal steroids to
mcrease the rate of glucose formation from protein and to
depress carbohydrate uttlization, 1t 15 not surpnising that the
withdrawal of either of these hormones from diabetic ammals
would allow at least a partial return of carbohydrate meta-
bolism to the normal state.

There are other conditions besides fasting and msulin defi-
ciency that arc associated with an mereased rate of gluconeo-
genesis from protein. Insome casesthrsis alsoaccompanied by a
reduction in the rate of carbohydrate utilization, Among these
are phloridzin diabetes and an interesting effect produced by
exposure of fasting animals to low oxygen tensions. The effect
of adrenalectomy on phloridzin diabetes and on the response
to low oxygen tensions has been reported by Evans (1936).
In each case adrenalectomy was followed by a reduction mn
nitrogen excretion, and wn phlond d 1s by reduced
glycosuria. In rats subsequently exposed to low oxygen pres-
sures the usual accumulation of hiver glycogen found in normal
ammals did not occur. Later, Wells and Kendall (1940)
reported that the 11-oxy adrenal steroids restored the glyco-
suriz and mitrogen excretion of adrenalectormzed phlond-
zinized rats to the normal level.

Adrenal Cortical Hormones and the Cori Cycle

The expeniments of Corn (1931) have shown that the subeu-
taneous injection of epmephrine into fasting rats 15 followed by
a decrease 1n musele glycogen, an merease in liver glycogen, a
sustained hyperglycana and a rapid imitial merease in blood
lactic acid. The explanation given for these changes has been
that epinephrine accelerates glycogenolysis both 1 liver and
musele and that the lactic acid released from the latter 1s the
precursor of the hiver glycogen and ultimately of the blood
glucose. The reason for the accumulation of hiver glycogen
was believed to be due to the fact that glycogen synthesis was
occurring in the liver at a greater rate than glycogenolysis.
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However, 1t has recently been found that the injection of
epinephrine also brings about discharge of ACTH from the
prtuitary (Vogt, 1944; and Long and Fry, 1945). Since the
mjection of adrenal cortical steroids also increases the liver
glycogen of fasting animals the interesting question arses as
to the participation of the anterior pitwitary-adrenal-cortical
system in the changes i carbohydrate metabolism that follow
the mjection of epimeplirine.

Recently, my colleague, Dr. W. W. Winternitz, has com-
pared the effect of epinephrine on the carbohydrate meta-
bolism of normal and adrenalectomized animals. He finds
that there are sigmficant differences (Table I, A and B). The
first point of mterest 15 that after adrenalectomy the injection
of epmephrine no longer brings about any sigmficant increase
in liver glycogen. Ths 15 1n contrast to the nme- or ten-fold
merease observed four hours after the subcutaneous mnjection
of epinephrine m normal rats. Furthermore, the decrease n
muscle glycogen 1s approximately twice as great as n adrenal-
ectormized rats. These differences cannot be aecounted for by
any accumulation of glucose or lactate 1n the blood, since at
the end of four hours the blood levels of both are substantially
the same as i mtact anmmals

In normal animals the carbohydrate loss from the muscles
at the end of the four-hour period 1s almost balanced by the
gan 1n hver glycogen and blood glucose. However, the effect
of epinephrine njection m adrenalectoruzed anmmals is to
leave at the end of the period a substantial portion of the
carbohydrate loss from the muscle unaccounted for in these
terms.

In further experiments, the effect of the injection of adrenal
cortical extract before and durmg the period of action of
epinephrine was studied. As Table I, C, shows, the mjection. of
1 ml. of extract every hour during the period of epinephrine
action brought about a marked increase in liver glycogen over
and above that produced in adrenalcctomized rats by similar
quantities of cortical extract. The icreased loss of mu.scle
glycogen was reduced. However, when the adrenalectomized
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rats were pre-treated with cortical extract, and the injections
continued after the injection of epinephrine, the liver glyco-
gen increased by amounts similar to those observed in normat
rats, while, in addition, the loss of muscle glycogen was re-
duced to the quantity found 1n normal rats (Table I, ), Con-
sequently, the quantity of carbohydrate not accounted for at
the end of the four-hour period was comparable to that found
in normal rats injected with epinephrine alone.

While thesc experiments might be interpreted as another
example of the inability of certan metabolie transformations
to proceed in the absence of adrenal cortical hormones, they
may also indicate the participation of these hormones in the
reactions related to glycogen synthesis. It would appear from
the expermments Just cited that in the adrenalectomized
amimal the glycogenolytic sction of epinephrine on muscle
and hver glycogen proceeds to a greater degree than 1 normal
anmmals, In the latter, epinephrine still augments glycogen-
olysis but the concomitant release of adrenal cortical hormones
that 1t provokes may either mhibit this process or exert a
retarding effect on some other phase of carbohydrate util-
zation such as the transformation of glucose to fat or the
complete oxdation of glucose to CO, and H,0. Furthermore,
the iflux of cortical hormones mto the cxrculation may also
add to the metabolic pool a guantity of carbohydrate denived
from non-carbohydrate sources. Further experments are
necessary to determine which of these possible effects of cor-
tical hormones 1s imposed on the primary action of epmephrine
1n normal ammals.

The Mechanism of Action of Adrenal Cortical Steroids
in Carbohydrate Metabolism

The alteration n the usual effect of epmephrine on carbo-
hydrate metabolism that 1s observed m adrenalectomized
anmmals, and the restoration of a normal response by the in-
jection of cortical extract, raises questions of the interpre-
tation that bear directly on the problem of the site of action
of the adrenal cortical hormones.
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Some years ago I prepared a simple diagram (Figr. 1) that will
serve as a basis for the discussion of this matter. The experi-
mental data available at that time did not allow more than
themost general conclusions to be drawnand 1t is disappointing
that even today not a great deal more can be added even
though our knowledge of intermediary carbohydrate meta-
bolism has been greatly advanced. Nevertheless, 1t may be
worth while to mdicate several possible sites of action if not
for any other purpose than to see 1f any particular one best
fits the experimental data

The various sites of action of the cortical hormones that

PROTEIN {DIET)

LIVER AMING ACIDS 225 TISSUE PROTEINS —» POTASSIUM
KIDNE Y PHOSPHATE
INTESTINAL 19
MUCOSA  KETO ACIDS + NHy ~————» UREA ———— URINF
jo
€0 +H0 ~ B | GLUCOSE +—- CARBOHYDRATE (DIET)
{Tissues) LIVER
ETC ©
LYCOGEN

Fic 1 Possible sites of action of adrenal cortical hormones
on protemn and carbohydrate metabolism

have heen suggested fall into two mam groups (1) those that
place therr primary effect at some point n the metabolism of
carbohydrate 1tself and which may be considered as a direct
effect of cortical hormones on carbohydrate metabolism, (2)
those that regard the primary effect of the cortical hormones as
exerted on some phrase of protemn metabolism. This 15 of such
a kind as to bring about a considerable increase in the amount
of carbohydrate precursors available for the processes of.car-
bohydrate metaholism 1tself

(1) Durect Effects on Carbohydrate Metabolism. It 1s not easy
from experments on intact ammals to state with certamty
that the changes n carbohydrate metabolism following the
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mjg:tnon of such hormones as the adrenal cortical steroids, or
epinephrine, are a consequence of the mjected agent alone.
It has just been pomted out that the alterations in the earbo-
hydrate levels that follow the mjcction of epinephrme are
rendered difficult to iterpret by the release of ACTH., In
addition, 1t 1s now known that increases i blood glucose of
the magnitude that follow the injection of epinephrine into
fasting animals are likely to be adequate stimulus for the
secretion of additional mnsulin by the pancreas. It 1s also
known that the three major pathways of glucose utilization,
that 15, oxidation, polymertzation to glycogen, and transfor-
mation to fat are not only closely Iinked with each other but
m addition are all catalysed by insulin

Tt 15 thercfore not unlikely that the effect of cortical steroids
upon these same three pathways of carbohydrate utihzation
may also be due to their relative inhibitory action on a meta-
bolie process which 15 common to all. It is for this reason thal
the suggestion of Colowick, Cori and Slem (1947) that the
adrenal sterords exert an effect on the hexokinase reaction 1s
particularly mteresting one, These and additional studies have
recently been reviewed by Krahl (1951), and they are so well
known that 1t is unnecessary to quote them m any detail at
thus conference. It must however be pomted out that in
experiments with isolated diaphragms the prior injection of
the animals with cortisone or whole adrenal extract dud not
influence the glucose uptake. Indced the only effect of such
injeetions was to ncrease the depression of glucose uptake
following treatment of the rats beforehand with anterior lobe
extracts. It will be recalled, however, that the 11-oxy adrenal
steroids will inerease the liver glycogen of fasting, hypophy-
sectomized rats; presumably therefore this effect on iver gly-
cogen does not require the presence of any pitwitary factor.
Nevertheless, no accumulation of muscle glycogen was
observed, and indeed most of the experimental evidencc seems
to mplicate the liver rather than the museles as the organ
whose carhohydrate metabohsm is most nfluenced by the
adrenal cortical hormones.
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Thus, Seckel (1910) and Corey and Britton (1840) reported
that adrenal cortical extract mhibited glycogen breakdown
in liver slices and 1n the perfused hiver, while Buell, Anderson
and Strauss (1936) as well as Koepf et al (1941) state that the
liver of adrenalectomized rats eannot convert pyruvate and
lactate to glycogen at a normal rate. In these experiments 1t
may be pointed out that a failure to retam the glucose formed
from pyruvate or lactate as glycogen could not be ruled out
as the reason for the low glycogen levels observed If this were
the case, then an nhilntion of glycogenolysis could be the
factor common to all the experiments quoted above

The explanation of all experiments on the effect of adrenal
cortical hormones on carbohydrate metabolism must take

cogmizance of the fact that the urinary mtrogen excretion
always nses as a result of therr myection. If 1t be supposed
that these hormones merely retard the release of hver glyco-
gen as blood glucose then two secondary effects might be
anticipated. First, the mean blood glucose level should decline,
and secondly, the body would 1n consequence use a greater
proportion of fat and protem for its encrgy needs The in-
creased rate of protein catabolism would therefore be an -
direct and secondary consequence of a primary effect of these
hormones on glycogen metabohsm  Such an explanation could
not account for the favourable effects of adrenalectomy on
pancreatic diabetes. nor for the inability of adrenalectomized
animals to supply sufficient carbohydrate for their needs under
several circumstances that have been studied.

It 15 also important to reiterate that the administration of
excess of cortical hormones to amimals fed a hugh carbohydrate
diet causes hyperglycaemia and glycosuria* and that the latter
may be far in excess of the quantity that can be denived from
the mereased catabolism of protein  This can lead to no other
conclusion but that these hormones ihibit one or more of the
usual metaholic pathways of glucose metaholism  This may

*Althoush Conn, Louts, and Johnston (1849) Suggested that ACTH

lowered the renal threshold for glucose 1n mn, Lambert and Ius colleagues
{1931) were unalile to ohserve any ¢hange
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mj.cctlon of such hormones as the adrenal cortical steroids, or
epinephrine, are a consequence of the injeeted agent alone,
It has just been pomted out that the alterations in the carbo-
hydrate levels that follow the njection of epinephrine are
rendered difficult to interpret by the release of ACTH. In
addition, it is now known that mcreases 1 blood glucase of
the magnitude that follow the injection of epinephrine mto
fasting ammals are likely to be adequate stimulus for the
secretion of additional wnsulin by the pancreas. It is also
known that the three major pathways of glucose utihization,
that is, oxidation, polymerization to glycogen, and transfor-
mation to fat are not only closely linked with each other but
i addition are all catalysed by msulin.

It is therefore not unlikely that the effect of cortical steroids
upon these same three pathways of carbohydrate utilization
may also be due to their relative inhibitory action on a meta-
bolic process which 1s common to all. Tt is for this reason that
the suggestion of Colowick, Cori and Slemn (1947) that the
adrenal steroids exert an effect on the hexokinase reaction is a
particularly mteresting one. These and additional studies have
recently been reviewed by Krahl (1951), and they are so well
known that it 1s unnecessary to quote them n any detail at
this conference. It must however be pointed out that m
expermments with 1solated diaphragms the prior mjection of
the ammals with cortisone or whole adrenal extract did not
influence the glucose uptake. Indeed the only effect of such
jections was to mercase the depression of glucose uptake
following trestment of the rats beforehand with anterior lobe
extracts. It will be recalled, however, that the 11-oxy adrenal
sterotds will increase the hver glycogen of fasting, hypophy-
sectomized rats; presumably therefore this effect on liver gly-
cogen does not require the presence of any pituitary factor.
Nevertheless, no accumulation of muscle glycogen was
observed, and indeed most of the experimental evidence seems
to impheate the liver rather than the muscles as the organ
whose carbohydrate metabolism is most jnfluenced by the
adrenal cortical hormones.
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the Iiver i the usual manner. This concept 15 also 1 keeping
with the fact that replemishment of the depleted carbohydrate
resources of adrenalectomized ammals only retards but does
not prevent the fatal consequences of the loss of these glands.

Nevertheless, the capacity of these hormones to make avail-
able the vast supphes of carhohydrate precursors locked mn
the proteins of the tissues, together with their additional
abihty to retard carbohydrate utilization makes these agents
one of the most mmportant factors m the protection of the
nervous system agamst the consequence of hypoglycremia.

When given n excess to Intact ammals, they not omly
present the organism with additional material to be converted
to carbohydrate but, at tlie same time, diminish its capacity
to dispose of this or dietary carhohydrate by the usual meta-
bohe pathways. In consequence, the blood glucose may rise
to levels at which glycosuria occurs.

In theadrenalectomized ammalnot only 1s there a dimimnished
supply of carbohydrate precursors but the rate of transfor-
matjon of carbohydrate mnto such substances as fatty acids
appears to be accclerated Under these circumstances serious
diffieultics 10 mammtamming an adequate blood glucose level
soon appear and, along with them, a marked inabihity to resist
any further circumstance or agent that tends to lower the
blood glucose level,

The mode of action of these hormones, while far from com-
plete m 1ts details, emphasizes again the close mterrelation-
ships between the metabolism of protein and carbohydrate
and furmshes an excellent example of the mtegration of the
endocrime system with the processes of metabolism; an mte-
gration which 15 directed towards the preservation of the
most optimal conditions for cellular funetion
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be, as the experiments of Welt and Wilhelmi (1950) suggest,
the transformation of glucose to fatty acids or 1t may be at
some other point n the intermediary metabolism.

(2) Direct Effects on Protein Metabolism. It might be antier-
pated that if there are still difficulties in locating the pomnt
of action of adrenal cortical hormones on carbohydrate meta-
bolism, then attempts to define the nature of their effect on
protemn metabolism would encounter even greater obstacles,
We possess a considerable body of knowledge concerning the
intermediary transformations of glucose which 1s not matched
to any degree by our understanding of the processes of tissue
protemn synthesis and degradation  Nevertheless, an im-
pressive case can be made for the direct intervention of the
adrenal cortical hormones m tissue protemn metabohsm.

In the first place the continued mjection of adrenal cortical
hormones into normal fed animals causes loss of body weight
and ncreased mitrogen excretron without the occurrence of
glycosuria  Furthermore, several growth processes such as
swound reparr, the response of connective tissue and the growth
of cartlage and bone are retarded by these hormones. Their
effects on lymphoid tissue winch are both rapid and highly
destructive and are paralleled by their capacity to reduce the
number of circulatimg eosinophils  Other examples can be
cited, but the general impression 1s that these hormones exert
a catabolie (or ant1-anabolte) effect on the protein metabohsm
of a large number of tissues. Whether the effect on protein
metabolism 15 a primary one or merely secondary to some
other damaging nfluence of these substances on cellular func-
tion cannot he decided at the present tune.

In a certan sense this accumulation of hver glycogen may
be regarded as a secondary consequence of the effects of cor-
tical hormones on metabolism. Bondy (1949), Kline (1919),
Hoberman (1950) and Engel (1951) have shown, by various
technigues, that the rate of tissue protein breakdown and
amino acid release is accelerated by cortical hormones and
accurs in the absence of the liver. This furnishes a plethora of
amino acids which i the intact animal are disposed of by
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had been any marhed effect on the oxidation, one would anticipate that
the respiratory quotient would nise as 1t does in fasting hypophysecto-
mized animals

Drury. The R.Q. would depend on what the ultimate fuel s,

LovG In fasted hypophy ammals, especially the rat,
you get a fasting R.Q of about the order of 0 83, as against 0 72 which
you get in the normal ammal An adrenalectormzed ammal, 1 our
experienre, does not show that high .Q duning fasting, There 1s
certaunly o difference there between the adrenalectomzed and hypophy-
sectorized arumal.

have the fact i the fasting ammal fhat you are presenting the Lver
with more precursors It has alnays been a paradovical effect to my
tmnd that a fasting ammal can accumulate 10 or 20 times as much
glycogen as normslly 1 a 12-hour period when one presumes that its
need for carbohydrate would be greater It doesn't appear to be able
to utilize this aceumulation n a normal manner

Cow~ I have a comment with respeet to the epinephrme situation.
Some years ago, we studied 1n normal men. by continuous mndirect
calonmetry i an open-cireut system, the effect of epinephrine on the
total non-proten respiratory quotient e found that on a ficed
preparatory dict, 22 per cent of the total calories were derived from
carbohydrate in a four-hour period tn the fasting individual On another
day under the same conditions but with a test dose of glucose, the
percentage of calories from carbohydrates rose to about 50 per cent.

was given epinepbrine hus total R @ dropped below his fasting level
That 1s suggestive, as Dr Long has pointed out, that oxidation of car-
bohy drate, or conversion of carbohydrates to fat. or both, 13 mhibited
by the epinephtime, or by the adrenal cortical hormone,
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[ S—— W b e T b A aEan smnbtne of tho affont of ACE 01

animals, i eviscerated adrenalectomized ammals and 1n eviscerated
ammals given cortisone, and have found no difference m any of them
1 the production of CO, from glucose We've come to the conclusion,
therefore, that ACE has no effect on the extra-hepatic fissues as e
gards the ‘oxidation of glucose, and the effect would have to be looked

A t think we hiuw,
accumulation of carbohydrate m the blood. 1 do nof
:113:“ very nterested to hear that your studies in thc_Penyzhc‘r‘ul tivsues
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largely depends on the cireumstances—swhether the snimal was fasting
or not, the amount of carbohydrate that was fed, or whether it was the
post-absorptive or the absorptive period.

G. Cont Or the penad after mjection. The time factor is very un-
portant

Surriock  We've performed hepatic biopsy before starting the
epinephrine and then while mfusing the epmephrine for one hour  After
half an hour of infusion the hiver gly cogen was dinumished. It was stall
lowered after one hour It returned to pre-infusion levels one hour after
the epinephrine was stopped, but did not increase nbove the mitial
values (Hildes, J. A, Sherlock, S, and Walshe, U, 1849, Clin Sct, 7,
207)

sensitive.
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on gluconcogenews, with increase 1n carbohydrate formation, and
the effects on utilization of carbohydrates. The latter may be controlled
by growth harmane, either alone or acting with the adrenal cortieal
hormone  As far as I know, hittle has been done with the cortical ster-
o1ds 1n Iy pophy sectomized amnmals to show whether there is an effect
of cortical steroids on carbohydrate utilization in the absence of growth
hormone, I know of no eritical experiments on that score. When
cortical sterords hiave been given m & few mstances, the effects have
all been explicable on the basts of a gluconeogenic effect. Do you know
of any sucli experiments?

Lona: No, Idon’t, beyond the experunents 1 have shown. Of eourse,
starting with the whole adrenal extract, presumably the effects were
due to 11-00 ) : :
liver glycoge
presumably
way in these ammals,

. ‘G, Cori. Walaas and Walaas have shown that epinephrine does

- factors,
+ chuded

tutary
hormone, also does, by 1tsell, INMBIT the UPtake ol sugat Ly Lue muscle,
though weakly

TURNTR In New Zealand they have a problem of temporary under-
feeding in dairy cattle, associated with a reduction in the protein con-
tent of milk It occurred to me that 1t mught be duc to an mcrcase i the
adrenal hormone output causing increased de-anunization and less
protein precursor avatlable. Do you think that that nught Le a likely
explanation of the phenomenon®

LoNGg ., It's hard to say.

TurNcr I should have mentioned that you ndicate an increase 11
the blood-amino actds, but does that exist under intense lactation’
I wonder, Dr Folley, if there might not actually be a deficiency of
circulating amino-zcids and the synthests of milk Jow mn protem?

Fotiry 1 wouldn't like to give an opthion on that here and now.
I think that 1s a problem which needs some thinking about

Sucniock: 1ow quickly does adrenal cortical extract ncrease hver
glycogen?

LoNG Perhaps the best answer to that, Dr. Sherlock, 1s that, as you
know, this deposttion of hver glycogen has been used in assay methods
in this connection, From our hmited experience, 1n the rat at any rate,
1t 15 certamly an hour before you begin to get any merease, and it 13
not well-marked until 4 hours after 1injection .

R . N o e Lafaun e after

injeciioﬁ‘? .
Long: No—I'm afraid I have no evidence as to what the level of
liver glycogen 1 gomg to be after epmephrine ingections I think that
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The 1dea that adrenal cortical activity is connected with
phosphorylating enzymes (Verzdr, 1939), resulted from the
observation that selective carbohydrate absorption decreases
in the intestine after adrenalectomy. We shall not discuss this
here now, but might mention that 1t has been confirmed again
recently.

The first proof that alkahine phosphatase decreases rapidly
after adrenalectomy was shown by chemical methods by
Kutscher and Wust (1942) on guinea pigs. In ten ammals
after adrenalectomy the alk hatase d d to
about half, and 1n seven animals with DCA 1t became normal
again Then Verne and Hébert (1948, 1949) showed with the
histological method of Gomor: (1939) that the alkaline phos-
phatase disappears in the epithehal cells of the mtestmal
mucosa. This was fi 1 by 1 {1948), S
{1951) and ourselves (Verzar, Saﬂer and Richterich, 1952).
Using glycerophosphoric acid at pH 92 on homogenates of
the mucosa of the upper 20 cm. of the small intestine of rats
we found 31 2 mg. P/hin normal rats, and 19-6 mg. P/ mn
adrenalectormized ones (p = < 0 01), 89 normal and 59
adrenalectomized ammals were used. The phosphatase de-
creased if adynamia appeared. We emphasized especially that
a d of alkaline phospl was also seen mn anmimals
kept for a long time 1 a healthy state with 1 per cent sodium
chlorde (Fig 1). We saw a decrease from 100 per cent to
55-2 per cent in 21 normal ammals and 31 adrenalectormized
ammals between the 26th and 63rd day after adrenalectomy.

Daly treatment with 1 or 2 mg. DCA or 1 mg. cortisone,
or 0 5 ml. Eschatin twice daily kept the phosphatase activity
normal DCA was already active after 12 hours, and cor-
tisone if given three times in 24 hours acted stmlarly. It
seems that the action of DCA 1s longer lasting than that of
cortisone, which appears and disappears quickly

A large number of these ammals were also studied with the
lustological method of Gomon  Several authors have shown
the distribution of phosphatase m the mucosa itself. The
highest concentration is m the strated border (Figs. 2 and 3).




ADRENAL CORTEX AND CARBOHYDRATE
PHOSPHORYLATION

F VERZAR

In this review I wish to concentrate on the actual studes
of phosphorylating enzymes in relation to the adrenal cortex.
I do not intend to discuss carbohydrate metabolism n this
connection at all, because this will be done at the Symposium
on “Experimental Diabetes” in Leiden, 1952. I shall hmit
my discussion to phosphorylating enzymes of the mtestinal
mucosa, the kidney, the hver and the muscle.

The tntestinal mucosa contains the highest concentration of
alkaline phosphatase m the body; here, according to Green-
stein (1945) 1t corresponds to 2,789 umits/g , n the kidney to
1,072, 1n the liver to 4 and in skeletal muscle to 2 units/g.

There 15, I think, today no doubt that selective carbo-
hydrate absorption 1s the result of a hexokinase-phosphatase
activity. Originally this 1dea was conceived through the obser-
vation that poisons like phloridzin nhibit selective glucose
and galactose absorption. Bruckner (1951) has lately com-
pared the absorption of muxtures of galactose and sorbose,
and shown that phloridzin m low concentration mhibits only
absorption of the former. Atebrn and dinitrophenol, how-
ever, do not, and 1t might be discussed whether one has to
conclude that the phosphorylating part of the reaction is the
important part. Ilele (1950) a short time ago measured the
hexokinase activity parallel to the absorption of different
sugars A main proof that sugars are phosphorylated i the
intestinal mucosa is that they are found as phosphoric acid
esters in the mucosa during absorption (Laszt and Sullmann,
1935; Beck, 1942; Kjerulf-Jensen, 1942).
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Next follows the Golgi apparatus, but there are certamly black
granules in these preparations in the cell protoplasma between
the striated border and the nucleus. The nucleus shows some
Rhosphatase only after longer meubation. There are observa-
tions which point to the possibility that these are different
phosphatases.

‘?é _: ALK PHOSPHATASE
e
s :
sof 1 . .
7 -
60!
50 M
40 ’
30
29

A

(+ 19 NaCL)

Fro. 1 Allalne phosphatase content of the mucosa of the
small intestine . _normal ammals and 1n adrenalectomized
ammals, both groups bemg grven 1 per cent NaCl

YWe have especially emphasized the necessity to incubate
the slices for a short time only, 1n order to get rehable results,
beeause of the great activity of this phosphatase. We have
completely confirmed the findings of Verne but we have to
emphasize that the striated border might still contain large
amiounts of alkaline phosphate while the cell body has already
Jost 1t. Restoration with adrenal corticoxds was also shown.



ADRENAL ConTix AND PHOSPHORYIATION 155

i

Kidney has the sccond ghest aetiaty of nlkaline phos-
phatase m the body. Tlus 1w loeahzed in the reabsorbing
eprthelial cells of the convoluted tubules  These cells have a
similar bistological structure to thosr of the intestmal mucosa,
especially in their euticular border, They transport glucose
actively into the blood by phosphor lation and are inhibited
with phloridzin {Lundsgaard, 1933, Kalckar, 1938),

It was supposed by the author {Verzdr, 1938) on the basis
of climeal observations (Thadden, 1936) that thas epithelium
loses ats alkalme phosphatase activity after adrenalectomy.
Jimenez-Diaz (1936) hiad already found a decrease of alkahne
phosphatase in the kidney of the eat sfter ndrenalectomy.
Kutseher and Waust found this & m 1042 m ad )
tamized guinea pigs and its restitution with DCA, and Vail
and Kochakian {1917) confirmed it but clmmed to prevent ithy
including 1 per cent Nal'l i the dninking water. Kochakian
found that testosterone, winch produces kidney hypertrophy,
increased the alkaline phusphatasc also (as well as acid phos-
Phatase). Folley and Greenbaum {1946) found the same in
Tats and that restitution was possible with adrenocortieal ex-
tracts and with DCA (3 mg./day) and also cortisone. Tissitres
(1948} also found it—he cstimated phosphomonoesterase
activity with glycerophosphate at pI 9; the decrease was
from 411 to 24-8 per cent (p < 0 01} for pyrophosphatase
activity at pH 8 0 he found a decrease from 11-4 to 64 per
cent {p < 0-01). No changes were observed with either of
these enzymes at a fower pil. (Il resuits on the intestine
were negative since he used whole intestine instead of intes-

“tinal mucosa and overlooked thercfore the great changes in
mucosal activity.}

Furthermore, Tissitres used Gomort's histological method
on the kidney. The alkaline phosphatase of the convoluted
tubules disappeared after ad omy. Curiously enough
the glomeruli, which are normally quite untainted, become
dark in these cases. This mi t*  the result of * 7allqg'da]

PI
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I

Kidney has the sccond highest activity of alkaline phos-
phatase in the body. This 1s localized 1n the reabsorbing
epithelial cells of the convoluted tubules. These cells have a
similar histolomieal structure to those of the mtestinal mucosa,
especially in their cuticular border. They transport glucose
actively into the blood by phosphorylation and are inhibited
with phloridzin (Lundsgaard, 1933; Kalckar, 1938)

It was supposed by the author (Verzdr, 1939) on the basis
of clinical observations (Thaddea, 1936) that this epithelium
loses its alkaline phosphatase activity after adrenalectomy.
Jimenez-Diaz (1936) had already found a decrease of alkaline
phosphatase 1n the kidney of the cat after adrenalectomy.
Kutscher and Wust found this decrease i 1942 in adrenalec-
tomized gumea pigs and 1ts restitution with DCA, and Vail
and Kochakian (1947) confirmed 1t but claimed to prevent it by
including 1 per cent NaCl in the drinking water. Kochakian
found that testosterone, which produces kidney hypertrophy,
increased the alkaline phosphatase also {as well as acid phos-
phatase). Folley and Greenbaum (1916) found the same in
rats and that restitution was possible with adrenocortical ex-
tracts and with DCA (3 mg./day) and also cortisone. Tissitres
(1948) also found 1t—he estimated phosphomonoesterase
activity with glycerophosphate at pH 9, the decrease was
from 41 1 to 24-8 per eent (p < 0-01); for pyrophosphatase
activity at pH 8 0 he found a decrease from 11-4 to 6+4 per
cent (p < 0 01). No changes were observed with either of
these enzymes at a lower pH. (His results on the mtestine
were negative since he used whole ntestine instead of intes-
tmnal mucosa and overlooked therefore the great changes 1n
mucosal activity.)

Furthermore, Tissiéres used Gomory’s histological method
on the kidney. The alkaline phosphatase of the convoluted
tubules disappeared after adrenalectomy. Curiously enough
the glomerull, which are normally guite untainted, become
dark 1n these cases. This might be the result of a colloidal



156 F. VErzin

phosphatase liberated in the tissues after adrenalectomy and
kept back by the glomerular membrane, but this has not been
studied further. Kochakian (1948) saw similar pictures after
large doses of different steroids.

Vail and Kochakian (1947) found no influence on the acd
phosphatase of the kidney.

sl

Phosphorylase activity in the Lwer has been studied by two
teams in our laboratory. Doetsch (1945) used the method of
Ostern, Herbert and Holmes (1939): 1 ml. 2 per cent glycogen
solution, 1 ml. 0-01x NaF, 1 ml phosphate buffer (Sorensen),
PH 7Y 17, and 0+ 5 g. liver mush were mixed and deproteimized
after 80 minutes with trichloracetic acid. The same method
was used by Staehelin and Vogtli (1947). These authors
mcreased the fluoride concentration to 0-04n. The following
table shows their results—

Table 1
PHOSPHORYLASE ACTIVITY OF LivER

mg P per 100 ml decrease
after

Author Rats s R
Doetsch (1945} | normal 18
adrenalect, 16
Staechelin and normal 39
Vogth (1947) | adrenalect. 21

The alkaline phosphatases of liver have a very low activity.
Kochakian and Vail (Kochakian and Vail, 1944 Vail and
Kochakian, 1947) also saw a decrease after adrenalectomy and
an merease agamn after treatment with 11-oxycorticoids. In
the mouse, however (Kochakian and Robertson, 1950, p. 492),
found 1t only much delayed 7 to 30 days after the beginning
of treatment with cortisone pellets; they related their findings
to thase of Fraenkel-Conrat, Simpson and Evans (1943), and
of Folley and Greenbaum (1946), who lLiad desenibed a decrease
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in arginase activity in the lhiver after adrenalectomy 1n rats
and an inerease with corticoids. Kochakian and Robertson’s
opinion is: *If .. . an intensc acute gluconeogencsts 15 stimu-
lated by these steroids, no concomitant mncrease in arginase
activity of the liver of either adrenalectomized or normal rats
oceurs, but the alkaline phosphatase is greatly inercased.”
Neither the mereasing arginase level nor the level of alkaline
phosphatase runs parallel with the rapid deerease of body
weight and glycogenesis observed.

v
In minced sheletal muscle and heart muscle of rats, Schu-
mann (1940) was the first to show that after adrenalectomy
phosphorylase activity 1s decreased. Phosphorylase adds mor-
ganic phosphate to glycogen, producing glucose-1-phosphate
as the first product of glycogenolysis. Lohmann’s method was
used. To minced muscle, 1 per cent of glycogen and NaF was
added and the decrease of inorgamic phosphate followed.
The expenments were done at pil 8 ¢ and 20°C  Montiel
and Verzir (1943-45), Doetsch (1945), and Staehelin and
\'ogtll (1947) repeated these experiments and studied the
of diff sterowd 1 It was found, as
shown in Table II, that phosphorylase activity 1s decreased
after adrenalectomy
A similar decrease of glycogen phosphorylation was found
1n skeletal muscles of 8 adrenaleetomized cats and 2 adrenalee-
tormized dogs (Montigel and Verzar, 1943) With Stachelin
and Vogtli (1948), adrenalectomized eats were kept alive by
daily treatment with 5 mg. DCA, then a piece of the rectus
femoral muscle was exersed and tested for phosphorylase
activity. After the wound healed, the amimal was brought
into a cnsis by dwscontinumg DCA treatment, and phos-
phorylase activity was again cstimated i the parallel musele,
It decreased sigmificantly.
DCA restored the deercased phosphorylation activity in
vitro i quantities of ¢ 02 to 2 mg.{100 g. muscle, Progesterone
acted sumilarly but in 20 times higher concentrations Also
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cysteine  and glutathione increased the phosphorylase
activity of adrenalectomized rats’ musele which s of speeial
mterest since Willlams and Watson (1940) found a similar
merease for kidney and bone phosphatase, and G. Cori in
1945 also with punfied phosphorylase.

The in vitro restoration of phosphorylase activity was not

Table 1T

PHOSPHORYLASE ACTIVITY OF MUSCLE

mg P per 100 ml

de
Author Rats . mfmz{, ecrease after
7 13 30’
Montigel and Verasr
(1945) normal 10 [— |526]|676
adremnlect [ 45 | — |33 5501
Doetsch (1945) normaj 32 | — Jar6)594
adrenalect | 57 | — ] 254 )41
Staeheln and Vogth
{1917} normal 20 |24 [a5 |65
adrenafect | 65 | 16 |31 |52

successful in some of the later expeniments and obviously we
do not know all conditions of this reaction.

Cori (1946) studied hexokmase activity with pure enzymes.
Its activity was mhibited by ACTH and adrenal cortical ex-
tract. Smith and Young (1949}, Stadie and Haugaard (1949)
and Broh-Kahn and Mirsky (1947) were unable to confirmt
this,

Phosphoglucomutase was studted by Conway and Hingerty
(1916) They gave a complete analysis of the carbohydrate
metabolites of skeletal musele of normal and adrenalectomized
rats. These differed mainly 1n the concentration of the hexose
esters. The following 1s an extract of their table:~—
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Normat
m mol Ag

Total Lexose monophosphate-P { 10 0420 87 | 3 67- 0 46
Glucose-1.phosphate-I 27420 308,019
Glucose-6-phosplite-P 6 240 83 2065016
Fructose-o-phosphate-1" 09410 06 0 3003

There was no change in total P, acid soluble I, ATP, frue-
tose-1,6-phosphate-P, triosephosphate P, phosphopyruvie
acid P, carnosine, anserine and phosphocreatine I,

The conclusion was drawn that the glucomutase activity
decreases after adrenalectomy. This was supported by Keyes
and Kelley (1949) on the basis that adrenal cortical extracts
mcrease plasma lactate and pyruvate, together with the gly-
cogen content of the liver

Acid phosphatase of musele does not decrease after adrenal-
ectomy of pumea migs (Knoevenagel, 1940).

The 1ncrease of phosphorylase activity through corticoids
means an increase of glycogen breakdown n the muscle. Also
Cort’s finding of an mhibition of a hexokinase by corticords
would have the same meaning  This seems to be m agreement
with sex eral other observations of an antagonism of the corti-
coids with msuln. So far nobody lias been able to show an
mncrease of glycogenetic enzyme activity in muscle,

v

It 15 questionable whether the role of the phosphorylating
enzymes 1n connection with corticosteroids 1s a specific one
It 15 certain that other enzymes are also influenced but their
number 1s hmited. Two groups can be differentiated which
change after adrenalectomy and are mnfluenced by corticords.
{#) Protemn metabolic enzymes. Junenez-Diaz {1936), Russell
and Wilhelnu (1941) found that after adrenalectomy ammo
aad d-aminase decreases i the kidney but not in the lhiver,
G. F. Koepf m 1941 and Leupin (1930) with muscle found no
alterations. (i) Arginase activity of the liver: this decreases
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after adrenalectomy and is restored by 1l-oxycorticoids
(Fraenkel-Conrat, Simpson and Evans, 1943). Folley and
Greenbaum (1946, 1948) showed the same decrease in liver,
kidney and mammary gland; they restored the activity with
deoxycorticosterone as well as with ll-oxycorticoids and
proved that anorexia was not the cause of this decrease.
Kochakian found that arginase decreased, and in s paper
with Robertson {Kochakian and Robertson, 1950) he showed
that arginase activity ean be restored with ACE and with
cortisone m the liver as well as in the kidney. He also found 2
decrease of alanine-D-a and glutamine-D-ami in
the kidney and not in the hiver of rats

The other group of enzymes connected with the corticoids
are oxydases According to Tipton (1940), hiver shices of adre-
nalectomized animals oxidize pyruvate and lactate less than
those of normal animals. Gordan and Elliott (1947), Eisenberg
et al (1950), Hayano, Schiller and Dorfman (1950), described
that the oxygen nptake of brain tissue 1s infubited by DCA,
Gordan et al. (1951), p. 576, show maXimal mhibition with
deoxycorticosterone and stilbeestrol and less with other cor-
ticosterods. This 1s very similar to the order of activity of
mhubition of glycogenesis m muscle which we had found with
Wenner (Verzér and Wenner, 1948). Gordan believes that
the steroids interfere with the pyruvate mn the Krebs cycle
before and after dehydrogenase activity related to flavo-
proten  They mention n this connection that Kun and
MecCurley (1950) found that sterord hormones activate the
formation of phosphoenoly-pyruvate from 8-phosphogly-
cerate

Directly related to these findings are those of Hayano,
Dorfman and Yamada (1950) who found that DCA inhib:lts
tyrosmase and generally p-amwmo-oxidases. Other steroids
were much less or not at all inhubitive. p-Aminoacidoxydase
with p-alanine as substrate 1s & Aavoprotein. The co-enzyme
1s alloxazine-ademne-dinucleotide.  Acetone powder of pig
kidney was used and they have lately (Hayano and Dorfman,
1951) esplained: “An merease 1 the aquecus solubility of
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DCA by virtue of a combination with the apo-enzyme at a
point necessary for enzyme activity appears to occur. Since
the inhibition ean be refieved by acctone precipitation with a
recovery of escentially all the original activity, no change in
the apo-enzyme occurred.”

A third step m this line is the work of Umbreit (Umbreit,
1951; Umbreit and Tonhazy, 1951), who actually showed that
adrenalectomy decreases oxidation of glutammne and prolue
by kidney homogenates, and cortisone mereases, 1.¢ restores
tlus, he then found- “The other alteration i adrenalectomized
animals is an increased requirement of adenilic acid 1n order
to majntam the masimum rate of oxudation.  This inereased
requirement for adenylate 1s the causc of the decreased oxi- #
dation 1n homogenates from adrenalectomized ammals of
substances such as a-ketoglutarate ” We do not understand,
however, why cortisone mcreases proline oxidation i kidney
and not inhiver but cortisone inereases b-ammoacid oxidation
1n liver and not i kidney.

Phosphorylating enzymes do not act in isolation. Thewr
function is intimately connected with the oxidation eycle. If
protem is the source of earbohydrate, they are also eonnected
with p-aminase activity.
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after adrenalectomy and is restored by 1l-oxycorticoids
(Fraenkel-Conrat, Simpson and Evans, 1943). Folley and
Greenbaum (1946, 1948) showed the same decrease in hver,
kidney and mammary gland; they restored the activity with
deoxycorticosterone as well as with 11-oxycorticoids and
proved that anorexia was not the cause of this decrease.
Kochakian found that arginase decreased, and in his paper
with Robertson (Kochakian and Robertson, 1950) he showed
that arginase activity can be restored with ACE and with
cottisone mn the liver as well as in the kidney He also found 2
decrease of alanine-D-aminase and glutamine-D-aminase in
the kidney and not mn the Liver of rats.

The other group of enzymes connected with the corticoids
are oxydases According to Tipton (1040), liver shees of adre-
nalectomized animals oxidize pyruvate and lactate less than
those of normal animals. Gordan and Elliott (1947), Eisenberg
et al. {1950), Hayano, Schuller and Dorfman {1950), described
that the oxygen uptake of bramn tissue 1s inhibited by DCA.
Gordan et al. (1951), p. 576, show maximal mhibition with
deoxycorticosterone and stilbeestrol and less with other cor-
ticosterords. This 15 very similar to the order of activity of
mhibition of glycogenesis m musele which we had found with
Wenner (Verzér and Wenner, 1948) Gordan beheves that
the steroids mterfere with the pyruvate in the Krebs cycle
before and after dehydrogenase activity related to flavo-
protein  They mention 1n this connection that Kun and
McCurley (1950) found that steroid hormones activate the
formation of phosphoenoly-pyruvate from 3-phosphogly-
cerate

Directly related to these findings are those of Iayano,
Dorfman and Yamada (1950) who found that DCA inhibits
tyrosinase and generally p-ammo-oxidases. Other steroids
were much less or not at all inhibitive. D-Aminoacidoxydase
with p-alanine as substrate 1s a flavoprotemn. The co-enzyme
15 allox d dimucleotide. Acctone powder of pig
Kkidney was used and they have lately (Hayano and Dorfman,
1951} expluned: “An increase mn the aqueous solubility of
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DISCUSSION

Lovc, What do you mean by the adynamic adrenalectomized
ammal? Do you mean adrenal nsufhiciencs ?

VERzin. Yes. We use the following test The ammals climb un a
steep wire net, if they let themselves fall back, we call them “ady-
:]\:muc. Six days nner | 3, Without rats often

. .

t .

) '
spite of the long survival, glucose-absorption had decreased. That just
proves that the criticism, that these d ammals might
Tot have been mn the best state, 1s not relevant

Best: Itis a little difficult to tlunk of perfect control, 15n°t 1t?

RusseLL: One other thing that might be controlled 15 the food intahe
of the amimals  Adrenalectormzed ammals on salt, 1 my expenence,
don’t Iike some tlungs and unless you pay special attention to the
composition of the diet, they have often a rather low food intake. It

s been shown in normal amimals that with reduction n food ntake
there 13 reduction in the rates of absorption of carbohydrates. I was
wondering 1f measurements have been made of food intake tn the
adrenalectomized amimals, and whether the controls have been given
the same quantity, or was 1t shown that these salt treated aamals did
have 5 nonmal fond mtake?

VErzir  Marazar's evpemiments were done on a rather hmited
number of animals and are not convinang  NaCl-kept adrenalectomized
rats heep up their body-weight or even increase it

RussELL I've had the same evpenence.

Verzar  In a large series of NaCl-kept, adrenalectormized rats we

<.
and they still milt survive  Obwviously they have regenerated interrenal
tissue

FoLLry Could I ask Professor Verzar if he can spc(ulate at all on
$ho 2la af tha alloalina mhaehatngs o tho A
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DISCUSSION

LonG: What do you mean hy the adynamue adrenalectomized
snmal? Do you menn adrenal insuffaency?

Vemir, Yes. We use the following test: The aunnals chmb on &
steep m’rce net, 1f they let themselves fall back, we call them “ady-
name Qe A4 ey e . BN
'

. 21 e s LY Uy Dy WASIE LI

Verzine These are NaCl-treated, adrenalectonuzed ammals In
spite of the long survival, glucose-absorption had decreased  That just
Pbroves that the erticism, that these adrenalectormzed animals might
oot have been in the best state, 15 not relesant

BesT: Ttis a hittle dufficult to think of perfect control, 10t 1t?

Russcrr: One other thing that might be controlled 15 the food intake
of the animals, Adrenalectomized ammals on salt, in my expenence,
don’t hike some things and unless you pay special attention to the
£omposition of the diet, they have often o rather low food intake. It
has been shown m normal ammals that with reduction in food intake
there 15 sequction 1 the rates of absorption of carbohydrates. I was
Wwondenng 1f measurements have been made of food intake in the
adrenalectomized ammals, and whether the controls have been mven
the same quantity, or was it shown that these salt treated ammals did
have a normal fond mtake?

VERZ{R  Marazzi’s experiments were done on a rather linuted
pumber of animals, and are not 2 NaCl-hept d
Tals keep up there body-weight or even increase it

USstir, I've had the same experience.
Veraar: In o large series of NaCl-hept, adrenalectormzed rats we

me et Lo

Lssue.
FoLLey- Could I ask Professor Verzar if be can speculate at all on
the réle of the alkaline phosphatase 1n the ntestinal mticosa?

OUNG T think the answer to that question 1s that 1t catalyses the
hydrolysis of the glucose-6-phasphate that may be formed under the
influence of hexokinase during the absorption of glucose from the gut.
1 hope Dr. Dorothy Needham will agree with me.

CARBO. 12
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Nyipnawe Yes, Ithunk Miss Hele 1n her eapeniments, although she
found the hiesohinase netivity with the pliosphorylation of fructose
and glucose corresponded to their rate of absorption, did not find any
difference 1n the rate of de-phosphory Lation of the 2 esters,

Venzau: Hesokinase-activaty after adrenalectomy has not been
studied 1n the mtestinal mucosa, but phosphate esters of glucose and
galactose e been shown 1o appear during alsorption of these sugars
1n the mucosal cells The alkaline phosphatase could have the sccond
nctiaty of splitting these esters, ainee 1n the blood plasma we find the
frec sugars agun,

Youae On this question of food mtake, did you know that the
adrenalectomzed ammals were in faet absorbing the same amount of
food as the controls?

Verzin. Since they were growing or hept their werght, we could
suppose this,

Loxg: 1 would Just hike to ask one more question which Professor
Verzar nught tiink a httle provocative Do you regard deoxycorti-
costerone and cortisone as equivalent in their ‘effect on carbohydrate
metabolism, except for the question of time involved?

Venrzar. Inmy articles m the American Journal of Physiology, 159
256, 263 (1049}, I stated that therr carbohydrate activity is not equiva-
lent  The whole question is at present 1n a new state, DCA 1s promptly
oxdized to 11.0xy corticords m the adrenals (Pincus) and also the
liver, kidney and other organs (Kahnt and Wettsten, 1951) Why
should we suppose then that DCA which we mject m an adrenalecto-
mized animal, 1s not also transformed to 11-0xy corticoids?

LonGg But then he hasn't got an adrenal gland to do 1t.

Venzar Thisis not necessary, since hver and kidney oxidize DCA also.

Lo~ct. What puzzles me about thes 1s that in some of the experiments
you showed, 1n order to get an effect you apparently had to give 2 total
of 5 mg a day of DCA m divided doses

Virzir: No The shide showed an experiment 1n wlich DCAwas given
in small quantities every 6 hours (Wirz, 1950, 1951)

Lowg- e e
m my exp 1 f
the amou .

of the fac R .
deoxy corticosterone does not protect the ammal, for example, against

insulin, In fact, according to Sayers, animals are even more sensitive
to the hypoglycemia of msulin when they are treated with deoxy-
corticosterone, than they are without 1t I think that Sayers showed
that regardless of the amount of deoxycorticosterone wh.wh he gave,
he could not get protection of the ammal agumst cireumstances

protoctive action which one ¢an get with adrenal cortical extract ot with
cortisone.
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Verzin  Peyser in 1941 showed an anti-insulin effect of DCA on
mice, I lhmk that H\(‘re can be no doubt that DCA 15 not one of the
T and probably 1sn't erther.

A\LL\\‘ I Should Iike to meution that m people with Addison’s
diease, DCA does not stabilize the blood sugar (1e. fails to protect.
agamst hypoglycemia)

Lawrenct I can certainly add chmeal evidence to that. In a
severe diabetic who developed Addison’s disease, his mincral meta-
bolism was rectified by DCA and he became intensely sensiive to
msulin  Instead of requiring 60 umts a day, we could only give him 2
umts 1 the morming and 3 1n the evening, and even that would pro-
duce hy poply cerma

'oxN I thimk that the chmical observations mentioned are well-
established, but there 15 another observation which I think one should
mention 1n this connection. T agree with Dr Long that there 1s very

metaboke effects

Veezir I rmght mention that just a short time ago we tried to
keep adrenalectonuzed rats at low oxygen pressure (330 mm Hg),
DCA did not protect the ammals  But if we gave daily 1 5 mg DCA
with 0 5 mg cortisone, we could keep them continuously alive with
normal body temperature at thus low pressure This agrees with the
chineal observations
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Nirnitast Yes, Itlunk Miss Hele mn her esperuments, although she
found the hesohmase activity with the phosphory lation of fructose
and glucose corresponded to their rate of absorption, did nat find any
difference in the rate of de-phosphory latton of the 2 esters.

Virzan  Hesohiase-aetivity after adrenalectomy has not been
stuchied 1 the intestinal mucosa, but phosphate esters of glucose and
galactose have been shown to appear during absorption of these sugars
n the mucosal cells. The alkaline phosphatase could have the second
activity of splitting these esters, sinee in the bload plasma we find the
free sugars agn.

Youne, On this question of food intake, did you know that the
adrenalectomized ammals were in fact absorbing the same amount of
food as the controls?

Virzanr  Since they were growing or kept their weight, we could
suppose thi.

Loxe: I would just like to ask one more question which Profescor
Verzir mught think a lttle provocative. Do you regard deoxyeorti-
costerone and cortivone as equivalent 1n therr effect on carbohydrate
metabolism, except for the question of time 1nvolved?

Verzin, Inmy articles in the American Journal of Physiology, 159,
256, 263 (1949), T stated that their carbohy drate activity 1s not equiva~
lent. The whole question is at present in a new state DCA is promptly
ondized to 11-oxycorticods m the adrenals (Pincus) and also 1n the
liver, lodney and other organs (IXahnt and Wettsten, 1951) Why
should we suppose then that DCA which we inject 1n an adrenalecto-
nuzed ammal, 15 not also transformed to 11-oxycorticords?

Loxe  But then he hasn’t got an adrenal gland te do1t

Venzir: Thic1s not necessary, since by er and kidney oxidize DCA also

Love What puzzles me about this 1s that in some of the experiments
you showed, 1 order to get an effect 3 ou apparently had to give 2 totat
of 5 mg. a day of DCA 1n divided doses.

Verzdr No The slide showed an experiment inwhich DCA was given
n small quantities every 6 hours (Wirz, 1930, 1951)

Loxa: Well, the pownt T am trying to make, Professor Verzér, is that
1n my experience and 1 think 1n the experience of others, regardless of
the amount of deoxycorticosterone wlich you give, and regardless
of the fact that there may be transformation, the adminstration of
deoxycorticosterone does not protect the anmmal, for example, xgs}lnSt
msulin, In fact, according to Sayers, anumals are even mure sensitive
to the hypoglycerna of msulin when they are treated with deoxy:
corticosterone, than they are without 1t I think that Sayers showed
that regardless of the amount of deoxycorticosterone which he gave,
he could not get protection Qf. t‘h? ‘smma‘l agdmsclcffcl:msrf'ﬂl’:“f:

protective action which one can get with adrenal cortical extract or with
cortisone,



ADRENAL STEROIDS 0N CARBOHYDRATES IN Max 167

insulin activity may be due to diminished pancreatic produe-
tion, increased msulin destruction, or depression of insulin
activity by antagonistic substances. Such considerations lead
inevitably to the conclusion that the inciting factors which
initiate the diabetic state in man may be multiple and van-
able. With these thoughts in the background one may attempt
to evaluate the wmfluence of adrenal cortical steroids upon
carbohydrate metabolism 1n man

For many years 1t has been known that about 70 per cent
of patients with Cushing’s syndrome exhibit a type of diabetes
mellitus which is relatively insulin resistant. It 1s now recog-
mzed that Cushing’s syndrome represents the multiple mam-
festations produced 1n man by a contmuous over-production
of adrenal cortical steroids of the 11-17 oxygenated type. In
many of such patients total or sub-total adrenalectomy has
resulted in disappearance of a diabetie state wiich had existed
n some mstances for a number of years It should be re-
marked, however, that not all patients with Cushing’s syn-
drome exhibit diabetes and conversely diabetes of Cushing’s
syndrome 1s not always reversed by adrenalectomy.

From this climeal knowledge and from the work reported
with the use of adrenal steroidal compounds m ammals be-
tween 1940 and 1947% 1t was to be anticipated that ACTH and
atleast some of the cortical steroids would be diabetogenic in
man This was first demonstrated 1n 2 normal young man by
J. 5 L. Browne (1943) who had adnumistered a punfied pre-
paration of ACTH for only two days. Five years later, with
greater availabihity of punified ACTH we undertook a study
of 1ts effects upon carbohydrate metabolism 1n normal humans
(Conn, Lows and Wheeler, 1948, Conn, Lours and Johnston,
1948, 1949a) We reported the following observations: (1)
With large daily doses of ACTH a state of diabetes charac-
terized by hyperglycemia and glycosuria can be nduced in
normal people (2) The type of diabetes mduced 1s relatively

Ingle,

*Long, Katzin and Fry, 1940, Ingle, 1910, Ingle and Thorn, 1911,
l gL 1915, Ingle 5 , Oberle

1944, ¥ Sheppard, Evans an i Ki




ADRENOGCORTICAL STEROIDS ON
CARBOHYDRATE METABOLISM IN MAN

JEROME v, CONN

CLINICAL investigation 1n man, while crucial, often leaves
much to be desired from the mechamistie point of view. Man
does not lend limself easily to experiments involving, for
example, use of the 1solated diaphragm. As a result, one can
merely describe the metabolic conscquences and acecompani-
ments of a given procedure which has been applied to a human
bemg.

The purpose of thrs review 1s to bring together what infor-
mation 1s available regarding the effects of adrenal cortical
steroids upon carbohydrate metabohism 1 man  For several
reasons 1t seems 1mportant that such an evaluation be made
periodically  First, 1t has become 1nereasingly clear that the
effects upon carbohydrate metabolism of crude anterior
pituttary extraet, punfied growth hormone, ACTH and adre-
nal cortical steroids vary with the species of ammal studied.
Secondly, 1t must be borne i mnd, 1n relation to this con-
ference, that the itiating cause of the common varjety of
diabetes mellitus 1n man remans unknown, mvolving, as it
does, the imponderable hereditary element. In chinical medi-
cine we do recognize certain unusual fypes of diabetes as
being analogous to thewr experimental production 1n apimals,
as, for example, in acromegaly, in Cushing’s syndrome, 1n the
presence of pheochromocytoma following total panereatec-
tomy, ete. But whether or not imtiating factors such as these
play arole in the setiology of the usual type of diabetes remains
to be proven. Flowever, once the ordmary variety of diabetes
has been permanently established by whatever may be the m-
citing factors, it 15 clearly a situation then characterized by an
insufficiency of peripheral insulm activity, In turn, msufficient
168
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et al., 1950), that cortisone lessens the sensitivity to insulin
of patients suffering from Addison’s disease, maintains the
blood sugar of such patients during prolonged fasting, and
greatly intensifies hyperglycrmia, glycosuria and ketonuna
of patients who have coexisting Addison’s disease and diabetes
mellitus. It has been suggested (Sprague ef gl., 1949) that a
diminished functional reserve of 1slet tissue accounts for the
more intense diabetogeme activity of ACTH or cortisone in one
apparently normal ndividual as opposed to another. Thus,
Sprague et al. (1950) noted that two of four patients who ex-
hibited impairment of carbohydrate tolerance under the in-
fluence of cortisone had positive family histories of diabetes.
While the reserve capacity of the pancreas for msulogenesis
must be important in this regard, we are somewhat perplexed
at some recent observations made in our own laboratory
{Fajans and Conn, unpublished). When a single injection of
100 mg of ACTH 1s given to mild diabetics who do not require
msulin the glucose tolerance test does not change sigmficantly
from the control curve On the other hand, when the same
procedure 1s carried out n normal individuals, with and
without family histories of diabetes, a great majority ex-
hibit sigmficant impairment of carbohydrate tolerance. In
all three groups a comparable eosinopenia 1s 1nduced by the
administered ACTH.

In man 1t has been difficult to evaluate precisely the relative
diabetogenicity of the pure adrenal cortical sterords. Our own
experience and that of others would indicate the followinyg
order of diabetogenic potency 1n apparently normal humans
hydrocortisone, cortisone, corticosterone, 11-dehydrocorti-
costerone and 11-deoxycorticosterone. In the amounts
admunistered m man to date 11-deoxycorticosterone has no
demonstrable effect upon carbohydrate metabolism and 11-
dehydrocorticosterone exerts a very mild, if significant, effect.
(Conn, 1950, 1951, Conn, Fa.]ans and Lows, 1951, Forsham
#1 al., 1936, Sprag tr0n),

Because the true sxgmﬁcance of the fall in the concentration
of blood glutathione mduced by ACTH, hydrocortisone and
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resistant to the hypoglycemic effect of exogenous msulin,
(8) Simultancous administration of insulin along with the
ACTII docs not interferc with the development of the diabetie
state. (1) Although hyperglycemia is present, dimunished
renal tubular reabsorption of glucose is in part responsible
for the glycosuria. (5) Some normal individuals exhibit glyco-
sura without hyperglyczemia m response to ACTH. (6) Al
though a correlation exists between the degree of negative
nitrogen balance and the severity of the diabetie state induced
by ACTH, glyconcogenesis from protemn is not aceountable
per se for production of the diabetic state. (7) It 1s possible
that interference with peripheral utilization of ghicose
gdccrcased oxidation andfor diminished conversion to fat) 1s
in part responsible for the production of sterowd diabetes {8)
A fall in the concentration of blood glutathione 15 associated
with the induction of steroid diabetes 1n man. Because of the
interesting triad of events occurring simultaneously under the
mfluence of ACTH, namely, diabetes mellitus, increased uric
acid excretion, and decreased concentrations of blood gluta-
thione, 1t was suggested that in addition to the mechanisms
indicated above, the B cells of the slets of Langerhans might
be exposed to an alloxan-hke itermediary with a resultant
functional 1mparrment mn insubin production. (9) When
assayed on the basts of adrenal ascorhic acid depletion, some
batches of ACTH appear to be much more diabetogenic m
man than others. This suggested that there might exist more
than one type of ACTH or that the ascorbic acid depletion
assay did not run parallel with all of the metabolic effects as
they are observed m man.

That an anti-msulin effect 1n humans 15 exerted by ACTH
and by 11-17 oxysteroids 1s evidenced by a number of other
clinical observations. Administration of either ACTH or
cortisone to patients with pre-existing diobetes intensifies
the diabetic state and increases the insulin requirement
significantly (Boland and Headley, 1949, Brown et al., 1950;
Yerera ef al., 1949, Forsham et al., 1950). [t also has been
observed (Sprague cf al., 1947, Sprague et al., 1943, Forsham
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cortisone remains obscure, the phenomenon should recerve
further consideration. Our group has observed that during
the induction of diabetes i normal people with either ACTH
or hydrocortisone the concentration of glutathione in the red
blood cclls diminishes (Conn, Lows and Wheeler, 1918, Conny
Louis and Johnston, 1948, 1919a). This observation has been
confirmed i man by Hess, Kyle and Doolan(1951) but Sprague |
et al. (1950) observed no such changes. More recently it has
been found (Lazarow, 1952; Goldzieher, Rawls and Gold-
zicher, 1952) that cortisone-induced diabetes in rats 15 associ-
ated with a significant fall of bloed glutathione and that the’
sulphhydryl concentration of the tissues themselves 1s dimin-
ished by excessive adrenosteroidal activityy It has been re-
ported {Conn, Lows and Johnston, 1949b) that intravenous
admnistration of reduecd glutathione in the course of mduction
of steroid diabetes in man results m a transient alleviation of
the diabetic state. On the other hand Lazarow (1952) has
observed intensification of cortisone-induced diabetes 1n rats
when reduced glutathione was admimstered At present the
divergent findings in the two species cannot be reconeiled.
Whether or not the fall in blood glutathione refleets -
creased activity or production of an alloxan-like intermediary
in the tissues remains to be established by future work, That
the decreased concentration of blood glutathione does, how-
cver, appear to be related to the presence of diabetes 1s sug-
rested by our further observations, Figs. 1 and 2 represent
data obtained from a case of Cushing’s syndrome with diabetes
in wiich the diabetes disappeared following subtotal adrena-
lectomy. It will be observed in Fig. 1 that the blood gluta-
thione was subnormal at the onset of cach of the three glucose
tolcrance tests. Diabetes existed before operation and for a
short period of time after operation Iowever, i the pre-
operative pertod when two grams of reduced glatathione was
gven intravenously along with the glucose a normal curve was
obtained. In Fig. 2 it 1s observed that by 127 days after opera~
tion the fasting blood glutathione had returned to a normal
value and the subsequent glucose tolerance tests were normal



¥ic 3 Patient (aged 20) with typncal features of Cushing s
syndrome.

Tic. 4 Patient (aged 20) with typical features of Cushing’s
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In .colltrllst, we wish to show the findings in another casc of
Cushing’s syndrome, in whick diabetes was not present. That
this ease presented the classical picture of Cushimg’s syndrome
15 indteated by her photographs (Figs. 3 and 4). Fig, 5 shows
that the level of her fasting blood sugar was consistently at
the lower limits of normal and that the fasting blood gluta-
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Fic 5. Cushing’s syndrome with normal carbohydrate tolerance
and high blood glutathione  (Ihotograph of patient m Figs.
and 4.}

thione was consistently at the upper Iimits of normal. It fs
also to be obscrved that both glucose tolerance tests fall
within the normal range,

Summary

1. When admimstered m large doses to man ACTH is
capable of inducing a diabetic state characterized by hyper-
glycemia, glycosuria, decreased renal tubular reabsorption of
glucose and relative insulin resistance, It s the same type of
chabetes which occurs spontaneously jn Cushing’s syndrome.
Some patients with elassical Cushing’s syndrome do not
develop diabetes. Some normal mdividuals given large doses
of ACTH lkewise do not develop diabetes.
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2, Adrenal cortical steroids of the 11-oxygenated type pro-
luce a similar type of disturbance 1n carbohydrate metabolism
vhen administered to man, In descending order of diabeto-
enic potency they are hydrocortisone, cortisone, corticos-
erone and 11-dchydrocorticosterone,

8. Steroid diabetes 1n man 1s associated initially, at least,
vith great catabolism of body protein. However, glyconeo-
enesis from protemn cannot account alone for the diabetes
vhich is observed. Interference with the normal pathways
or disposal of glucose appears to play a major rdle,

4. While resistance to exogenous insulin can be demon-
trated in steroild diabetes, 1t is not known whether the
ancreas under conditions of steroid diabetes is secreting
ubnormal, normal or supernormal quantities of insulin.

5. Chnieal evidence suggests that when the functional
eserve of the pancreatic insulm producing mechanism 1s
liminished 2 more intense form of diabetes 1s elicited in the
resence of an excess of carbohydrate active adrenal steroids.

6. ACTH, hydrocortisone, and cortisone are capable of
educing the level of blood glutathione in man. This pheno-
nenon appears to be related to the appearance of the diabetic
tate. A similar relationship exists in Cushing’s syndrome
vith diabetes. The precise signficance of this relationship
nust await future investigations.
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10%e
cireumstances, what kind of 1nerease you would have m intracellular
ghutatinone?

Conn No, I have no 1dea

Lowc. Does 1t mise 1n the red cells sigmficantly when you give it
ntravenously?

Covx: That we haven’t determined  All 1 can suggest about that
15 the protective effect of intravenous glutathione aganst alloxan
diabetes

Lone Oh yes, but that may be merely using the circulation as a
test-tube, Ascorbic acid will give you simlar proteetion agamst alloxan
diabetes

Forruy. Racker has recently reported. 1n a contnibution to Nature,
that glutathuone 15 a sort of prosthetic group of the glyceraldelyde-3-
phosphate dehydrogenase 1 wonder if there could be any connection
there with your observations on diabetics 1n respect of the glutathione
level in blood?

Conn  Idon’t know.

Mirsky I would lithe to draw attention to a fow pornts which Dr
Conn has made. First, I want to emphasize that the typc of diahetes
produced by steroids duffcrs markedly trom the so-called spontaneous
form of chinical diabetes mellitus  The dafference 1s very clearly demon-
strable. Secondly, there was the interesting observation that the glucose
tolerance curve of the patient with rmid diabetes was not further
decreased with the admimstration of cortisone  We had occasion to
study a number of subjects who were selected hecause they had had
diabetes 1n the past and no longer have it These were subjects with
real potential diabetes, because they had had diabetes on one or two
accastons 1n the past which had lasted for more than twe years The
admimstered ACTLL 1n these subjects did not produce any abnormality.
Further, admimstration of cortisone to patents with ketosis may ae-
tually reduce the ketosis e are dealing with different chnical situa-
tions The status of a patient may determine the Tesponsiveness

Best  I'm trymng to think of someone who has studied the
effect of msulin n combating the aggravation of diabetes by ACTH in
ammals

ConN: It has been done with crude extract, but I'm not aware of
any study wluch has been presented with ACTH

Wizacin  I'd bike to ask Dr Conn about the ACTH preparations
that he used The point which interested me particularly 1s that the
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think we arc all 1 agreement that there s tremendous variability
among diabetics as to whether or not inereased nsulin will be necessary
when cortisone 1s admumstered  There are some diabetics who require
a very significant increase, perhaps 5 times the base-line level, while
others appear not to need very much more insulin  What the explana-
tion s, I don't know,

LAWRENCE: Can you tell me please, in that respect, whether those
who need a great mcrease are much rmlder than the severe ones? Task
this beeause 1 my experience—not large—in treating severe diabetics
with cortisone for rheumatoid conditions (byv scvere cases I mean
people needing 60-100 umits of sulin per day) there has been ne -
crease at all in the nsulin requirements T Just wondered 1f ths dis-
crepancy reported 15 perhaps related 1 any way to the sevenity or the
actual nature of the diabetes?

CovN- We haven't seen any correlation between seventy and the
need for more 1nsulin under cortisene therapy The only thing that we
have noticed 1s that in mild diabetics who maintain a normal fasting
blond sugar without msulin, there 1s frequently no exacerbation of the
diabetes from cortisone. On the other hand we have observed the

of virtually pl ) tance i a 75-umt diabetic
given large doses of ACTIH.

Lurens Perhaps I can answer your question in part, Dr Lawrence,
by supplementing your experience with our three diabeties with arth-
mtis  One of them needed no nerease 1n insulin requirements, the
others had to have their dose of insulin approumately doubled All
three would be regarded as severc diabetics n the sense that they
needed 60-100 umts of insulm per day

SwyEr Dr Conn pointed out that gluconeogcness cannot ade-
quately account for the diabetogeruc action of corticoids and that there
must be with the of carbohydrates.
Perhaps hpogenesis might be nterfered with. The obesity, which 1s the
common accompaniment of the Cushing’s syndrome, doesn't seem to
tti‘t :{; with this 1dea, and ¥ wondered what Dr Conn has to say about

a1

CovN. Well, I have an 1dea about 1t First the obesity extubited 1n
Cushing’s syndrome 15 related more to redistribution of fat than to the
laying down of new fat Secondly, if hipogenesis 1s impeded by an excess
of 11-oxysteroid activity, this mhbition of lipogenesis may not be a
complete one at all and very hkely 10t

SWYER In other words, the inhibitton of lipogenesis 15 relatively
a mnor thing?

ONN  Yes, 1t may or may not be, depending on the circumstances
Insulin 15 required for hpogenesss but many mibd diabetics not taking
msulin grow fat =

Best Quite a strikang effect of both growth hormone and of msulm
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duabetogenie action of some preparations are not very easily correlated
with the adrenal ascorbic arid depressant effects. With the early
protems ACT1Is, a very real question s the possible contammation of
these preparations with growth hormone, There 15 no assay available
which will allow one to detect reasonable quantitics of grow th hormone
in the presence of an overwhelmmg surplus of ACTIL That rarses the
possibility that the diabetogeme potency of present ACTII preparations
may be more nearly correlated with the order of contamination with
growth hormone. It raises alwo the powwibility that with more recent
ACTII preparations of the Astwood type, which may be simple peptides
relatively free from growth hormone after the treatment with oxy-
celtulose, the diabetogenic activity will he appreciably less in relation
to the adrenal ascorbie effects

Conn : The preparations which we used were not diabetogenic or
: T N o T re were

shoutd

Resn I'd hihe to ask Dr * T
Wilhelmi said  In testing
P11 was the mjection mver
crude preparation of *‘corticotopi,  uLANEd 1TOI Veel gualus vy

may be differences simply in absorption rates, which imght be ehminated
by administering the preparations as tannates, for example.

CoNn I don’t know about possible differences in absorption rates.
With respect to the first question. the ACTIL was gwven 1n alkabne
solution to dogs. It was not an Astwood type of preparation.

Macir AsDr Conn yust it must be emphasized that there

diabetes through eortisone admimstration
I had a diabetic patient who required 15 units of insulin before he was
treated for a myeloma, the injection of 100 mg of cortisone aggravated
the diabetes to the extent that 90 units of insuhn were necessary to
prevent hyperglycermia However, in another diabetic patient who also
had to recerve 100 mg. of cortisone, 1t was sufficrent to increase ﬂ}e
dosage of mnsulin by one-third only to obtain a normal glyeema. Itis
not exact to say that diabetes caused or aggravated by cortisone is

resistant to mslulm. . §
ve have also a low g
pa\t}ent with pan-hypopituitarism, On treatment with ACTH, t;:e
Surve gradually rose, shovang after 4 weeks a marked increase in the
amphtude of the curve. ¥Have you observed that ‘hyperglycemia may

! curve in a




CLINICAL OBSERVATIONS ON METABOLISM
IN OBESITY

H W. BANSI

Far 1s the essential storage sut n energy
and 1 contrast to glycogen and proteins, 1t can be stored up
in the body in any quantity. Nevertheless, once growth has
ended, 1t 1s one of the fundamental laws of life that the weight
of the body must be kept constant—no matter what energy
15 necessarily expended from time to time—by the automatic
regulation of the food mtake on a freely chosen diet. There
is a subtle distinction between “Fettsucht” (obesity), as the
expression of a certamn hpophil tendency of the body, and
“Fettleihigkeit” (corpulence), which sigmifies the state of
supernormal fatness

Tt has long been known that fatty tissue 1s not an inert
substance taking no part in metabolism, and this has been
conclusively proved by 1sotopic research. The fact that only
about 400 g of glycogen are contamed 1n the body of a man
weighing roughly 70 kg., and that this quantity—if no more
calories were provided by the food—would be entirely ex-
hausted after 24 hours at the most, shows that fat must be
continually mohilized 1n the cycle of metabolie processes.

Obesity 1s certamnly not a single chinical entity. It may
appear i numerous endocrine diseases, for example, Cushing’s
discase, the obese type of diabetes and several cerebral—par-
ticularly hypothalamic—dysfunctions, whereas the partici-
pation of the pitwntary itself, which was formerly generally
assumed 1n chnical medicine, 15 to-day once more the subject
of controversy.

Lattle is yet known about how the intermediate fat meta-
bolism takes place and 1n particular where—only 1n the hiver,
or 1n the periphery? This applies particularly to the almost

CARBO 17a

=
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is the incrense 1n appetite.  If you give ejther to ammals, they may
eat two or three times as much,

_ Lawnr~ver  There s just one more point, on which I would Iike some
information and that 1s on the glutathione question. Have you found
1t inereases i what we might call ordinary drabetes?

Conn: No, we haven't,

Lawrincr: Except in ketosis, do you find it there?

Covn: We haven't studred 1t.

I{A“ re~er Well, it goes down quite markedly n the severe ketotic
state,

CoNn: That 1s very interesting, becnuse as I mentioned yesterday,
11-oxy-steroids rise sharply in the presence of ketoss.

Horr I gave 30-100 mg of cortisone to patients with Addtson's
disease, and five developed diabetes with a blood sugar higher than
200 mg per cent even if they started with a blood sugar of 40 or 50
Everybody knows now that 1n a case of Addison’s disease you must
never give more than 20-t0 mg of cortisone, If you mve 100 mg. or
150 mg /day you get the blood sugar mncreascd, diabetes, polyuna, etc
The adaptation of the pancreas to any secretion of cortisone 3s disturbed

Mmsky, We have studied women who gave birth to babies weighing
10 1b or more, and 1n whom the meidence of diabetes in the future can
be predicted to be approximately 40 per cent. We attempted to find
whether through the admimstration of a provocative t‘l‘osek of AC;l:gX

Missxy 50 my
Gray, Would not that show even more definitely that natural
.- . e L e el 11 abatned
ade-

et nals

were given stress of various types
Mirsky* Rats not dogs —-

Coxn. Anmals!
Minsxy I think 1t 1s a very important pomnt and the distinction has
to be made, because 1t 1s an old observation that dogs do not show 2

drop wn the blood sugar
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obese patient, we found an average glycogen content of 7-2
mg. per cent in the fresh substance, and of 8-9 mg. per cent
in the dry substance, with an average water content of 280
per cent. Since the average content in the serum 15 3 mg. per
cent, it 15 seen that the principal share of the glycogen content
falls to the fatty cell, and not to the extracellular water. The

Table I
GLYCOGEN AND WATER CONTENT IN Brorsy or Fat Tissue arTER A Torar
StirvaTION PERIOD oF S1x To TEN DAvs, Imoepiarcuy BEFORE THE
OPERATION. PariEnt RECEIVED CARBOHYDRATE AND INSULINV,

Glyeogen
% Vater
Carbehydrate | Insulin content
Patient €. {units) Fresh fat Dried fat %
Se. 1% 2 9.3 - -
Scho. 250 3 3.4 8.7 28.30
st. 250 % 2.0 2.6 22,89
X 259 20 6.3 7.8 19.03
So, 259 8 8.7 0.6 18,00
3L 259 50 6.4 8.0 21,04
Ba 285 52 %0 5.6 28,45

further 1dentification of the polysacchande, for example 1its
change nto phenylhexosazone, and the determination of 1ts
melting-point, has so far not been completed.

The comparative study of the sugar contents of capillary
and venous blood provides some clue to peripheral sugar
metabolism. The loss of glucose to the tissuc through which
the blood flows corresponds to the difference between the sugar
contents of the two kinds of blood The prerequsites, such
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lipomatous-looking localization of the fat deposits which
appears frequently n clinical medicine (pannieulitis, lipoma-
tosis-like rolls of fat).

We shall not discuss here which hormones, alone or n
conjunction with the autonomic nervous system, are con-
cerned 1n any one case. I shall restrict my remarks to observa-
tions which concern protein metabolism during fat formation
and fat reduction, also to peripheral glucose metabolism, m
the lope of getting some insight into the active or passive
processes at work in the periphery in adiposity.

Numerous investigations on ammals by Wertheimer (1927},
Hausherger (1938), Engel and Scott (1950) and other authors
have proved that the direct accumulation of carbohydrates
in the peripheral fatty tissue also plays & part m the produe-
tion of fat To my knowledge thus has as yet only been proved
msolated cases m the human bemng (Arndt, 1926). Our eather
attempts to demonstrate glycogen in the fatty tissue in obese
patients when large quantitics of fat were removed surgically
alw ays proved unsuccessful, even when glucose was previously
administered Only when, prompted by the findings of Engel
and Scott, after a long period of fasting we admimstered
msulin simultaneously with large quantities of carbohydrates
(not only in the form of glucose, but also as rice, to ensure a
slower passage mto the blood stream) did my collaborators
Backhaus and Fretwurst and I succeed n obtaming glycogen
i the abdomnal fat of extremely overweight patients. The
abdominal fat here does not actually represent an 1deal “fat
organ” with a lively intermediate metabolism, like, for ex-
ample, the “brown fat organ” of the rat

In view of the dufficulty of a specific demonstration of this
polysaccharide we used the method of Pfluger which is stiil
in current practice. In this method of analytical demonstra-
tion, glycogen 1s defined as the white, amorphous substance
winch. resistant to hot 60 per cent solution of caustic potash,
15 extracted from the tissue and reduced after acid hydrolysis,
and 15 quantitatively determinable by 1ts reducing capacity.

Using this procedure to examine the abdomunal fat of the
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obese patient, we found an average glycogen content of 7-2
mg. per cent in the fresh substance, and of 8-9 mg. per cent
in the dry substance, with an average water content of 23-0
per cent. Since the average content 1n the serum is 8 mg. per
cent, 1t is seen that the prineipal share of the glycogen content
falls to the fatty cell, and not to the extracellular water. The

Table I
GLYCOGEN AND WATER CONTENT 1N Biorsy oF FAT TISSUE AFTER A ToTaL
STARVATION PERIOD OF Six T0 TEN DaYS, IMMEDIATELY BEFORE Tm:
OPERATION  PATIENT RECEIVED CARBONYDRATE AND INsuLIN

Clycogen
gL vater
Carbohydrate | Insulin content
Patient (g {unita) Fresh fat Dried fat %
Se. 100 20 9.3 - -
Scho, 250 30 pENS 8.7 28.30
St 250 16 2.0 2.6 22,89
X 259 20 6.3 7.8 19.03
So, 259 %8 8.7 10.6 168,00
L 259 50 6.4 8.0 2.0,
Ba 285 52 4.0 5.6 8.6

further identification of the polysaccharide, for example its
change nto phenylhexosazone, and the determunation of its
melting-pomnt, has so far not been completed.

The comparative study of the sugar contents of capillary
and venous blood provides some clue to perpheral sugar
metabohism, The loss of glucose to the tissue through which
the blood flows corresponds to the difference between the sugar
contents of the two kinds of blood. The prerequisites, such
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as a preeeding pertod of starvation, ete., certainly have an
effect on sugar metabolism in the peripheral tissues. Therefore
a degree of caution 15 necessary 1n drawing conclusions from
the difference between the arterial and venous blood sugar.
In the hterature the arterio-venous difference after adminis-
tration of sugar is given as approxmuately I+ mg. per cent.
The arterio-venous dillerence in blood sugar was greater than
normal, particularly in those patients with lipophil dystrophy

| m?ar:s: l

£

8100D sucak mp%
7

0 % w0 s0 om0 2oMm
NORMAL

Fre. 1. Capill

y blood-sugar 1n a normal
case after two successive doses of 50 gm of glucose (Staub-

Traugott).

who were m a stage of abnormally active fatty “disease”
{Mangelfettsucht—Bansi, 1917).  Several sugar curves
followmg double-loading of very severe cases of lipophil
disease durmg the feeding-up stage are seen i Figs, 1 and 2
Here the peripheral sugar ption 1s on occasi S0
heavy that the venous blood curve 1s practieally a straight
line—1n other words, all the blood sugar passing the hver (or
in Soskin’s view, all the sugar supphed from the liver) 1s con-
tinually bemg stored at the periphery. At the same time
Guizow (1947} made simlar observations mdependently of us
in cases of starvation during the feeding-up stage, whereas m
starvation which 1s not yet compensated hie saw the syndrome
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of “starvation diabetes,” namely an abnormally shght re-
moval of sugar from the periphery.

This behaviour 1s, however, typical only of most cases of
Iipophil dystrophy, whereas most other adipose patients,
whose obesity 15 already established, show no such striking
anomalies. Oceasi ly the arter daff reaches
30 mg. per cent and more, but on the whole does not remain
above normal. Sometimes a raised blood sugar consumption

GLUCOSE t CLUCOSE ‘
180 sog sog

BLOOD SUCAR mg %

30 6 90 10 50 @9 20 36 60 90 20 (S0 180 20 MIN
LIPOPHIL  DYSTROPHY ENDOGENQUS QBESITY

Fic. 2  Capillary-venous difference of blood -sugars after two
successive doses of 50 gm of glucose 1n of lipophi
dystrophy and endogenous obesn.y (Stnub -Traugott)

was also seen 1n the second phase, an observation which might
perhaps best be mterpreted 1n the old sense as an increased
msulin output, which 1s accompanied by an increased produc-
tion of fat in the periphery [here I must refrain from intro-
ducmg mto the discussion the question of the homeostatic
mechanism of the hiver as conceved by Soskin (Soskin and
Levine, 1946). The tendency of the penphery to retain a con-
siderable quantity of sugar remains undisputed  But the blood
sugar curves are certamly dependent upon many factors, Of
course the patients were kept 1 a state of absolute muscular
rest for the whole duration of the experuments]

That the mcreased sugar removal 1s seen almost exclustvely
m dystrophic patients i the p d stage of Iip
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raay perhaps be attributed to the fact that in already over-
weight patients the practically contmuous storing up of glyco-
gen and attendant fat formation is no longer so pronounced,
more particularly as the parts of the tissue which are usually
mvolved in blood sugar analysis show no abnormal tendency
to store fat. Tests using blood from the veins of fat thighs
also yielded no very great artenio-venous differences, probably
because they really took in only the superficial circulation of
the himb.

These ndications of glycogen formation 1n the peripheral
fatty tissue, and the sometimes remarkably heavy loss of
sugar from the blood at the periphery seem to me to show a
considerable avidity for sugar at the periphery, and even
suggest new fat formation m the fatty tissue.

We were also mterested 1n the protein metabolism m various
overweight patients. Albright, Parson and Bloomberg (1941)
were the first to draw attention to the fact that in Cushing’s
disease a catabolic state of metabolism may exist in respect
of the protem economy, and this we were able to confirm 1n
various cases. During the years of shortage m Germany, and
especially in soldiers returning from long captivity, we noticed
a peculiar disease during the feeding-up phase, which I have
termed lipophil dystrophy (Mangelfettsucht) and which could
be followed up m thousands of repatnated men, In this meta-
bolic state, which 1s associated with a diet relatively rich i

carbohydrates but generally very poor in protein, and in which
T while affected with

of manifest cedema,
e m a very remark-

uble‘wa.y, and numerous metabofic-patance tests repeatedly
confirmed this. On a diet of sufficient calorie value to maintain |
life, with the normally adequate pratem intake of 70-80 gm.
(up to a third or half in the form of animal protein), although
there was a rapd 1ncrease 1n weight, it was not possible
either these men or in women who had been undernourished
for a correspondingly long period, to obtain even a steady
nitrogen balance, let alone the positive one which 15 usual
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after a fairly long period of undernourishment or in conva-
lescence. During this development of lipophul dystrophy, the
patients showed other, pred ly vegetative
disturbanees, also often a swelling of the parotid gland and
gastro-mtestinal symptoms, such as meteorism, relative en-
zyme deficiency, impotence, gyn=comastia and others besides,
as I have described 1n detail in my monograph on starvation
edema (1949)

In genmne deposition of fat proved by tissue excision
and a weight increase that 1s only to a very slight degree

Fic 3 Nitrogen balance in four cases of hpoph dystrophy

attributable to water retention, the protein balance on a normal
duct was more or less negative  For the purpose of analysing this
disturbance of protein metabolism more closely, the protein
minumum was investigated n a large number of these patients
with very careful observations of metabolism —including the
1oss of nitrogen 1 the stool—in order to determne so to speak
the wear and tear quota of the body, that 1s, the lowest point
i endogenous protemn metabolism  With a calone intake
of 2,500 1n a diet containing practically no protem (0 3 g. of
mitrogen), the nitrogen loss was essentially hagher (50-110 mg.)
than the normal nitrogen elimination of 30-50 mg. per kg. of
body weight as given by varous authorities. The mtrogen
turnover in these obese patients therefore—for here we were
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concerned with one phase of fat accumulation—was abso-
lutely catabolie. A resemblance will be noted between this
condition and a disturbance of those hormones which prim-
anly promote nitrogen production (testosterone deficiency or
over production of the §-hormones of the adrenals), m the
course of which at least small quantities of fat are formed
from protem. In cases with a negative mtrogen balance, my
collaborator Lohmeyer and Anhelm (1951) found an merease
in 17-ketosteroid elimmation, wluch might be regarded as
supparting a disturbance of pituitary function on the lines of
Cushing’s disease; at the same time an increase n the adreno-
corticotropic anterior pituitary hormone also explains the hy-
pertrophy of the adrenals which is observed m malnutrition.
Unfortunately we could not determine the oxycorticosteroids,
which would have made the picture more complete.

The obese patient of the pitwitary-adrenal-type, n the sense
of partial overactivity of the adrenal cortex, therefore tends to
have an irrational protein metabolism. In tlus he 15 quite
different from the majority of normal adipose patients, whose
protemn metabolism will be deseribed now.

Normally in chnieal medicine there is little opportunity for
following the development of corpulence. Apart from some
cases of weight increase of 10-20 kg, occurring m the course of
afew weeks, 1t generally takes several years to develop Hence
the patient only secks the advice of a doctor after he has
become considerably overweight. It seemed therefore prac-
tical and sensible to study the process of losing weight withn
the framework of the general metabolism, especially as it must
be the object of every weight-reducing treatment, when cut-
ting down the calorie mtake, to spare the protoplasm com-
ponents whicl are not increased, and to reduce only the fat
Two baste problems presented themselves: (1) How does the
protein metabohsm of adipose patients behave when the
calorie intake 1s cut down to about 800, but enough protein to
maintain ife—about 70 g.—1s given, and (2) how does loss
of substance take place where food 1s practically withheld
altogether—as 1n treatments w 1th fruit juice and starvation
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So far only very isolated investigations of these problems
exist,

In the course of metabolic-balance tests extending over
several weeks, my collaborators and I (Bans et al., 1951,
1952) examined altogether 76 cases of obesity of different
types—but not including patients with lipophl dystrophy—
all considerably overweight. The findings were as follows-—

With a restriction of the total calories to 800, but a daily
intake of 10 g. of nitrogen 1n the form of first-class animal
protemn, the majonty of overweight patients, after a brief
adjustment of their mtrogen economy, show a steady or even
shghtly negative nitrogen balance, and 1 only two of these
did the daily losses of nitrogen exceed 2 g. The patients con-
cerned were young girls with a Cushing-type obesity and
markedly inereased 17-ketosterord elmination  In some
patients for whom we prescribed the msertion of a period on
frint Juice, the periodic alternation of the two forms of diet
soon produced a steady nitrogen balance during the 800 calorie
periods.  The body therefore adapts itself to the deficiency
of calortes, and may after a time set i motion the mobilization
of fat, which 15 believed to be so difficult in adiposity, so that
1t can cover 1ts energy requirements to a great extent out of
1ts fat deposits.

This form of diet 15 therefore suited to the reduction of
the fat depostts, without jeopardizing the protoplasm store
of the hody

Actual stariation metabohism also behaves m a remarkable
way 1 most adipose patients In these tests the protein intake
was practically ml  In pure starvation tests, although fat 1s
still present 1n the depots, and the majority of the caloric
needs are met by burnmg up the fat reserves, nevertheless
more proteimn 1 used up m this state of affairs for the purpose
of eneryy than corresponds to the wear and tear quota, that
15, to the endogenous mitrogen mimimum  In Fig. 4 the protein
destruction (n g of nitrogen) was correlated with diminishing
calorie intake 1 a graph  In making this, we used the star-
vation tests published m the hterature, and a number of our
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own metabolic-balance tests on a protein-free diet and with
a dimmishing intake of calories. It 1s seen that the nitrogen
consumption only becomes distinetly higher than what corres-
ponds to the wear and tear quota when the intake is reduced
to below 800 calores, and then, when the calories are reduced
to under 400, it rises sharply. The quantity of nitrogen is

g Nfkg
20 * Morguhs (Normat case)
o + Benedict { = )
i s Schenk ( m  a)
ol 4 o Lipophe Dystrophy (own observations)
J x Metabolism tn health { = LI
350 cal @ Endogenous Obesity (Rausch)
. I « - « " {own observations)
100-
60.
2
) 3%0 1000 200 o

at

Fic. 4 Nitrogen excretion mmg /kg with protem-free diet and
ascending calorie ntake.

calculated per kg. body-weight. In one series of tests about
380 calories were given daily 1n the form of frit juice, while
a second series was subjected to complete starvation, which
most of the patients readily tolerated for 10 days.

Among 31 cases on the fruit juice diet, a mtrogen elimma-
tion of between 2 4 and 8-36 g., or between 34-8 and 13+ mg.
perkg. actual weight, was demonstrated. Fiftcen caseslay with-
In the normal limits of 55-100 mg./kg., and only two above the
normal, which two therefore showed an increased nrtrogen
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destruction during the starvation phase, while 11 patients
showed a clenrly reduced nitrogen metabolism during this

period of reduced food, The quan-
tities of nitrogen chminated during
these periods corresponded to
those of the “normal” wear and
tear quota, determined by Thomas®
(1910) process i normal human
bemgs after 3-5 days on a diet
which is sufficient in ealories, but
free from mtrogen.

The cconormucal mtrogen balance
1s observed just as clearly, 1if not
more so, 1n strict fasting, even if,
as a result of the complete cessation
of calorie intake, a somewhat
greater chmmation of nitrogen 1s
present. In complete fasting the
daly loss of mitrogen i profes-
sional starvers and normal people
is between 150 and 220 mg./kg.
body weight. In our 9 cases of
endogenous obesity without Cush-
mg’s symptoms—mn tests lasting
10 days—the ehmmation of mtro-
gen after 2-3 days caleulated from
several days’ averages was between
395 and 6+ 4mg.fkg. body weight,
in other words, nearly the same as
the end protem

ig wsmg
1o Adipostty tipoptl
N Cystropty
1201 Actual- | ideal-
eght

Fia, 5.

Nitrogen excretion
(mg fhg {body-weight) during a
protern-free diet of 360 calories

The majonty of the adipose pa-
tients behaved therefore, even with
a prolonged period of fasting, as
if they were receiving a diet free

in cases of obesity

(adiposity), and o protein-free

diet of 2,800 c1lones In cases of

lipophil dystrophy  The grey

districts represent the hmits
of normal vanation.

{rom protemn only, but contaning sufficient calories, and broke
down protein only 1 nccordance with their internal cconomy.
It remams a very remarkable finding, m respect of the
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practicability of drastic calorie restriction, of the breaking down
of fat, and of the switch to an cconomical metabolism. Wedo
not dare to indulge in speculations on the mechanisms at work.
We shall merely put the following questions for discussion—

(1) Is the dingly ecol ical and endog meta-
bolism of mitrogen, which 15 present in obese patients—apart
from those with lipophil dystrophy and the Cushing type of
obesity—the expression of a general economy m metabolism
and equivalent to a tendency to create fat reserves, or

(2) Is the jeal nitrogen metabolism only a sign
that the fat reserves can easily be made available by the
body to cover its energy needs, which 1s contrary to ﬂ.le
view held hutherto, that they are not easily broken down in
achposity.

The protemn metaboltsm in adrposity therefore behaves as
follows.—

Only n hpophil dystrophy and the Cushing types, \\I)igh
both show signs of adrenal hyperfunction, 1s the protefn
economy catabolic and tending towards an mcreased protein
destruction (perhaps for Iiponeogenesis). The majority of
overweight patients show an extremely shght endogernous
protem turnover, and obesity can be reduced satisfactorily by
restricting the calorte intake If they are guaranteed an ade-
quate supply of protein, then they only draw on their reserves
of fat, and spare the deposits of protoplasm more readily then
the normal person does on the same food. Thus 1s particularly
true of a protein-free diet, where the losses of mtrogen on 2
diet giving about 200 calories correspond, in over 50 per cent
of the patients. to the endogenous protein mmnimum, and with
complete fasting exceed thns only shghtly. The fat destruction
is therefore a straightfornard proces.. Whether there is.ﬂ
pathogenic connection between this abnormally frugal protein
metabohsm and the accumulation of fat 15 a debatable
question.
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DISCUSSION
Best Does that mean that you can change the condition by just
substltuhng a lngh carbohydrate diet for o high protein diet?
Banst
Best Can th‘lt be reversed®
Banst No. Itis a feature of a person who has a lugh carbohydrate
intake with a very low protein intake I could have shown you another
picture, but 1 wil not take your time  This was a typical ease of the
person who after a short period of starvation gets a huge mntake of
potatoes and bread
Brst Did you have any liver biopsy®
Banst No.
SHERLOCK  We did a group of hiver biopsies on under-nourshed

diet

Maxy I there any connection between the forms of malnutrition
desenibed by 3ou and some forms of hunger edema?

Banst  Yes, or at least i the reparation stage of malutrition

SwyEr These patients are under a form of “stress™ 1n the sense that
Selye uses 1t, are they not? Physical stress from the sudden change of
dietary habits?

Banst _ Yes, and probably there might alzo be a ty pe of psy chological
stress There are also other cases where you get 1t In camps

Swyer There must be an increased calorie quota to put on weight?

Baxst The calories must be augmented

SwyLr That n itself would very likely throw a certain amount of
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stress on the organism as a whole, stress which would activate the
adrenal cortex.

Banst Ihelieve the quantity of calores was not very high. It could
not go above 3000, They had a low B.M.R. and were accustomed toz
reduced food mntakhe.

Swyrr DPrecisely, and therefore this sudden change to a higher food
intake would constitute a stress.

Banst They were very nervous

Brsre May [ suggest that we define the word “stress™ as we use 1t
If we do that, we may not need to use 1t at all

Horr I would just ask af you saw a good deal of glycosura 1n
those patients 1 the camps® 1 saw a dozen cases which had glycosuria
for 7 days when they came back, and their hyperglycamue curve was
going up to 200 mg. per cent, then 1t recovered. One saw that on the
very first days in the sons of medical men, for example, because tests
for sugar 1n their urme has been made early, 1 e, as soon as they came
back If you sce them a weck or n fortmight later, you don’t catch that
phenomenon,

Banst You are quite right, that 1s so called “hunger” diabetes It
15 always seen, but I did not have the patients when they came directly
from the camps, Then they had also, as mentioned by Gulzow, typieal
diabetic hyperglyewmic curves




PART 1V

HORMONAL CONTROL OF THE STORAGE
OF GLYCOGEN

HORMONAL CONTROL OF GLYCOGEN STORAGE
JANE A. RUSSELL*

Tne principal form of carbohydrate m ammal tissues,
glycogen, is found there in amounts which are small compared
to the energy necds of the orgamsm. It would be expected
then that this glycogen would usually be undergoimng rather
rapid utihzation and replacement At present, data on the
rates of glycogen turnover are few and unsatisfactory, even
for the tissues of normal ammals Most of our conclusions
about regulation of processes concerned 1 this turnover must
then be nferred from changes i the quantities of glycogen
present in the tissues in different circumstances,

The amount of glycogen present in a tissue at any time
must of course be the resultant of the rates of many processes:
of absorption of glucose into the cells, of its phosphorylation,
and of dissimulation and oxidation of the carbohydrate to
other substances. The rates of these processes in turn may be
much affected by other metabolic events, such as by changes
m the effective concentrations of intermediates like phosphate
or ATP. It 15 a somewhat hazardous undertaking to try to
assess the rales of the hormones m carbohydrate metabolism
from observations of therr effects on the glycogen levels of the
tissues, but 1t 1s worth the attempt for two reasons, the know-
ledge to be gamed may be important i understanding the

*supported in part by a grant-in-ad from the American Cancer Society, on
freommendation of the Committee on Growth of the National Research
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metabolie alterations characteristic of imbalances in hormonal
control; and perhaps more importantly, these considerations
may be expected to offer some clues to the mechanisms by
which the hormones may affect mtermediary metabolism
The liver 15 of course the site of the principal labile store of
carbohydrate m the body and ordinarily this organ contuns
the highest concentrations of glycogen. The amounts present
m'tl\e Liver are, however, extremely variable. The chief deter-
minant of the quantity of glycogen present in the hiver at any
time 1s the amount of earbohydrate available, either from the
diet or formed in siu from other substances such as amino
acids or lactate. Although the amounts of glycogen m the
liver may be affected by excess or deficiency of certain
hormones, these changes usually are small compared to those
which may be induced independently of hormonal control by
purely logistie means  Also, the possible sources and ultimate
fates of the carbohydrate in the hiver are more varied than in
other tissues. Hence, except 1n a few instances, 1t has been
even more difficult to cvaluate the roles of the hormones in
glycogen formation and utilization in the liver than in other
tissues. For these reasons, and also because of limitations of
time, glycogen formation in hver will not be further considered
here.
The other principal sites of carbohydrate storage are the
museles  Little 1s known concermng smooth muscle, but
several examples of striated muscle and also the heart have
been mvestigated extensively. In these, glycogen probably
has 1ts greatest significance as a possible source of anaerobic
energy, but 1t must also usually be utilized oxidatively As
far as 1s known, the only source of glycogen 1 muscle is the
glucose of the blood. Unlike the glycogen of the liver, that
of most muscles exhibits a considerable degree of uniformrty
during the usual cycles of feeding and fasting Data on the
turnover rates of this glycogen are lacking, 1t would be of
much 1nterest to know whether the glycogen is really rather
1nert, or, 1f, as seems more likely, 1t 15 bemng formed and broken
down constantly but at rates which are relatively unaffected
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by the blood sugar level. In this relative independence of
nutrition, the muscles would seem to offer a preferable site
for nvestigations of the hormonal control of glycogen for-
mation and utilization.

Before hormonal effects are considered, two points must
be made mn connection with the glycogen of the muscles. One
1s that although the glycogen content of individual muscles
may be relatively constant, that of different muscles tends to
differ in charactenstic fasmon Further, the various muscles
may respond quantitatively in different degree to changes
in physiological status, and 1n some instances (as in the heart)
there may be qualitative divergence 1n response as well
Nothing 15 known concerning the determmnants of these
charactersties; 1t may be supposed that eventual knowledge
concerming these factors would contribute also 1n some
degree to our understandmg of the control of carbohydrate
metabolism,

Secondly, 1t must be pointed out that the glycogen of the
tissues 1s not h m a physiol 1 sense at least.
In the past, some distinetions m physieal properties have
been made between certan fractions of the glycogen
Recently, Bloom et al. (1951) have found that there 1s a large
and consistent difference between the amounts of glycogen
which may be extracted from fresh muscle tissues by tri-
chloroacetic acid (TCA) and that which 1s found after alkah
digestion. In several tissues and 1n a variety of circumstances
(hormone treatment, fasting, glucose feeding, tetame stimu-
lation) the TCA-extractable glycogen has been found to be
the “mobile” fraction, whereas the non-extractable glycogen
remains relatively constant. Some examples of these differ-
ences will be presented later. Lattle 1s known concerming any
chemical differences between these two glycogen fractions
which behave so differently physiologically. In future work
on the effects of the hormones on glycogen stores, a true
picture of the magnitude of the changes mduced will require
determimation of at least these two fractions of the glycogen
found in the tissues.

caxza
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metabolic alterations characteristic of imbalances in hormonal
control; and perhaps more importantly, these considerations
may be expected to offer some clues to the mechamsms by
which the hormones may affect mtermediary metabolism.
The liver 15 of course the site of the principal labile store of
carbohydrate 1n the body and ordnarily this organ contains
the highest concentrations of glycogen. The amounts present
in the hiver are, however, extremely variable. The chief deter-
mimant of the quantity of glycogen present in the hiver at any
time 15 the amount of carbohydrate available, either from the
diet or formed in situ from other substances such as amino
acids or lactate. Although the amounts of glycogen in the
hiver may be alfected by excess or deficiency of certain
hormones, thesc changes usually are small compared to those
which may be induced independently of hormonal control by
purely logistic means. Also, the possible sources and ultimate
fates of the carbohydrate in the hiver are more varied than in
other tissues, Hence, except in a few instances, it has been
even more difficult to cvaluate the roles of the hormones in
glycogen formation and utihzation i the hiver than in other
tissues  For these reasons, and also because of imitations of
time, glycogen formation mn hiver will not be further considered
here.
The other principal sites of carbohydrate storage are the
muscles  Little 1s known concerning smooth muscle, but
several examples of striated muscle and also the heart have
been mvestigated extensively. In these, glycogen probably
has its greatest sigmificance as a possible source of anaerobic
energy, but 1t must also usually be utilized ovidatively, As
far as 1s known, the only source of glycogen in musele 15 the
glucose of the blood Unlike the glycogen of the liver, that
of most museles exhibits a considerable degree of uniformity
during the usual cycles of feeding and fasting. Data on the
turnover rates of this glycogen are lacking; 1t would he of
much mterest to know whether the glycogen 1s really rather
mert, or, 1f, as scems more likely, 1t 1s being formed and broken
down constantly but at rates which are relatively unaffected
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msuln than the other tissues In fact, in the fasting rat
winch reflex epiephrine secretion has been prevented by
prior adrenodemedullation, as little as 01 umt per kg. of
msulin will double the extractable glycogen of this organ, In
view of the convenicnce of the 1solated rat diaphragm as a
subject for expermment, this susceptibiity to msulin has
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perhaps been fortunate, but 1t makes necessary some reser-
vations about quantitative extension of observations made
on the diaphragm to the whole organism.

Besides favourmg the deposition of carbohydrate as glyco-
gen, msulin also enhances the further conversions of carbo-
hydrates, as has been shown by balance studies 1n 1solated
tissues and by 1sotope experiments in intact anmmals. The
question then 1s how does insulin act—to promote the entry
of glucose nto the cells, to enhance the rate of the hexokinase
reaction, or to accelerate some further stage of carbohydrate
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Of the hormones which may affect muscle glycogen, the
most studied have been msulin and epinephrine.  As 15 well
known, one at least of the effects of the latter hormone 1s the
promotion of anaerobie glycogenolysis in muscle. Recently,
Sutherland and Cori (1951) have presented evidence to indi-
cate that m the Liver the effect of epinephrine and of the pan-
creatic glycogenolytic agent 1s to mecrease the amount of
phosphorylase m the active farm. Similar studies regarding
glycogenolysis in muscle are not yet available. Since the
react on catalysed by phosphorylase 15 readily reversible, 1t
1s not elear, 1f this 1s the mechanism m muscle, why the action
of epinephrie should be always to accelerate glycogenolysis.
It may be that the effective concentrations of imtermediates
usually are such as to favour the breakdown of glycogen but
that this process goes only slowly in normal tissues because
the enzyme 1s mainly 1n an mactive form. This does not seem
likely, because glyeogenolysis may be mduced in muscle in
conditrons in which otherwise glycogen deposition would be
occurring, as 1 the presence of msulin. Another possibility
1s that in the mtact cell there are structural himitations on
the accessibility of enzymes to substrates, or in other words,
that equilibrium conditions do not prevail. The hormones,
which at present seem always to require the intact cell for
demonstration of thewr activities, may act in part upon the
organization of these cellular systems.

Regarding the action of msulin on glycogen formation,
there has now accumulated a considerable body of evidence,
much of it of recent years from observations on the 1solated
diaphragm  The consensus from these data 15 that msulin
promotes glycogen formation in muscle if there 15 sufficient
glucose available to make this apparent. As shown m Fig 1,
when glucose and msulin are given to the normal rat, deposi-
tion of glycogen 1s promoted 1n the gastrocnemius muscle,
heart and diaphragm, m ncreasing order of response. As
ndicated earlier, most of the effect is seen 1n the TCA-extract-
able fraction of the glycogen, the remamder varying httle.
Tt may be remarked that the diaphragm is more sensitive to
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is accelerated normally in such preparations. Since the in-
creased rate of disappearance of carbohydrate and the high
R.Q. continue to be seen in eviscerated hypophysectomized
ammals, failure of gluconeogenesis cannot account for all of
the effect. Evidently, then, the utilization of carbohydrate
durmng fasting, erther by oxidation or by fat formation, must
be mcreased in the absence of the pituitary hormones.

The loss of muscle glycogen and the elevation of the R.Q.

[romucircocon Qreascmsmme  Fseaaco wso

VS| castrocnEMws HEART s
ool IRTAEATED IWGULIN G CNTREATED ISukd 6 d
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Fic 2 Effects of hypophysectomy and growth hormone on the

total and trichloroacetic acid soluble glycogen of the tissue of

rats dunng fasting The anmals were fasted twenty-four hours

erther without treatment or with growth hormone (5 mg fkg )

#r1ven a3 divided doses duning the fast " The control amals were
unfaste

m the hypophysectomzed rat may be prevented completely
by treatment during the fasting period with pituitary
extracts (Russell, 19385). Recently 1t has been shown that
highly punfied growth hormone also 1s able to prevent the
loss of glycogen from skeletal muscle (Russell and Wilhelmi,
1950} and from diaphragm and to mncrease the glycogen of
the heart to the normal fasting level. The figures presented
m Fig. 2 were obtained after the admimistration of 0-5 mg.
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metabolism? It has been argued that since the phosphory-
lation of glucose is an essentially irreversible reaction, its rate
mu§t govern the rates of all following reactions in the meta-
bolism of the glucose so taken up, and that the action of insulin
must then be on this step. This line of reasoming may be too
s?mple, however, if as mentioned above, equilibrium condi-
tions are not achieved by other reactions within the system.
Further, there 1s evidence that in the absence of msulin there
are metabolic defects m the metabolism of pyruvate and
acetate as well as of glucose, and that added insulin may in-
crease the oxidation of some non-carbohydrate intermediaries.
It 15 possible, perhaps, that the mereased uptake of glucose
mto the eells and 1ts conversion to glycogen under the m-
fluence of msulin could be explained by effects of the hormone
on the provision of energy in appropriate form and place. It
may be recalled that in the diabetic antmal the performance
of work by the muscles also promotes the uptake of glucose
from the blood; perhaps this 18 an example of the same pro-
cess, although of course it need not be wholly identical in
mechanism with the action of mnsulin.

We may next consider the mnfluence of the hormones of the
anterior prturtary on the glycogen of the tissues. As was shown
some years ago (Russell and Bennett, 1937; Russell, 1938a), the
hypophysectomized rat when fed mamtams normal carbo-
hydrate levels in blood and tissues, but in fasts of even rather
short duration, first 1ts liver and then 1its muscles become
depleted of glycogen., As may be seen in Fig. 2, the heart,
which normally tends to merease 1ts glycogen content i fast-
ing, mstead also 1s depleted, and the diaph too loses
more glycogen than 1t does m the normal fastmg animal.
These changes also occur mamly m the TCA-extractable
fraction of the glycogen.

At the same time that carbohydrate 1s lost from the body,
the R.Q. is elevated, and the mncrease m this ratio 1s of such
an order that the dwsappearance of carbohydrate could be
accounted for by a net increase in the oxidation of carbo-
hydrate. There is no evidence that anaerobic glycogenolysis
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carbohydrate 15 fed to hypophysectomized ammals, it dis-
appears from the body at something more than twice the
rate seen 1 normal ammals, despite the low metabolie rates
of these animals (Russell, 1938¢). Agan the R.Q. is high. It
is not known at present whether the rapid disappearance of
carbohydrate is due o increased oxidation or to fat formation
1n excess of its utihization, but there 1s some evidence to indi-
cate that the latter may be important. The admimstration
of pituitary extract or of purified growth hormone to normal
animals before the feeding results m increased deposition of
glycogen and lowering of the R.Q. (Russell, 1938q; Milman
and Russell, 1950, Ilingworth and Russell, 1851). As shown
m Fig. 1, the effect on the glycogen of the heart 15 particularly
strikang; for normally on glucose feeding there 1s hittle further
deposition of glycogen n this organ.

A peculiar feature of this effect of the pitwitary factor on the
metabolism of fed carbohydrate 1s that 1t requires the presence
of some adrenocortical hormone for 1t~ expression (Russell,
1940). Fig 3 mdicates observations made in adrenalecto-
mized rats given pituitary extract with and without adreno-
cortical extract. Similar data regarding the deposition of
glycogen 1n the heart and diaphragm have been obtained with
purified grow thhormone (1lingworth and Russell, 1951). Since
adrenocortical activity is not required for the action of growth
hormone on the mamtenance of muscle glycogen during fast-
ing but 1s needed for what appear to be substantially sumlar
achivities m the fed anmmal, the suggestion might be that the
cortical h 15 1 ths e d with the
rapid transfer of glucose into the tissues

The observations on effects of pituitary hormones so far
described have been obtaned 1 mtact ammals, and from
these few conclusions may be drawn as to the preewse site
of action of the hormonal factors. In recent years some
attempts have been made to define this action more clearly by
studies on the 1solated diaphragm  This work has been sum-
marnized recently by Krahl (1951) Almost all of the obser-
vations reported to date have concerned the uptake of glucose
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of growth hormone per 100 g. body weight, but smaller doses
also are ellective. The liver, from wiuch normally most of
the glycogen disappears in 21 hours in any case, is little
affected by the hormone.

In these respects, neither ACTH nor adrenocortical ex-
tracts completely dupheates the effects of growth hormone.
If suiliczent quantities of the adrenal factors are given over
a period of tume, mcreased deposition of hiver glycogen and
clevation of the blood sugar, as well as some degree of main-
tenance of the muscle glycogen may be achieved m the hypo-
physectomized anmmal, but this process 15 accompanied by
large losses of mitrogen, so that ncreased gluconeogenesis
would appear to be the source of the carbohydrate (Long,
Katzm and Fry, 1940). Further, Bennett and Perkins (1945)
have shown that the adrenal cortex 1s not necessary for the
mantenance of muscle glycogen by pituitary extracts, Main-
tenance of the glycogen levels of the muscles durmng fasting
appears then to be a function of the growth hormone unaccom-
panied by adrenocortical factors,

In attempts to demonstrate the actwvity of pitwitary
preparations on glycogen mn normal fasting ammals, signt-
ficant effects have been seen i some nstances, particularly
in the heart (Ilhngworth and Russell, 1951). However, m
other tissues the results on the whole have not been very m-
pressive.  This may be, of course, because the normal animal
is already supplied with adequate quantities of hormone for
1ts fasting metabolism, It 1s tempting to speculate that during
fasting, when there 18 need for conservation of both carbo-
hydrate and protem, there 15 mecreased secretion of growth
hormone by the prtuitary gland. The increase n cardiac
glycogen which occurs normally during fasting but which 1s
lacking after hypophysectomy mght be considered particu-
larly to support this suggestion, for otherwise 1t 15 hard to
find an expl ion of this ph enon

So far we have considered the effects of pituitary hormones
on the maintenance of preformed glycogen in the tissues
rather than its deposttion from exogenous sources. Vhen
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carbohydrate is fed to hypophyscctormzed animals, 1t dis-
appears from the body at something more than twice the
rate seen in normal ammals, despite the low metabolic rates
of these animals (Itussell, 1938¢). Agam the R Q.1s high. It
is not known at present whether the rapid disappearance of
carbohydrate 15 due to increased oxidation or to fat formation
in excess of 1ts utilization, but there 1s some evidence to indi-
cate that the latter may be important, The admnistration
of pituitary extract or of purified growth hormone to normal
ammals before the feeding results m increased deposition of
glycogen and lowering of the R.Q (Russell, 1938a; Milman
and Russell, 1850; Ilhingworth and Russell, 1951). As shown
1 Fig. 1, the effect on the glycogen of the heart 1s particularly
striking, for normally on glucose feeding there 15 little further
deposition of glycogen n this organ.

A pecuhiar feature of this effect of the pitwitary factor on the
metabolism of fed carbohydrate 1s that 1t requires the presence
of some ad tical h for 1ts expr {Russell,
1940) Fig. 3 mdicates observations made m adrenalccto-
mized rats given piturtary extract with and without adreno-
cortical extract. Smmlar data regarding the deposition of
glycogen in the heart and diaphragm have been obtamed with
purified grow th hormone (Ilingworth and Russell, 1951)  Since
adrenocortical achivity 1s not required for the achion of growth
hormone on the maintenance of muscle glycogen durny fast-
mg but 1s needed for what appear to be substantially similar
acttvities in the fed ammal, the suggestion might be that the
cortical hormone 15 1n this connection concerned with the
rapid transfer of glucose mnto the tissues.

The observations on effects of pituitary hormones so far
deseribed have been obtammed in mtact ammals, and from
these few conclusions may be drawn as to the precise site
of action of the hormonal factors. In recent years some
attempts have been made to define this action more clearly by
studies on the 1solated diaphragm  This work has been sum-
manzed recently by Krahl (1951) Almost all of the obser-
Vvations reported to date have concerned the uptake of glucose
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from the medium or in some cases its disposition by glycogen
formation. In this respect the conditions are analogous to
those employed in the intact animal fed carbohydrate. In
general, the diaphragms from hypophysectomized antmals
have been reported to take up more glucose and to form more
glycogen than those from normal animals, while the tissues
fr.om rats given pituitary preparations 18 or more hours pre-
viously have exhibited dimmished carbohydrate uptake and
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storage. These results are difficult to reconcile entirely with
those made m intact animals; in fact, i respect to glycogen
formation they are quite the opposite of those described above.
There are several possible explanations for this parad
XKrahl has suggested that there are two or more different
pituitary factors concerned one wheeh is slow to act (or 1s
slowly converted m the body to an active form), which inhibits
glucose uptake, and one or more which act more quckly to
nerease glucose uptake but to depress 1ts utihization  Presum-
ably the latter effects in combmation could account for the
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iereased glycogen deposition when this is seen. Judgment
s to whether this view is tenable depends upon a satisfactory
sparation of the several factors.

In this work, 1t has been assumed that the uptake and phos-
horylation of glucose by the tissues 1s the critieal reaction,
nd, other things being equal, that glycogen formation would
« proportwmnal to this rate  Actually, avallable observations
n glycogen formation as compared toglucoseuptake by tissues
£ hypophysectomized animals or of treated ammals are
oo few to allow any accurate conclusions to be drawn, Recant
1952) has reported briefly that growth preparations added
7 vitro will depress the R.Q. but not the uptake of glucose
rom the medium, If this 1s true, 1t would seem hkely that
here should be also some accumulation of carbohydrate n
he tissues over that seen 1n the untreated shices. It 1s still
sossible that under switable conditions the effects of growth
wrmone in vivo on the disposition of carbohydrate may be
luplicated 1n the 1solated tissue.

In further work on this problem, attempts have been made
:0 demonstrate an action of the growth hormone in vitro, not
ot glycogen formation but rather on the matntenance of pre-
‘ormed glycogen. In this work, the animals were first fasted
and then fed glucose, in order to rase the imitial level of gly-
cogen In the tissue. Krebs’ phosphate buffer was the medium
employed. As shown in Table T, during incubation of the 1s0-
lated diaphragm in the presence of growth hormone, there

Table 1
Lerrcet or GrowTrn [IURMONE 11 vatre 0N THE GLYCOGEN OF RAT DiapnracM
Glycogen—mg per cents
. Change during 50°
Hound ncubation
Initiat u.. min cthhmtmn) 245
nal, plan 508 857
Final, (. n {100 gz fml ) 719 —226
G el +121+16

* Aversge of 13 experiments The average stand sed deviation of 16 duphioste observations
‘under these conditions was 33 mg per
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was in fact a significant conservation of glycogen. This seemed
a confirmation of the in vivo experiments, but the problem
has since developed some puzzling aspects. By the use of the
anthrone reaction, it 1s possible to determine conveniently
not only glycogen but also the total carbohydrate of the
system. With this method, 1t was found that during mncu-
bation of the diaphragm there was not only disappearance of
some carbohydrate, as was expected, but that there had been
also a considerable conversion of glycogen to other forms of
carbohydrate (Table IT). It has not yet becn possible to wden:
tify this intermediate, but 1t seems Likely that 1t would be one
or more of the phosphorylated sugars.

Table II

CHANGES 1N ToTAL CARBONYDRATE AND GLYCOGEN DURING INCUBATION OF
Rar Drapnrscw in vitro

Total
on | Dnference
carbohyarate | GlyooseD iy
Qoexp) | 0] 4 ot

mg per cent

]
Inittal (15 nun equilibration) 268 950 20-£25
Final (90 min further incubation) 835 535 323118
Change during incubatron —143 —425 +302£37

(£26) (£41)

When growth hormone was added to the medium and
measurements made of the final concentrations of glycogen,
total carbohydrate and lactate, the glycogen effect was stll
scen as before, but no changes occurred in the total carbo-
hydrate or lactate balances (Table III). Hence, there appears
to have been inhibition by the hormone of the conversion of
glycogen to other forms of carbohydrate. Attempts to deter-
mine the effects of the hormone on the amounts of organic
phosphate present have been frustrated so far by the fact that
in bicarbonate buffer with some phosphate present the growth
hormone effect 15 irregular and that m very low phosphate
media 1t fails entirely. This pont 1s, of course, to be invest1-
gated further. It 15 too ecarly to say, if this inhibition of
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Table 111
Growin HorsoNt LrsFCT 11 vilre AND Tm'A:. CARBONYDRATE
Change n final concentrations img pes cent) of
Total In
Gigogen | ootk | P | Lactue

Growth hormone +118 —35 —162 -8
{100 pg fmd ) (i“’)‘ (4+38) (+43) (+12)
(Texp:)
Tteef serum albumin —29 o +28
(6 exp.) (L46) (£45) (28}

* Standsrd error

gly lysis by the
pl\ysmlag\cul significance.
Ins summary, thcn 1t appears that we are still far from under-
g the of b | control of earbohydrate
s!omge. We have a fair preture of events 1 the intact animal
but even here our imformation s still quite ncomplete. Work
with surviving tissues has mn some respects confirmed the in
viro observations, but m other areas there are unexplamed
discrepaneies between the results obtamed by the two methods
of study. These suggest that more careful consideration of
conditions mn the mtact organtsm and more detailed examina-
tion of the 1solated tissue systems are both required

1s real, what may be its
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DISCUSSION
Isaenony: In most text-books you will find remarks concerning
thc. mobihzation of glucose from the effects of ndrenalne. It is ex
plained that glucose is hibernted 1n the Jiver and goes to the periphery.
In order 1o sce how much, I made these experiments.
Tig. 1. Linjected O 5 mg of adrenaline mnto a normal healthy man,

fasting, and red the art between capillary
ony.
-1 s Skt SH
3 o
g ——B weamtivy
T e
] § — Urine *w
L

F16, 1 (Higedorn). Blood-sugar curves (capillary and venous)
in normal fasting man mto whorm 0 5 mg of adrenaline hos
been injected .

blood and blood from the medinn vein  You will see that nothing 8
taken up 1n the peniphery, so the explanation that glucose goes to the
peniphery won't Told true. However, there 15 the possibility that it

Tog. 9. Y0U S UILIC 1s o Lise LUK usliu paucs, i s
adrenaline is injected and 1t seems then that some glucose is hiberated
from the periphery.

1 think tins experiment agrees very well with what we heard the
other day about the uptake of glucose and the effects of adrenaline with
hver shees. It 1s seen to be only a change of equilibrium.
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Russeri: I don’t know, but 1f glycogen tends to go up, 1t 1s net a
static effect.

Best: You led us mto this, I think, and we look to you for pudance

Russtir: It may still be a glycostatic effect, though, Normally
there may be a balance between formation and breakdown of glycogen;

SH

o
[°\ —o— Bloecdsupear’t s copdiry Koo
—— e - vemoms oo

p—

Blasdsssgonr
— Adwaid Q5my
T

Yourn Vs

T Yoo SR GO N A B S P
¥ : 13 oy

Fic. 2 (Hagedorn) Blood-sugar curves (capillary and venous)
m same subject as Fig 1, with glucose administered three to
four liours after adrenaltne mnjection

then a gl effect, 1€ an of with normal
formation could result 1 accumulation of glycogen Even 1if the
-~ - - ere has been

was neces-

) ) sary m the
fasting ammal
Brsr. T warned Dr. Wilhelm that I was going to ask you if you

could get this effect without any msulin present 1n the body
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Russrin: It hz}sn‘t been tried, as far as T know

Bist T was interested, particularly after your work, to diseus
!wnrlt alycogen, beeause as you knaw this does go up in the absence of
msulin,

RussreL: Yes, it does, and I am wondering if that mught be evidence
of V\nc;-cnwcd seeretion of pitwtary prowth hormone wn the dishete
animag)

LawnescL: I'm interested in the effect of thytoid on the glyeogen
of the heart, which McCance and T showed years ago to be greatly
reduced. I'm wonderng if any more has been done on that?

.M{,.t SH

v

. Dloostrumenr? vecamtiorr b
peaw

e
— Stscarr ™ mar §

Bloodsusrrr

—— Qlucoss 600r
o Adrorale. Qsmy

Fic 8 (Hagedorn). Blood-sugar curves (capillary and venous)
1 same subject as Fig. 1 with glucose admymstered first and
adrennline 1njected three to four hours later

b ne on the

heart and

muscle glycogen go to very low levels,
Lawrence. Well, at sumilar times, the skeletal muscle was httle
affected, and the heart rapidly depleted 'The Iiver 1s also very low m
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fortmght or 20 days, there is no glycogen in the heart at all. In between,
if you kill ammals every 2 days you can sce the glycogen-content of
the heart getting Jess  You find ¢sery figure between the normal and
that 1n the heart at death from hyperthyroidism  We saw the heart
muscle, in some patients, 1t had an entirely different colour  The
heart, muscle of a patient dying from thyrod criwis after operation s of
quite another colonr from the normal heart
RussrLs Some years ago, we found that the glycogen in liver and
muscle of fasting thyrmdectormzed ammals was perfectly normal, and
that we could obtatn snereased deposition of muscle glycogen with
S - -t o ' “ wth
o yeo-
. nto
be glycogen T had a similar expersence with other tissucs. Apart from
glycog?n, tissues contain some anthrone-reactive matenal which be-

0 1dentify thus matemial I have tried to find 1if growth hormone
affected the organic phosphate 1 this fraction, but as thus effect of
the growth hormone 15 best seen 1n a phosphate medium and 1t 1s
Aie i 1 RORE 13 DESE seen OpRA RedmL anc 1

that practically all the carbohydrate 15 glycogen mitially It 1s 1n the
neubated tissue that you see this peculuar change
Lukexs What other tissues than the bram, and what other amimals
or plants use carbohydrate without formmg glycogen?
BEST Reptiles
G. Comr The brain has some glycogen.
Lukens Yes, but that’s in very small amounts
G. Cort It disappears very rapidly, but you can determine that it
18 actually there
JURENS: You mean 1t disappears more rapidly than glycogen in
other places?
Cor1 Starting at lgher ornginal levels, 1t disappears mn other
tissues rapidly too
UssELL  Particularly 1n the heart It disappears there within
seconds of opening the chest cavity
ONG It 15 interesting that the atypical behaviour of the muscle
glycogen 1s apparently present m two tissues that are 1 a state of
continuous activity, that 1s the diaphragm and the heart
TusseLL, They do it rather differently
LoxG  Yes, but your effects are very marked 1n the contractile
tissues that are m contmuous actinity.
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RussrLe But they have a higher metabolic rate probably than the
gastrocnemius would have at rest.
- PP S

b il avtrarty

1. N [
prtuitnry fraction wlich you can’t Ssee otherwise.

Mann: With refe, T
than brain can use
mention spermatozc .
glycogen (erther in . . .
seminal fructose at a very lugh rate, convérting 1t to Jactic acid. Itis
interesting to note the clear division in function in so far as catbo-
hydrate metabolism of semen 15 concerned the sperm cells provide the
enzymic equtpment but have no carbohydrate The carbohydrate 1;
provided entirely by the cell-free surrounding medmm (the semun®
plasma) in the form of fructose "

CoNN* This 15 compatable to the diabetic man who mereases lus hear
musele glycogen and also increases his renal tubular glycogen Have
there been any studies with respect to growth hormone on rend
glycogen?

RusseLL No, we haven't done any and I don't know of any

Best Ife may also increase his “pancreatic” glycogen.

Russrir I thmk that perhaps we should have Jooked at some more
organs, a number of analogtes would have been useful

BEST. The change wouldn't have been very great.

Mirsky The kidney glycogen change could be aunput‘a!ilg "‘:’

1AL athan hicenes

effects are due to mereased msuln secretion. One can get the eflects
of the growth hormone with quite small amounts which do not hf::':

parallel.

BesT No It would be useful to do =21l these things over again on
diabetic ammals,

Russciel Yes, but I just haven't got around to that.
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THE INFLUENCE OF INSULIN ON CARBOHYDRATE
METABOLISM

THE INFLUENCE OF INSULIN ON
CARBOHYDRATE METABOLISM

C H BEST

Tiuss is a subject to which I have given considerable thought
over some thirty-one years, but I shall delay putting my
present ones in some sort of order until after I have read the
excellent papers on closely related subjects which will form
the basis of our continued discussions this summer. Many
aspects of the subject assigned to me can be described by the
mvestigators who actually made the advances, and I shall use
my position as Chairman to attam this desirable goal. There
are many stimulating recent developments which are clear
cut under the conditions used for their demonstration. The
part which each of these may play under more physiological
conditions will of course provide mteresting opportumties for
further work

It was natural that Banting and 1 should ask ourselves,
- - - SNV e n atem s

cause of the decreased sugar excretion?” We knew that the
Liver failed to store glycogen, and that the respiratory quotient
failed to ise when sugar was given to a depancreatized dog.
Actually our first thought on the action of msulin was that 1t
caused more sugar to be burned Vhat a hectic course this

CARRO P 15
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i(:len has followed over the years! With our colleagues, par-
tl'cu]ar]y Dr. John Hepburn, we did record the rise in the res-
plmt.ory quotient of the diabetic dog and man following
msulin admuimstration. We were, of course, ignorant of the
‘very.m[nd conversion to fat, which 1s greatly aceelerated by
insulin. Dr. Lukens has reviewed this subject in some detal,
and it may well have accounted for a sigmficant part of the
nse m R.Q. which we noted. Many of you will be familiar
with Professor J. J. R. Macleod’s views on this subject
expressed in lis books “Insulin and Carbohydrate Meta-
bolism” and “The Fuel of Life.” He supported overpro-
duction rather than under-utilization as the mechanism of
production of dinbetes Dr Samuel Soskin has been perhaps
the most ardent advocate of these views among Professor
Macleod’s pupils.

I have consistently taught that mnsulin ncreases the oxi-
dation of sugar, but I admit that evidence to satisfy our
present standards has only recently been secured. It 1s, of
course, not certain that our present evidence will satisfy our
future standards Villee and Hastings (1949) found that in-
sulin increased the oxidation of glucose as judged by the
appearance of M( from labelled glucose in the carbon dioxade
formed by the 1solated rat diaphragm Similar results have
quite recently been reported by Sacks and Sinex (1952), who
found that msuhin ncreased the turnover of *P in AT.P.,
phosphocreatine and hexosemonophosphate, the deposition of
uC glucose as glycogen, and the oxidation of the labelled
glucose, 1 the 1solated rat diaphragm.

The findings on 1solated tissues have been extended in an
mteresting and convineing manner by Wick, Drury, Baneroft
and MacKay (1951), who by nfusing 4C labelled glucose
into eviscerated rabbits were able to distmguish between the
glucose which disappears and that which is oxidized One
surprising finding was the small proportion of the glucose
which disappears that 1s oxidized or stored as fat or glycogen.
These routes of disappearance account for less than one
quarter of the total. When insulin was given there was a
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arge increase in the MC of the expired air. The extra glucose
lisappearing under the action of insulin when 1t was not o~
lized, was disposed of as non-glucose water soluble com-
sounds, with smaller amounts found in glycogen, protemn and
atty aeids,

Dr. Lukens was actually named in our programme to speak
on the effect of hormones on fat synthesis from carbohydrate
and 1 have, therefore, no responsibility to diseuss the action
of insulin in increasing the disappearance of glucose by thus
route. 1 suppose I do have some responstbility to discuss the
effect of msulin on oxidation of glucose, but I will invite Dr.
Drury to supplement the remarks which I have made, and
to answer questions that may be asked on s work with
Doctors Wick, Bancroft and MacKay These workers have
undoubtedly attained the most advanced position with res-
pect to our knowledge of the fate of glucose under the action
of msulin.

It was easy ta show m the diabetic dog that msulin caused
great increases in liver glycogen. I remember a value of
over 20 per cent in one of our first dogs which received large
amounts of both glucose and insulin. The demonstration of
an ncerease in muscle glycogen was, as Dr. and Mrs. Cort will
Temember, more delayed Muscular activity mnduced by the
hypogly ia, was a plicating factor, and until this was
overcome by the appropriate admimstration of sugar or by
the use of eviscerated or denervated preparations, a con-
Vineing ierease of glycogen in muscle tissue was not secured.
T have not looked up this ancient hiterature, but as I remember
1t, the Coris were using one type of preparation and the group
working m H. H Dale’s laboratory—winch meluded J. H.
Burn, and a little later J P. Hoet and myself—were using
another. Gemmull’s work on 1solated rat draphragm did not
appear until 1940, and you all know what a great advance
this preparation has made possible. However, 1t had, of
course, been well established before this that msuln did
Promote the synthesis of muscle glycogen. Dr Jane Russéll
has now brought us up to date on the hormonal control of
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egFogen formation and has thus covered one aspect of the
action of insulin on carbohydrate metabolism.

I will not attempt to review the reactions through which
gI}lcosc passes in - muscle, in the presence of such great con-
tr}butors to tlus ficld. I hope that Dr. Cori, Dr. Krebs, Dr.
Dickens, Dr de Duve and others will participate extensively
n this discussion of how insulin acts. The glucokinase re-
action—the first of the series—is essentially irreversible, and
1s considered by many authonties to be the limitmg factor m
glucose uptake 1n muscle extracts. The glucose that disappears
from the medium surrounding the 1solated diaphragm £0¢s
to form glycogen, lactic acid or CO,, and until some effect on
subsequent reactions ean be speefically demonstrated 1t 15
assumed that factors which affect the rate of appearance of
any of these products are acting on the phosphorylation of
glucose. Gemmull (1941) showed that a little more than
half the glucose disappearing in the normal rat diaphragm
appeared as glycogen; Walaas and Walaas (1950) found about
one quarter as lactic acid; and Bartlett, Wick and MacKay
(1949) and Villee and Hastings (1949) secured the equivalent
of up to 10 per cent as CO,. Insulm stimulates the uptake o
labelled glucose by the diaphragmatic muscle, the deposttion
of glycogen, and the formation of CO,. Insulin does not cause
a significant glycogen formation from pyruvate. The results
obtamed with hver shees parallel m general those obtained
with muscle,

Dr. Folley has reviewed the effect of insulin on glucose
uptake and on hpogenests in uro in mammary gland tissue
In adipose tissue, :n vivo, msulin promotes the formatron 0!
glycogen (Werthemmer and Shapiro, 1948) and fat (Chermick
and Chatkoff, 1951; Wick, Drury, Bancroft and MacKay,
1951).

Thus we have good evidence, some of 1t datmg back many
years, that msulin stimulates the glucose uptake of muscle,
liver and adipose tissue. The suggestion was made many years
#go that insulin mught lower the permeability of the cells to
glucose, and this change might completely or in part account
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for the increased utihzation of glucose. This matter has been
explored recently by Levine and his collaborators (1919), and
by Wick. The former group showed that in the eviscerated,
nephrectomized animal, in the absence of insulin galactose 1s
distributed 1n a system equivalent to 50 per cent of the body
weight With insubin the distribution was throughout a
volume corresponding to all the water of the body. It was
postulated from these data that the action of insulin in facili-
tating sugar entry into muscle was exerted on the cell mem-
brane and not upon the mtracellular enzyme systems  Wick
found no effect of insulin on d-sorintol distribution. Gold-
stein, Henry, Huddlestun and Levine (1952) have strength-
ened their position considerably by the finding that sugars
which possess the el 1 eonfig won exhibited by
glucose 1 1ts first three carbon atoms have their distribution
increased by insulin, 1 e., presumably they pass mnto the cells.
Enzymic mechanisms may of course, be responstble for the
increased sugar entry, and these could operate from one or
more of the three possible sites. The recent interesting paper
of E J. Ross (1952) on the accelerating effect of msulin on
the permeabilty of the blood-aqueous barrier, can now be
considered with the finding of Levine and of Wick The
presence of a specal enzymie mechamsm for the activated
diffusion of glucose, situated on the membrane of the cells, is
supported, Professor Frank Young will be particularly
interested in and be able to diseuss this work

Now the only phase of msuhin action on carhohydrate which
I was quite sure would not be covered before my turn came,
was the inhubition of new formation mn the liver Thus 1s still
n an unsettled state when judged by the results obtamed
the experimental animals, but Dr. Bondy and Dr. Sheila
Sherlock have obtained more convinemg findings in diabetic
human cases, and 1 shall leave this field to Dr. Sherloek who
will perhaps give her interpretation of the experimental find-
Ings in anmals as well as in man

The combination of insubin with muscle, adipose, and mam-
mary tissue, so frutfully explored by Stadie and his group
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(1951) will perhaps be one of the features on which our atten-
tion will be focused.* Also, the inhibition of many of the
effects of insulin by unknown and known pituitary and
adrenal factors, and by combration of these, in which scores
of people are interested, provides us with fine ammuntion.
This subject has been exceptionally well reviewed by Krah!
(1951).

These pituitary and adrenal factors w hich appear from many
of our experimental approaches to be antagonistie to insulm,
normally of course exert synergistic and controlling nfluences
for the maintenance of the physiologieal state. It 1s of mterest,
however, for the experimentalist to concentrate on one factor
in the absence of others. Mr. James Salter and I have been
concerned recently with the effects of gradually mereasing
doses of protamme zine msulin m hypophysectomized animals
mn which the adrenal cortices and thyroid have at least par
tially atrophied We have mduced growth of as much as
eleven grams per day 1n amimals which had been “plateaued”
at 90 grams for several months on a complete diet available
ad libutum. None of the other growth hormones that have been
studied operate anabolically n the absence of insulm. Insubn
may mnduce growth—quite probably not maximal balanced
phystological growth, but retention of nitrogen—deposition
of glycogen and fat, and widening of the cpiphysial line of the
tibia, 1 these hypophysectomized preparations Removal of
the anterior pituitary alone results usually n zero growth.
Removal of all the insulin-producmg tissue results m, shall
we say, “‘negative” growth. We will report the effect of
msulin on the growth of Houssay ammals later. It will
probably be similar to that of hypophysectomized animals.

One of the most mteresting possibilities which this work
emphasizes is that one of the effects of removal of the pituitary
1s to decrease the rate of liberation of msulin  The established
loss of “growth hormone” and the relative increase in insulin

*Dleehen and Fisher (Proc. physiol Soc , July 1952) have recently suggested,
on the basis of findings 1 perfusion experiments, that this combinatson of “ex-
ternally applied” nsubin with musele 15 unphysiological.
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effect may have obscured an absolute loss of insulin. Many
of these possibilities are bemng investigated I am hoping that
these preliminary findings will stimulate discussion and
perhaps some re-orientation of thought on which endocrine
product 15 the most fund al or wdisp ble growth
hormone. Iwould emphasize again that physiologieal balance
has been disturbed under many of our experimental condi-
tions, and that our efforts must be continued in the hope of
learning more about the action of the various hormonal
growth factors under phystological conditions.

The results already emphasize the pomnt that an anato-
mically ntact pancreas does not always supply suffictent
msulin to produce the maximum effect on growth which this
hormone 1s capable of exerting. The elimeian will undoubtedly
cautiously explore the possibility that these findings be apphe-
able m the treatment of various types of dwarfism.
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DISCUSSION

WiineLnt: Have you studied the composition of the weight gain m
¥our insulin-treated hypophysectomized ammals?

BCsT: Yes, but 1t’s only been studied by chemucal analysis of the 10

Tats on each side. In completely homogenized tissue, on the average m
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(}951 )] .\\'ill perhaps be one of the features on which our atten-
tion will be focused.* Also, the inhibition of many of the
cffects of insulin by unknown and known pituitary and
adrenal factors, and by combination of these, in which scores
of _pcoplc are nterested, provides us with fine ammunition
This subject has been exceptionally well reviewed by Krahl
(1951).

These pituitary and adrenal factors whichappear from many
of our experimental approaches to be antagomstic to nsulin,
normally of course exert synergistic and controlhng influences
for the maintenance of the physiological state. It is of mterest,
however, for the expermmentalist to concentrate on one factor
in the absence of others Mr. James Salter and I have been
concerned recently with the effects of gradually increasing
doses of protamine zine msulin m hypophysectomized animals
in which the adrenal cortices and thyroid have at least par-
tially atrophied. e have induced growth of as much as
eleven grams per day 1n animals which had been “plateaued”
at 90 grams for several months on a complete diet available
ad libitm  None of the other growth hormones that have been
studied operate anabolically in the absence of insulm  Insulin
may nduce growth—quite probably not maximal balanced
physiological growth, but retention of mtrogen—deposition
of glycogen and fat, and widening of the epiphysial lme of the
tibia, 1n these hypophysectomized preparations. Removal of
the entertor piturtary alone results usually m zero growth.
Removal of all the msulin-producimng tissue results in, shall
we say, “negative” growth. We will report the effect of
msulin on the growth of Houssay ammals later. Tt wil
probably be similar to that of hypophysectormzed animals.

One of the most interesting possibilities which this work
emphasizes 1s that one of the effects of removal of the pituitary
js to decrease the rate of iberation of insulin  The established
loss of “growth hormone” and the relative increase m insulin

*Bleehcn and Fisher (Proc. physiol Soc., July 1952) have recently suggested,

on the basis of findings 1 pertusion experiments, that this combnation of “exe
ternally apphied” msulm with muscle 1s unphy siologieal.
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Dr. R 1. Smith certainly got same growth under those conditions,
but whether we would have got the same with insulin alone we have not
tried Lecause we rather feared the effects of hypeglycemua on the
anmals Would you think 1t possible that glucagon maght be a signif-
¢ n danger
wmong your
rats?

Best: Yes, I talked about this at the Lilly symposium, and L1 went
home and gave regulat msulin to hypophysectomuzed rats and alled
them all Then Le wrote to me protesting that he couldn't repeat the
experiments. I'd forgotten to tell him that Salter had had the same
experience, that they had all dred with regular insulin, and that yath

the high rate of survival
Long Dr Test, I believe that there might be another interpretation
of your work. Samuels, you will recall, force-fed liy pophysectomyzed
rats up to the calorie level of the normal amimal T remember he found.
of course, a marhed increase in body weight, and at the same time there
was some Tetention of protein under those eircumstances  You can't
be sure that the lugh level of intake did not 1mcrease the msulin secretion.
Best, Well, 13n't that tl\e ﬂns\\er/—do 1t m the dmheuo ammal and
see what you get I mean, f animal
and see how much weight-gam there 15 Thcre won't be any at all
Love Jn the Samuels experiments, no growth hormone was miven
Brst No. That work was challenged by Levin, who got a different
pattern—there was more increase mn fat and less merease 1n protemn
tssgrr  Levin found no merease m protemn, in fact there was a
smalf loss There was  large ierease of fat m the bodics of hus force-
fed hypophysectomized animals
EST I'm interested in this work particularly because 1t forces us
10 dn so many different things That's why I ashed Hugh Long if we
could gave msulin to adrenalectomized animals and how long we could
keep them abive without any adrenal corticnads, and still have them eat
well, What will the pattern of growth be there?
Loxc. Well, 1t would be easy there, because you could put mn a pellet
of DCA and then they'd sit up and you could gve them lots of food.
Brar But would that be fair? We may have to try the experiment
with a Ingh salt diet and no cortical matenial
Coxn In the hypopituitary dwarf that I described earler, food in-
take was constant  On wmsulin alone, there was mtrogen retention of
14 g fday, with constant food mtake.
Rest- 1 think perhaps that the most mnteresting thing that comes
out 15 that there 15 a possibility, 1f we get. our blood assay going well, of
finding the level of blood wsulin 1n hypophysectonuzed ammaly  ¥'d
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12 to 13 days there was an inerease of 4-7 g of protein per rat and quite
a large merease n fat and water, 1have the figures available if you wish
to ook at them, Mr. Saller has & sccond study of this hind gomg on row.

Loxo: May I ask if the foad intake was increased by the admunsstra-
tion of msulin?

DBesee Yes, as 1t 13 with the growth hormone, You could not give
these large doses of 1nsulm if the food intake were not increased.

LoNe: You haven’t done any experiments comparable to that of
Lt and Shaefer, where the foud intake was restricted?

Brsr  When you restrict the food intake with growth hormone you
do get @ defimte growth but much less than with unrestricted food
You can al N
with nsufi
remember
doses of insuln

Love I remember thut mn the Lt and Shacfer paper, they used
groups of rats. On an equal ealone intake over a period, the werght
@amn i the ammals treated with the growth preparation was approxr-
mately twice that of those who did not recenve it.

Wirntuar One point 15 that when ammals are treated with growth
hormone, the p=-- R Vet e ommnnnd nnd that of
fat 1s dyminishe
show that you

Brsr I thin
of fat and less of protein, but that there 1s o very defimte mncrease mn
the protein, .

WirnpLan  Well, T think that the patterns of growth, 1f we describe
bath of these processes as growth, are decidedly different X

Brst: Maybe, but we have to hnow how much extra wsulin the
growth hormone liberates Perhaps that’s a better way of hberating
wsulin, giving growth hormone, than giving jt the way we did 1n one
dose & day We have to know more about this before we conclude that
the growth hormone effect 1s & direct one, mdependent of the action of
insulin  The two may prove to function independently but alse syner-
gistically  There 1s however Lttle evidence of the growth effect of
growth hormone 1n the absence of nsulin.

Mirsky. Is 1t not possible also that the growth hormone intbits
lipogenesis and thereby makes glucose available which n turn stimu-
lates the pancreas, so that you have a different drstribution when growth
hormone 1s administered to the yntact amimal?

Brsr. Yes, I think the pattern of growth may well prove to be
different

Mirsky: But the msulin stil remains a growth factor.

Bost  Well, it 1s a growth factor in the complete absence of the
pititary, obviously. Growth hormone can be deseribed 1n varions

ays. :
¥ x\'y'oum:; We did some experiments i my laboratory m the hope
that ne might get good growth with hypophy sectomized rats treated .
wth the o cell hyperglyezemue factor (glucagon), together with insultn
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hypergly cemuc factor—glucagon, Do you accept the evidence which
Bornstein, Reid and myself got, that growth hormone may elieit o
secretion of glucagon from the pancreas?

Best: T didn't find it very convincing
Youne Would you think that in your experiments, the influence of
smsulin is suffictent to arcount for the whole effect of growth hormone
on growth, provided y ou could g e 1t under physiologically satisfactory
conditrons?
Rest I do not think so We are deawing no physiological con-
i at]

elusions from this type of exq ¥ factory
conditions might demand the presence of all the other hormones
Younc. Itas ble, only there 1s h else which might

be antagonizing, in part, the hypogls cmic action of tmsulin under these
condittons.

Best One could, of eourse, mahe 2 good story on the evidence
available, of their bemyg three or more hormones neces<ary to antago-
nize insulin to keep things under control There was hyperglycenue
factor 1n the insulin we first used, and your question 15 a very good one.
T don’t know how far you thought your own results were convincing
m this respect I think you suggested that there was hberation of
hyperglycemic factor but I don't think vou said that this was your
definite conclusion,

Yousc We did not conclude as certain that the hyperglyceerme
substance did indeed come from the o cells of the pancreatic islets,
but 1t was clear that blood from the pancreatico-duodenal vem gave a
hypergiyexmic effect under these conditions

Best- It's so easy to get non-specific effects, don't you think? I
din’t feel very convinced that the findings were really due to the

. e
< .. L
adrenalectomized (ADHA) rats to which 1 ml of blood from eats with

growth hormone-induced diabetes was admmrstered intravenously
The curve labelled P-vein 13 that for the blood-sugar changes in the
e apetied Hivein 1y that Jor The DilodSeay chpngesin

paper.
ht

etfect,
MirsKY. A number of years ago we demonstrated that the removal
of ds from the was by msultn, while the
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like to know this very much because the pancreas looks normal, as
Pt . 1en T s

(VoL 1, No. 4)

Luxens: What was the age of the rats whieh you used?

Brst: They were from 90°110 prams,

LuxLxs They must have been young then, about how many days?

BrsT. Iean't remember exactly. As a matter of fact, the first ones
we ;zlrc“ ourselves, later we bought them from the hormone assay
people,

Lukss' So they’d be about 40 or 50 days? Rats grow after hypo-
physeetomy up to about the age of 40 days.

Bust  We hind controls on all of them  One proup znalysed at the
start of the experiment and the two groups, one with insulin and the
other without, both on the same diet—as much as they ould eat~
analysed at the end of our experiment.

Long: I beheve you and your colleagues showed that the pancress
of the hypophysectomuzed animal also responds to dietary changes. 25
the normal amimal does? This would imply that there 1 an mdepen-
dence of insulin secretion from pitwitary control.

Brst Yes

Younc: Did you have to give glucose to your hypophysectomized
wnsulin-treated rats?

Brsr. They had to have what they considered an attractive, high

point.
Smrra. Is there any effect of msulin or growth hormone on nuclete

acid synthesis in trssues wlich are depositing protemn under the influence
of these hormones? For nucleic acid synthests, obviously you are going
to need pentose or pentose-phosphate  Professor Dickens, 1n the first
paper at this meeting, devoted much of his time to discussing the break-
down of glucose to pentose and I was wondering whether there was
any effect on thus reaction It 1s one we have not discussed much
30 far and 1t may perhaps be relevant to tins questron of nuclere acd
synthesis

Dickens There seems to be a great deal of doubt about whether
growth hormone has anything to do with mereased nucleie acid meta-
bolism, From the name alone 1t really ought to have something to
do with thrs, but nobody seemed to know anything about 1t 1 our
earlier discussion on this point

Youne: 1 would Iike to come back again to the question of the
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glucnse and got a bit of gly cogen m the liner. Ife concluded that it was
formed without nsuln,

Russr1- You can get glycogen in the hver of the depancreatized cat
without any insulin for several days,

Lawrrxees It took Groen in Iolland, with depancreatized dogs,
21 days before he could demonstrate no tnsulin, according to the rat
diaphragm mechanism
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}'xl(loni.ﬂbolll 2 hours after operation, when the major part of the
insulin js gone and the blond armmo nitrogen 15 1n the stage of steady
merease  If amino-aeids are given to such an animal treated with
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¥i6 1 (Young) Influence of blood from growth hormone-
mnduced diabetic cats on the blood sugar of reeipient ADHA rats.

growth hormone, the level to which the amino mtrogen falls 1s con-
<derably lower in the treated ammal than m the untreated ammal.
An effect of growth hormone on uptake of adnunistered anuno-acrds 15
obtainable 1n the absence of extra insulin

Brsre Yes, but aetually, with the level high enough you might get
deposition without cither growth hormonc or msubm. I was very m-
pressed by JirahPs findings. he reported how very careful you had to
be to get 1id of the msulin  Three or four days was hecessary without
imsulin to get Tid of the last trace, as tested by glucose uptake of the
diaphragm. T remember a paper of Dr. Mann’s with depancreatized dogs,
e left them without nsulin for 24 hours, then gave large amounts of



GLUCOSE SUBSTITUTES AND INSULIN ACTIVITY 225

In this preparation we have found that the combustion of
glucose, ie., its complete oxidation to water and carbon
dioxide, is increased by insulin, but the effect develops rela-
tively slowly. This action can be shown by gmiving the ammal
labelled glucose and comparing the radioactivity of the re-
spired CO, with that of the eirculating sugar To carry out
this test it 15 necessary to keep the activity per mg of blood
sugar constant throughout. To get such a constant actiity,
we give first a priming dose of rather potent {*C] glucose,
which after mixing will give & certamn activity to the eircu-
lating glucose. A mixture of labelled and of ordinary glucose
is then made up to have this same activity per mg., and a
solution of thus is given contmuously 1 such amounts as to
maintain a normal blood sugar level The exhaled CO, 1s
collected and the activity of it 1s determined and compared
with the activity of the blood sugar. In this way we can deter-
mine the amount of glucose oxidized. The activity of the
exhaled CO, 15 not at first the same as that of the CO, given
off by the tissues. The latter 1s diluted by the body CO, at
first. Tt takes about one and a half hours for equilibrium to
be established betweeh these two. In other words, 1if the
tissues start producing CO, of a certain activity and continue
to produce 1t with this same activity, after one and a half
hours the activity of the exhaled CO, will be practically the
same as that being produced by the tissues

Fig 1 shows the results mn 2 rabbits studied m this way.
One rabbit was given no msuln, and the other was given
msulin m sup unal doses througk We see that in
the latter there was « definite mncrease over the control 1n the
amount of glucose oxidized. The amount of this mcrease is
not maximal at first but needs at least 8 hours to develop
fully. On the other hand, the glucose disappearance rate in
the msulmized animal 1s markedly inereased over the control
from the first, and the rate at which glucose must be supplied
to these two animals remaimns almost the same throughout
the 8 hours.

We can, therefore, increase the rate of oxidation of glucose




CAN OTHER FUELS SUBSTITUTE FOR GLUCOSE
IN TISSUES SUBJECTED TO INTENSE INSULIN
ACTIVITY?

D. R. DRURY and 4. N. WICK*

Ix their orizinal work Banting and Best showed that msulin
promotes the removal of glucose from the blood into the cells.
This raised the question—does insulin increase the immediate
and direct combustion of glucose by the tissues? Subsequent
work m several laboratonies showed that nsulin causes a rise
n the respiratory quotient. Such a rise may result from an
inerease in direct oxidation of glucose, 1t can also be due to
an increase m the conversion of carbohydrate to fat, There
is even the possibility of the transformation of carbohydrate
to fat taking place in a special organ hke the liver, and the
burming of fat simultaneously by the general tissues of the
body; such a combmation could give an R.Q of 1.

By the use of glucose labelled with radioactive ¥C 1t should
be possible to tell definitely whether msulin mereases the
oxidation of glucose by the extrahepatic tissues. We have
been studying this i the eviscerated rabbit. We have usually
also removed the kidneys since these organs seem capable of
carrymng out at least some of the chemical reactions usually
considered only to take place in the liver. In such a prepara-
tion msulin produces the effect shown by intact anunals: it
promotes the transfer of glucose from the extracellular space
into the cells. This effect 1s immeduate, i.e., the disappearance
of glucose from the blood 1s accelerated right after the mn-
jection of msuln. This can be measured by determuning the
Tate at which glucose must be supplied to the anunal in order

to keep the blood sugar constant.
*From the Department of Physiology, School of Medicine, University of
Southern Cahfornia, Los Angeles, and the Scrpps Metabolie Clime, La Jolla,

Cahfornia,
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In this preparation we have found that the combustion of
glucose, ie., its complete oxidation to water and carbon
dioxide, is increased by insulin, but the elfect develops rela-
tively slowly. This action can be shown by giving the ammal
labelled glucose and comparing the radioactivity of the re-
spired CO, with that of the circulating sugar To carry out
this test it is necessary to keep the activity per mg. of blood
sugar constant throughout. To get such a constant actinity,
we give first a priming dose of rather potent [*C] glucose,
which after mixing will give a certamn activity to the circu-
lating glucose. A mixture of labelled and of ordinary glucose
is then made up to have this same activity per mg., and a
solution of this 1s given cont ly in such as to
mamtam a normal blood sugar level The exhaled CO, 1s
collected and the activity of it 1s determined and compared
with the activity of the blood sugar. In this way we can deter-
mine the amount of glucose oxidized. The activity of the
exhaled CO, 1s not at first the same as that of the CO, given
off by the tissues. The latter 1s diluted by the body CO, at
first. It takes about one and a half hours for equilibrium to
be established between these two In other words, 1f the
tissues start producing CO, of a certain activity and continue
to produce it with this same activity, after one and a half
hours the activity of the exhaled CO, will be practically the
same as that bemg produced by the tissues

Fig. 1 shows the results in 2 rablits studied in this way.
One rabbit was given no msulin, and the other was given
insulin m sup 1mal doses th h We sce that in
the latter there was a definite increase over the control in the
amount of glucose oxidized. The amount of this increase 15
not maximal at first but needs at least 8 hours to develop
fully. On the other hand, the glucose disappearance rate in
the insulinized animal 1s markedly increased over the control
from the first, and the rate at which glucose must be supplied
to these two animals remains almost the same throughout
the 8 hours.

We can, therefore, increase the rate of oxidation of glucose
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by @mving msulin and glucose. There are certain foodstuffs
such as -hydronybutyric acid whose oxidation by the animal
can be eaused sumply by mercasing their concentration in the
blood. We have been studying the relative rates of oxidation
of glucose and of g-hydroxybutyrate when they are given
together to ammals under maximal insulin activity.

% OF EXPIRED COp FROM INJECTED GLUCOSE
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Fig. 2 shows the results of such an experiment. For the
first 5 hours the ammal received maximal doses of msulm,
and glucose in amounts just adequate to keep the blood sugar
at a constant normal level. When 8-hydroxybutyrate is added
there 1s an immediate decrease in oxidation of glucose. The
rate of disappearance of glucose from the blood is not changed
by the addition of thus extra fuel.

Acetate gives similar results and a typical example 1s shown

e Ty 2
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It appears therefore that the extra-hepatic tissues under
the influence of insulin will use certain fuels when offered
them, and these will displace glucose as a source of energy.
The rate of transfer of glucose into the cells however 1s not
changed.

We arc also studying the effect of msulin on the rate of
combustion of these ‘“competitive” fuels. In this case we
must have this fuel tagged. We have been studying acetate
metabolism in this way. A priming dosc of 200-400 mg. per kg.
of the labelled acetate is given at the onset. Ths is given as
the sodium salt. Then a steady, continuous, injection of the
acid is given at an hourly rate which equals 40 per cent of
the acetate given in the prming dose. When treated in this
way, the animals quickly attain a steady state with respect
to elmunation of tagged CO,. Table I shows the results of &

Table I
RESULTS SHOWING RATL OF OXIDATION OF ACETATE IN EVISCERATED RABBIT

Specyfic ety o €0, Expired Acetate Oriaei
Hour by e fholorhr ot alofhr
1 01 803
2 186 725
3 177 795
1 164 803 160

Prnung dose of 420 mg per kalo of labelled acetate gven at start of experiment There,
after 240 mg_acetate per hilo gven each hour by ednstant injection  Specifie actmty of
mjected acetate = 715

typical experiment. The radioactive CO, 1s given off m the
first 2 hours at rates as hugh as would be given were radioactive
bicarbonate njeeted. This shows that the rate of oxidation
of acetate develops very rapidly and 1s 1n marked contrast to
the manner in which the rate of glucose develops

After we found that acetate 1s oxidized at a steady rate
under these eircumstances, we tried the effect of supersmposing
insulin midway through such a course Glucose was given
throughout in amounts needed to keep the blood sugar at &

o X Tovel We have carried this out 1n 8 animmals. The
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average for these are given in Table I1. The 3 hours before and
the 3 hours after insulin are shown. Insulin does not affect
the rate of oxidation of acetate. Any fluctuations m activity
of respired CO, are due to proportional changes in the total
€O, exhaled. In these ammals the requirement for glucose 1s
increased 1n a normal fashion after the insulin had been given.
Thus increased amounts of glucose went nto the cells but

none of this displaced acetate in bustion, Ewidently the
Table 1T
AVERAGE VALUES FOR LFFECT OF INSULIN ON ACETATE OXIDATION*

Per cent of et CO,

Hours dminystered ceate s
1 60 783
Control Tenod 2 60 jald
3 56 691
1 63 7
Insuhn Penod 2 o1 751
3 52 660

*The hourly rate of acetate oxdation s expressed n percentages of the neetate Injected
euh hour

cells burn acetate in preference to glucose even under maxi-
mal insulin activity, From the lack of any change we can
mfer that 1t 1s not a matter of competition but rather of
displacement,

Insulin, therefore, forces glucose wmto the cell, which may
Promote its oxidation. However, such glucose does not inevit-
ably proceed to immediate oxidation This follows from the
fact that such glucose can be so easily diverted away from
oxidation by giving these other fuels In other words msulm
18 not an oxidative catalyst. Actually, as far as the extra-
hepatic tissues are concerned, acceleration of transfer of
glucose into the cell could be the sole action of msulin. This
brings us more or less back to where we were when Banting
and Best ongmally showed that insuln caused the removal
of glucose from the blood, At any rate there 1s the view that
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is frequently expressed nowadays which assumes that insulin
merely accelerates the transfer of glucose into the cell. Onee
it has arrived there it 1s taken care of by the machmery of
the cell and the route of 1ts disposal is a local matter depending
on the state of the cell. Our findings are consistent with this
View,

Summary

In the eviscerated rabbit msulin mcreases the oxidation of
glucose, but this merease 15 slow in developing.

Once an mereased rate of glucose oxidation 1s thus attained
it can be quickly and markedly depressed by the giving of
B-hydroxybutyrate or of acetate. The rate of transfer of
glucose mto the cell 1s not aflected by giving the other fuels.

Insulin does not affect the oxidation rate of acetate.

DISGUSSION

Mirsky: In order to test the mechamsm of nsulin action on glucosg,
we tested the effect of msulin on the uptake of sugars by the isolated
rat diaphragm, Since only small quantities of some sugars are rermove
from the incubation media by the diaphragm, we used two hemt
diaphragms for each test. When a single incubation period was used
we had much difficulty in determumng w hether msuhn had an effect o7
not. This was due to the fact that with some sugars the spread was
great Consequently, we studied the removal of the sugars by two theme-

ph for different ntervals up to four hours. Our
results with glucose, galactose and fructose were as follows —

Insulin produced a marked acceleration in the removal of glucose
trom the medium by the diaphragm At 30 minutes the effect of insulin
was Just statistically sigmficant and at 60, 120 and 240 minutes, the
effect was hughly sigmaficant. We were surpnsed to find th.\‘t df: wmet:
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Minsky: No; what disturbs me 1s that we get it with fructose.

G. Cont: I would hike to ask Dr. Deury whether he has considered the
effect of release of sodium ions when e injected the orgame acids,
and whether the flooding of the orgamism with sodium could not by
1tself depress sugar utilization; have you done controls with bicarbonate
to exclude this possibility? .

Drury: We gave neutral salts to begin with and then we gave the
arid as such at a rate which replaced that wlich was metabolized.

G.Cort_You mecan you gave the free acid?

Drury. Yes, we immediately started free acid as soon as we had
given the primung dose of the salt

G. Cort: Dhd you determine €O, combinng power mn the plasma?
You had no kndney there, had you?

Drury: We did try to control it by mving bicarbonate

G. Cort  Did the injection of sodium bicarbonate not interfere with
sugar utibzation?

Tinern A -

2 4aT 1wk ot ey haed ta anlerflate
- you

RRURY. I don’t think so.

Biucose uptake  1nus hail 01 the glucose 15 UL Used 101 glyCogen plo-
duction, It nught be oxidized.

« DrURY. Do you mean that there 1s a specific increase 1n the glycogen
nrraabinn boan et alom b b Sn nd o8 Ml e b = anacias T o

1s that kngwn? -
VrrzAr: 1 thmk Krahl et @ did some experiments about this
Mirsky, In that nectt 1t s that if one a

rat diaph with b ma which will produce
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e then sampled the CO, of the atmosphere at various mtervals by a
technique which only takes o very small amount of gas so that it would
not appreciably affect the total amount of €O, and measured its speeific
activity. To our surpmnse, he found the same rate of merease 1 specific
activity whether or not insulin was present. Insulin dida't seem to
affect the rate of the appearance of the labelled acetate carbon in the
atmospheric CO, 10 the Warburg flask. It rather Jooks as though there
1s a lag 1n the transfer of the respiratory CO, from the cell into the
atmosphere. In control experiments with labelled bicarbonate and no
tissue, Dr Glascock has found that 1t takes a long time to get random-
1zation of the label, that 1s to attan the maximum specific actrvity n
the gas phase. 1 wonder whether the same sort of phenomenon apphes
in living animals®

Drury: Well, was 1t a long time?

ForLry, I think it was about 30 minutes. It was longer than that
before you got anything?

Drury: Yes, in our first hour
that rate, and that 1s to be expect
at a constant rate intravenousl;
don’t get the same specific activ N .
njected bicarbonate in the first hour In the second hour it reaches
approximately the speeific activity of what you are injecting

Conn. What happens to the glucose which disappears? The pre-
sumption 15 that it 1s converted into glycogen; were there any respt
ratory quotient changes under those eirrcumstances?

Drury: We didn’t do oxygen concentration, What 1t needs 15 8
cateass analysis but of course that needs a lot of activity. Respiratory
work 1s relatively simple because you don't need very much activity,
and you get so much of the CO, 1n such a pure form

RusscLL_ It’s so diluted 1n the carcass.

Drury: Yes, 1t’s so diluted and you are dealing with compounds that
are awfully hard to separate. .

[OS. P



INHIBITORY EFFECT OF PANCREAS EXTRACT
AND H-G. FACTOR ON THE INSULIN GLUCOSE
UPTAKE OF THE ISOLATED DIAPHRAGM

J. L. R-CANDELA

It 15 not an easy task to speak of the action of the hyper-
glycemic factor of pancreatic origin, when the results obtamned
by the various research workers who have devoted themselves
to this interesting problem are still scarce and not definte.
We are still lacking sufficient elements of judgment to
decide whether the factor which 1s attributed to the secretion
of the a cells plays an 1mportant part in human diabetes, and
we do not know erther which 1s the mechanism of 1its action.

No sooner was nsulin discovered by Banting and Best than
MacLeod 1n 1922 ponted out a hyperglycemic effect of the
preparations used until then. Afterwards Murlin, Burger,
Biirger and Brandt, Zucker and Berg were able to dctect
analogous hyperglycemic effects Results tn vitro have been
obtained by Kepmow, Nielssen, etc, Sutherland and Duve
which prove the glycogenolytic effect of the pancreatic
extracts, as also, with less mtensity, of the gastric and
intestinal mucosa extracts, Heard et al. have mamtamed that
it is the question of a hormone which comes from the o cells.
Benard thinks that the glycogenolytic and hypergly
substance would be a co-enzyme which would activate the
hepatic glycogenolysis  Sutherland and Cori show that the
hyperglyceemic factor acts on the phosphorylase system
Cavallero shows that the hyperglyezmic factor proceeds from
the 1slands and not from the acmose texture.

An mdirect proof of the existence of a pancreatic hyper-
glyezemue factor has been obtained by Thorogood and Zimmer-
mann (1945), Candela et al. (1947) by showmg that a dog

from alloxan diab requires less insulin after the
233
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removal of the pancreas. It is not apparent that these results
can be attributed to the lnck of external pancreatic secretion
with resulting trouble in the absorption, as the ligature of the
ducts (Candela) does not produce any change whatever in the
requirements of insulin. The removal of the pancreas after
the hgature (Candela et al.) results in a reduction in the re-
quirement of insuln. Bornstem, Reid and Young have
very recently proved that under the influence of growth hor-
mones, the islets of Langerhans liberate the hyperglycamic
substance which they contain.

Experiments

We have studied in vitro the action of raw pancreatic ex-
tracts and of the hyperglycemie factor.* The effects in vivo
of pancreatic extracts on the rat diaphragm prove the inbabit-
ing effect on the glucose-uptake

The experiments were done as follows—

A. Influence of the pancreatic extracts mn the action of
insulin on the ghicosc-uptake. .

B. Influence of the pancreatic extracts (alloxan diabetic
dog) in the action of the msulin on the glucose-uptake.

C. Influence of the hyperglyeemic factor (Lilly) m the
action of msulin on the glucose-uptake.

D. Insulin glucose-uptake from rat 1solated caphragm
previously incubated in a medium wlnch contains the hyper-
glyeemie factor.

Material and Methods

We have always followed the same techmgque, mentioned
m a previous work. White rats from 100 to 150 g. weight
are used, which after being beheaded have their diaph
removed, and this draphragm 1s divided to four parts, the
pars tendinosa being eliminated as much as possible. After
weighing 1t 1 torsion scales it 15 introduced nto the plass
which contamns the buffer. In cases A and B the buffer was

#Ve thank Dr, W. R Kirtley of Lally Research Laboratorues for the supply
of hyperglycemic factor and insulin
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prepared in & concentration which when mixed i equal parts
with the extract would give the approprate concentration.
The raw extract was prepared by taking the pancreas imme-
daately after the dog’s death and making a vacuum concen-
tration in a temperature not over 45°C. One cc. 15 equivalent
to 10 g. of raw pancreas,

In the case of section C we used the hyperglycemic factor
furnished by E. Lilly 1n a dose of 0-0001 g, for each diaphragm
dissolved 1n the buffer. With section ), the same dose of
factor was contained 1n 2 ml. of buffer without glucose. The
diaphragm was incubated as was done by Stadie for two
minutes at 25°C  After washimg, 1t was put nto the buffer
with glucose and insuhn.

In cases A and C the order of the expermment was as
follows:—

First Diaphragm 4 buffer + pancreas extract + msuln
Second Diaphragm + buffer -+ pancreas extract

Third Diaphragm -+ buffer + nsulin

Fourth Draphragm + buffer

In case B, the same as in the aforementioned cases, but the
buffer-panereas extract was substituted by buffer-hyper-
glyeemic factor

In case D —

First Diaphragm was incubated 1 buffer without glucose
+ hyperglycerme factor. After two minutes at 25°C. 1t was
washed, then passed to another glass which contammed buffer
+ nsulin,

Second Diaphragm was mcubated i buffer without glucose
+ hyperglyceermic factor, and after washing was put into a
glass with buffer + glucose without msulin

Third Diaphragm was mcubated 1n buffer without either
glucose or factor. Afterwards it was put with buffer + glucose

+ wmsulin

Fourth Diaphragm was mcubated in buffer without glucose
or factor, then settled with buffer + glucose without insulin,
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The msulin is expressed in units multiplied by 100 mg.
diaphragm. The glucose uptake induced by the insuln repr
sents the difference between the consumption of ghicose of !
diaphragm whose bufler contains insuln, and that which doc
not contain it. If the consumption of the latter is superior t
that which contams insulin we speak of negative consumptios

Results

Table 1

InvLUENCE OF PANCREAS EXTRACT O% THE INSULIN GLUCOSE-UPTAKE ©
TIE JSOLATED DIAPHRAGHM

Insulin U Glucose-uplake K
Nroep g A0, | Standard eror Ghcose upicke=
(Extracty
| e ] I
4 0 022 +0 038 0813
6 @ 203 +0 45 0 387
4 0 408 +0 081 0428
6 0 593 +0 069 0415
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Fic. 1. Influences of pancreatic extract on insulin and glucoses
uptake 1n the isolated rat draphragm

The examation of the table and the figure shows that the
pancreas extract of a nermal dog mhubits the action of the
insulin when the doses of this hormone are small. After a
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Table I1

INFLUENCE OF PANCEEAS EXTRACT (ALLOXAN DiARETIC Doc) ov THE INSTULIN
LUCOSE-UPTAKE, OF THE ISOLATED RAT DIAPRRAGM

Inyutin U Glucose-uplake
X100 mg Nr erp mg x100mg diaphragm Standard evror
daphragm {Extract)
0 005 1 -0 303 +0 081
0 030 12 —0 485 +0 080
0 123 7 —0 617 +0 191
0 300 7 -0 732 +0 123
* RIS u n ? 2

ISUUN 0SS 100%G g U2 94 o6 Uoe oM Om 04 Gk 0B oA 0z G 0% um ta

NECATIVE GLUGOSE UPTAKE

s

Fic 2 Influence of pancreatic extract (alloxan-diabetic dog)
on the glucose-uptake of the 1solated rat diaphragm.

The results obtained after the incubation of the dia-
phragm 1n a buffer which contains msulin and the pancreatic
extract of a dog with alloxan diabetes, pont out, as can be
judged from the preceding table, that the action of the insulin
is inhibited and that, therefore, the glucose-uptake 1s negative;
that 1s to say, the diaphragm which was put with pancreatic
extract and msulin, uses up less glucose than the control
diaphragm placed 1n the same condstions but without msulin,

This negative glucose-uptake seems to be accentuated as the
dose of msulin mnereases.
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Table 1T

INFLUENCE OF HYPERGLYCEMIC FACTOR ON THE INsULIN GLUCOSE-UPTARE
OF TIE ISOLATED DIAPIRAGM

ivoma e | Ne e Clucase-upioke | giandyrd error
yhvagm e 00 mg "
0 0030 [ +0 037 +0 200
0 0321 5 40 122 +0 174
0 0821 6 -0 170 +0 189
0 0940 7 —0 409 +0 077
0 6213 5 +0 022 40 177

These results confirm those obtained with alloxanic pan-
creas extracts. The inhibition which the hyperglycemic factor
produces 1s clear. However, this dummution of the glucose
uptake apparently increases as the dose of insulin increases,
if the latter 1s within the hmits 0 605 U-0-6 U.

‘Table IV

INSULIN GLUCOSE-UPTAKE oF THE RAT DiaPERAGM PrREVIOUSLY INCUBAYED
witi HYPERGLYC&EMIC FACTOR

Insu -2

AL g | N e | g S S | standunderor
0 0152 7 +0 088 +0 0423
0 0784 4 4.0 0154
0 0983 6 +0 0314
01417 5 +0 0414
0 6195 3 +0 0190

These results follow the same lme as those obtamed in
previous experiments. It would seem that the hyperglycmmﬁc
factor interferes in some way with the place where the sulin
should act and hinders 1t from producing a positive ghucose:
uptake.

Discussion

The results set out above are not sufficient for a conelusion

to be reached, as it 15 necessary to extend the number of
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experiments, and for other research workers to confirm our
findings. However, since we obtained them in experimental
conditions which I consider to be correct, the contmuty in
the results has induced me to present them in order not so
much to set down a new fact, as to know your eriticism.
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Fic. 3. Xnﬂuence of hyperglycamic factor on the msulm and
lucose-uptake of the 1solated rat dhaphragm
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DISCUSSION

bE Duve: In support of Dr Candela’s findings, I would like to men-
tion Lniefly the experments which were made 1ast year in Professor
b

t's ghen  Rabbits were given 30 umits
[N B T T E R
' . . A R

1 ot b
Ter CUen . am e B A
and the hypergly factor did not differ

significantly from that of control ammals which had been treated for
6 hours with an intravenous infuston of saline and no msulm  The
muscle glycogen was normal 1n the ammals treated with the hyper-
glycemie factor, 1t was very low n the ammals treated with epine-
phrine  Then 1n another serics of expeniments, the urinary excretion of
urea was followed during the experimments. There was no change m
the animals with epinephrine, and there was a trend towards mitrogen
Tetention 1n the ammals receiving hyperglycemic factor. Now, the
main point that I want to make clear 1s that in these amimals that
had been subjected to msulin and hyperglycwmic factor during 6
hours, there seemed to be no decrease n the total amount of carbo-
hydrate available, either as glycogen m the liver and muscle, or as
biood glucose Nevertheless we have to assume that several grams of
glucose would have bfen utihzed u“d the ditions with insulin

tissues This would seem to be 1n line with the expenments menttoned
SN remata

s

clear-cut effect of the hyperglycmic factor on solated diaphragni
The Lttle effect we get 'on glucose uptake 1s in the direction of an
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insulin-hike action and I thunk this is probably due to the small amounts
of insulin present in the preparations that we had available. There
muy be some depression of glycogen storage under these conditions,
but the effect that - - - -~ - e eme phal nnd s o e mat ot all
clear why our resul

We are very sorry

basis of other experunents Lual LI nypeIglycLine Jacol sy v
ik under the of growth hormone, I might mention that
it 15 very Iikely 1ndeed that the preparations of glyconeolytic factor at
present available may be contaminated with small amounts of mselin.

Cavenere: May I'ask how you determuned the msulin content of the

10ns of the hypergly factor you used?

Young: From the results of diaphragm experiments; that 15, you
assess the action of glucagon on the 1solated diaphragm m terms of
wsulin. The we used appeared to be d with
sulin to about 3 per cent Also 1 some experiments which have been
carried out by Dr R R Porter at the National Institute of Medical
Research, concerning the fractionation of protemns, he was able to show
that a contaminating protem was present m our preparations of gluea-
gon which may well be insulin,

Bl:i’l‘. A L\yperglycmmlc preparation wluch was alleged to cause

RO LA A AN T

A. mamen wae diseussed

Hoffman {Proc. Canad physwl Soc., Rev. canad Biol., 11, No. 1, 19
reported a hyperglycemic factor isolated from the urine of normal
human subjects This one was tested on the breakdown of glycogenn
liver shices.



HUMAN AND EXPERIMENTAL DIABETES
R. D. LAWRENCE

“TnE twin sisters chmeal observation and laboratory ex-
periment have walked, 1n the field of diabetes, very closely
hand in hand” to their mutual stimulation. The latter method
is more exact, the former often more mitially suggestive,
Today I shall deal mamly with the chimcal side and try to
relate it to the vast new body of experimental facts that are
evolving so rapidly and are being freshly discussed here.

In chnical medicine two types of human diabetes have been
recognmzed for a century, and named n France diabéle gras
and maigre. Attention became focussed on a pancreatic
defect after ammal pancreatectomy in 1889 and seemed still
more confirmed by the discovery of mnsulin and 1ts hypogly-
cemic action 1n all diabetics  Then the discovery of other
endocnine factors, the pituitary, the suprarenal, and possibly
the thyroid, proved experimentally the mfluence of such factors
on carbohydrate metabolism, and challenged the whole con-
cept of human diabetes as bemng due to and explaned by the
monistic view of primary pancreatic insulin deficiency.

If experimentally the diabetogenic influences of pancreatec-
tomy, of the anterior pituitary hormone, the adreno-gluco-
cortieal steroids, perhaps also the adrenal medullary extract
and more dubiously the thyroid hormone are granted without
doubt, how can we relate this new knowledge to human dia-
betes’ Occasionally, but very rarely, one sees diabetes pro-
duced by pancreatic destruchon, chromic pancreatitis of
dufferent forms, or by hemochromatoss, rarely an adrenal
ph=ochromocytoma produces diabetes Perhaps a Cushing
syndrome may produce a resemblance of diabetes but it 1s
mld and not uniform. Let me turn to the ordinary and vastly
more common forms of human diabetes, not yet obviously

CARBU PYe] o
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related to experimental diabetes,and try to distinguish vana-
tions and types of the human discase—because I think they
are easily distinguishable clinically and probably are different
entitics.

Lipoplethoric diabetes, to which I gave this name some
two years ago, is the commanest type of diabetes. It occurs
m {'mdd]c age to fat people and is twice as common 1n women
asinmen. It 1s characterzed before treatment by a very high
blood sugar level (200-100 mulligrams per cent), heavy glyeo-
sura, but no ketos:s. When treated by reducing diets low 1n
total ealories without msulin, the “dabetes” disappears when
the weight 1s greatly reduced, and reappears when more food
15 caten and weight again mereases. 1 postulated that the
diabetes was assocrated with, and probably due to, obesity and
not to insulin deficiency, and we do know from isotope experi-
ments in ammals that msuhn very quickly guides ingested
carbohydrate into stored fat. I sad that msulm nas quanti-
tatively more lipogenic than glycogenic. I suggested that
the overfull fat stores of this type of diabetes could not accept
and turn into fat any more of the mncomng dietary carbo-
hydrate, with the result that this carbohydrate circulated 1
excess, the resultant state bemng called “diabetes.” This may
be too simple and direct an explanation, and Long has
suggested that the great excess of fat with its active meta-
bolism needs much more nsuhn, which the pancreas fails to
produce. I do not behieve in hus explanation and do not feel
sure of my own.

Insulin deficient diabetes 1s a name I have boldly given
to the younger type of diabetic—all children and most adults
under 40—and, strangely enough, many who develop diabetes
acutely over 70 and even over 80. It s distmguished by loss
of weight without previous obesity, and by ketosis of rapidly
increasing severity. It should be saxd that a brief gain of
weight often occurs for perhaps a year before acute symptoms.
Without msulin they died m eoma; with its skilled and
continuous use they are normal for years. On chinical
grounds alone 1 have called it insulin-deficient diabetes. This
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deficieney 1 think becomes absolute with no endogenous
‘insulin production.

Lipoatrophic diabetes 1s another extreniely rare type of
diabetes of which I described one case fully, or at least as far
as my observations went, in 1946, It is characterized pri-
manly by the failure to have fat in any of the usual depots,
subcutaneous and retro-peritoneal. This year another similar
case was referred to me from Brnstol by the kindness of Pro-
fessor Neale who first recogmzed the patient’s condition, and
this removes my shght doubts that this 1s not a freak but an
established syndrome. It is characterized by lack of deposited
fat, by a diabetes with ntense hyperglycemia, glycosuria,
thirst, ete., but no ketosis, by insulin resistance although
msuhin 1 vast doses reduces thesugar, and by an intense hyper-
lipeeria whenever the glycznua 1s lngh.  General health re-
mains good, but an enlarged liver and portal cirrhosis develops
and 1s ultimately lethal. An extremely high metabohe rate
1s present without any thyrotoxicosis The whole syndrome
presents to me an mexplicable picture, but I have presented
the explanation that the mability to store fat prevents the
usual end-action of wsulin and so produces the “diabetic”
picture. This presents the opposite state to lipoplethorie
diabetics, overloaded with fat deposits, who also cannot
readily store crrculating ingested carbohydrate so that
“diabetes” 1s also produced. Further speculation to explam
both hipo-atrophic and hipo-plethorie diabetes would seem to
postulate an unknown enzyme or hormonal factor regulating
fat deposition  In tins Introduce an 1dea for your discussion
and future expermentation on which I have no clear 1deas.
Professor Gray’s department seems to have found a new
steroid by paper chromatography but full mvestigation has
been handicapped by lack of the patient’s co-operation

Experimental Work
We made an attempt at King’s College Hospital to prove
these chinical types by amimal experiments when Dr. Bornstein
Jomned us with a new technique of plasma insulin estimation
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in rats. Thesc rats (ADHA rats) are first made duabetic with
afloxan, then hypophysectomized and totally adrenalec”
tomized—a preparation diflicult to prepare, maintain and
standardize. However, mjections of msubin from 1/2,000 to
1/20,000 of a unit of insulin show satisfactory quantitative
hypoglyereme effects. After such standardization, the funda-
mental test consisted in the mjection of 1 ml. of rapidly
separated hepaninized human plasma from different types of
diabetic patients and the observations of any change over
one hour in the blocd-sugar concentrations of these rats The
early results are shown 1n the following chart —

Grory 1 Skverr. wirtn Ketows

Patient
Sex and age
Weight (kg )
food-sugar mg %,
Glycosuna
Ketonuria
Mean change in
blood-sugar .
Standard Deviation
Plasma Insulin
‘mitlunits/m}

0=below lower himt of the assay

Grovr IL OsFsk, No KrTosis

Patient 6 7 8 o
Sex and age Mas | Far | Faz | Fas
Waoght (kg.) 70 9 poe 88 b
Blood-sugar mg % 202 381 312 311 232
Glycosuria R o R B B e o e
Ketonuna, 0 o 0 o o
Mean change m

bload-sugar 28 —30 -22 —23
Standard Deviation +19 +o 16 18

Plasma Insulin

millnsts{ml 26 29 19 21

Other interesting results are further mentioned and concern
the subsequent insulin resistance created by Group I plasma,
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insulin resistance, acromegaly and other perplexing problems.
Further results by this technique are now reported and the
whole subject brought forward for discussion.
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DISCUSSION
Luxens, What was the pathology of the hiver n those last two
cases’
Lawrince Ordinary portal carthosis, » ith 10 increase 1n the fat 1n
the one we did examine, the other 1s still aliv

earher on and then

tie, can’t you?
Ll LY L0 L v Ui e L dat disappears from the
iver,

GotoNER I abserved another case of tlus type & number of 3ears
ago  This man too presented a syndrome of hyper-metabolism, absence
of subcutaneous fat tissue, enlarged hver and hyperglycemia with
glycosunia  He too w a5 ratlier resistant to msuln, bul, Ius blood liprds
as far as T can were wathin p mits

Lawnenct Was there ahsence of hyperhiprmma in states of normal
glyeamia?

ot

restnicted diet. He never went into ketosts or acidosts and was not at
all co-operative n our attempts to establish a better control of his
diabetes.

LawrFxce  That was a pity, wasn’t 1t? I've seen a number of these
cases with an extremely low carbohydrate diet, which are ketone-free.
Nrme et e vy CON ST T e AL R

1

i

a group of patients with diabetes, stops the adnumstration of insulin
and keeps them on a carbohy drate frce or carhobydrate low dret, heto-
genesis_occurs  The degree of k is
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caloric diet they get thin and stop passing sugar. When you stop their
insulin they don’t get ketosis, I can’t answer all your questions, really

Coxn: I think that all clinicians would agree with Dr. Lawrence
about these two types. It wasn 1038 that Newburgh and I worked with
such patients—so-called middle aged, obese glycosuries, We reduced
their weights and got their glucose tolerance tests to normal. Then, as
you say, many of them come back having gamed weight agamn and
show amain a diabetic curve. But I've had nn opportunity over the
past 10 years to follow some of thewe patients who have not gawned
weight and who now have drabetes of the jusenile type. This would
support what Dr. Mirsky has suggested, that they may be ends of the
same spectrum.

Lawnener  Yes, I've scen that happen, but on the whole, 70-80
per cent of Group I remain Group I, unless mfected. so what end or
muddle of the spectrum 1¢ invelved, I don’t know.

Bosr  If it were fashionable to be fat and if you gave tiis group
wsulin, would they be happy and get along nicely?

Lawnence  Yes, 1f 1t were fashionable—they would get fatter and
fatter, but what about fatty degeneration of the heart?

Besr But they might not get it if they had lots of insulin

Lawrexce I think 1t s bad practice, but you have to do 1t some-
times If you've got a severe prumtus, you must clear them with
msulin, but that 1s not necessary for long term treatment

Loxc. We've been interested n the last few years n the metabohsm
of anmals wlio were made obese by certan types of hypothalamuc
lesions As you know, 1if the lesion 15 switably placed. the rat will eat
two or three times the normal amount of food and will become obese
This 15 also true i other species, particularly in the monkey It1s very
1nteresting to see in these amumals the dey elopment of what Dr. Lawrence
calls “lpoplethoric™ diabetes Just as soon as they become obese,
particularly 1 the monkey, the glycosuria appears. Rats, as you kno,
are very difficult to make diabetic, but a certamn proportion become
diabetic in the semse that they have a high blood sugar, abnormal
rlucose tolerance curves and glycosuria  However, there 15 one point
which bears, I tunk, ou what Dr Mirshy was saying, and that 1s

ot

s Ly B
back on the for
or 2 grams of sugar In the urine A
inbetes (if you can call 1t that),
1t is certain, therefore, in the experimental

ey

L T I B . 1
od intake he imtially had, and this time he will have I

s you repeat it, the basal Jevel of the
becomes progressively more severe
amumnal, that thus can
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second gmu

LawreNce. Might I ask whether those gly cosure rats got ketosis?

Loag: No, I !hmk they did not. I recall that when 1n the monkey
the glycosuria was very heavy, the ketosis was quite shght. ‘The
mankey, of course, 1s an amimal which shows very heavy ketosts on
pancreatectomy.

Lawrencs: Were the slets of Langerhans larger afterwards?

Loxg' Well, we didn't study those sufficiently, but with an mtact
panereas they usually are

Mirsky We have studied a number of such patients 1n terms of the
nsulin exeretion 1n the urine, and we've also studied patients who are
extremely susceptible to ketosts. We could not find any difference in
msulin exeretion in such patients. It s practically zero i all mstances.

SHERLOCK One other point 1s that int general, I think the first group,
1¢ the fat ones, are the elderly ones and the thim ones who are insulin
1nsufficient, are young It 1s difficult to belteve how one can go into the
other. The fat ones are the elderly.

Lawreace I meant to refer to Wrenshall's publication in Rest’s
department, about the extractable insuhin from the pancreas 1Ile
showed a clear division of matunty group and growth group  The



RESPONSE OF THE LIVER TO INSULIN;
HEPATIC VEIN CATHETERIZATION STUDIES
IN MAN

A. G. BEARN, BARBARA Il BILLING
and SUEILA SHERLOCK

Heraric vem catheterization can be used 1n the measure-
ment of the output of glueose from the liver. In 194
Warren and Brannon introduced a safe method of cathe-
terizing the hepatic vem in man. A radio-opaque “Nylon™
catheter 1s inserted into an antecubatal vem, and is passed
under fluoroscopie eontrol via the superior vena cava into the
right auricle. The catheter s then directed posteriorly to enter
the upper part of the inferior vena cava. Rotation anterotly
and to the right cnables the catheter to enter a braneh of the
right hepatic vemn and hence be mserted deeply mto the right
lobe of the liver (Sherlock et al , 1950)

The blood-flow through the liver 1s determmed by the brom-
sulphalem estraction method (Bradley et al., 1945). The
glucose concentrations n hepatic venous and eapillary blood
arc estimated The glucose content of the capillary blood is
assumed to be the same as that of arterial blood. The output
of glucose from the liver can now be caleulated by the formula:
Hepatic glucose output = (hepatic venous glucose concentra-
tion—capillary glucose concentration) xhepatic blood-flow.

The difference m concentration of glucose 1n the hepatic
vein and systemic artery eannot be ascribed solely to the liver,
The results therefore indicate changes in the entire splanchnic
area (liver, spleen, and intestines) and not in the liver alone.
In the fasting state, however, the concentration of glucosenn
the portal vein is the same as that m a systemc artery
(Cherry and Crandall, 1037; Sherlock and Walshe, 1946), and

250
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little error is introduced by referring to hepatic metabolic
changes rather than to splanchnic changes.

Recently, Bondy (1952) has shown very great spontaneous
variations in the glucose content of the hepatic venous blood
and doubts the validity of estimates of splanchme glucose
balance for any period other than the actual time of sampling.
We have taken samples from the hepatic vemn at 5-minute
intervals over two separate one hour periods 1n two normal
subjects, and although there are shght vanations i the glucose
concentrations they are never so great as to change the general
trend of results. Moreover, taking mean values for a large
group of subjects will tend to smooth out these varations.

In all the 15 normal subjects studied, msulin 0 1 unit/Kg.
injeeted intravenously resulted m a fall n the concentration
of glucose in the hepatic venous blood This occurred within
two minutes of gning the wmsulm  Identical results were
obtained with “nove-nsulin,” a preparation known to be free
of glycogenolytic factors The eflects of the “Boots™ msulin
which we used are therefore not due to any glycogenolytic
factors it may contam. The capillary glucose concentration
also fell, but less rapidly than that in the hepatic vein. Five
minutes after the admunstration of mnsulin the mean differ-
ences 1 the concentrations (Hgy, —C(p) had dropped from
14:5 to 6 4 mg. per 100 ml blood This change was the ex-
pression of an immediate decrease in hepatie glucose output
which remained below the normal value for 30 minutes (Fyg 1).
In 9 of 12 subjects, the difference (He,—Ccr) was a negative
quantity 1 one or more of the samples taken at 3, 15 or 30
minutes after the insulin  Insulin ean therefore not only cause
a reduction in the output of glucose from the liver but also a
withdrawal of glucose by the hiver from the circulatmg blood.
Mimmum values for capllary glucose concentration {mean
384 2 6 mg., S E., per 100 ml.) were observed in all subjects
80 minutes after the msulin had been given. At this time
there were usually chnieal signs of hypoglyemmra, shown by
sweating, drowsiness, pallor, inereased pulse rate and a fall
in diastohic blood pressure The hepatic glucose output had,
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however, already begun to return to normal and at 45 minute
was, except 1n one observation, well above basal levels, Thi
increased output was responsible for the increase in capilary
glucose concentration, although 100 minutes after the insulin
this had not reached the normal value. There was no constant
relationship between the diminution in hepatic glucose output
followmg insulin and the increased hepatic glucose output
during the recovery phase.

The recovery of the blood glueose level after msulin 1
probably due to more than onc factor. Hypoglyemmia results
m the hberation of adrenahne, In normal man the infusion
of adrenaline mcreases the hepatic blood flow, hepatic glucose
output, peripheral and hepatic venous lactic acid concen-
tration and the splanchme oxygen consumption (Bearn et al,
1951). All these results were observed 1n normal subjects
after insulin admiistration and are probably due to the
release of adrenalme. Moreover, diabetic subjects, m whom
there was no hypoglyeremia, did not show the hepatic blood
flow, hepatic glucose output, lactic acid and splanchmie oxygen
consumption changes which we have attributed to adrepalme.

When adrenaline 15 given to normal subjects the hepatic
glucose output mncreases immediately and at the same time
as the mise m hepatic blood-flow and blood lactic acid (Bearn
et al,, 1951). The rise 1n hepatic glucose output after insulm,
however, precedes these ather changes (Fig 1). The restor-
ation of the blood glucose 15 therefore not due only to adre-
nalme, When all the insulin admimstered 1s destroyed, the
hepatic glucose output would presumably return to the pre-
insulin level, It seems unlikely that all the insulm would have
disappeared withm thirty minutes of injection, for diabetic
subjects, m whom hypoglycemia does pot occur, show a
depression of hepatic glucose output for an hour after msulin.
Moreover, m diabetic subjects the small dose of insulin docs
not cause hypoglycemic symptoms and presumably no adre-
naline release, and yet the blood glucose is eventually restored
to 1its pr I values. Hi 1 comp by
blocking sympathetic impulses to the hver and adrenal
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medulla, are said to increase the degree of hypoglycamia after
insulin (Laurence and Stacey, 1952). Preliminary observations
using hepatic vein catheterization have failed to confirm this
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Fi6.1 The effect of nsulin on hepatic blood flow and hepatic
glucose output in normal subjects. (Clin Sei , 1952, p 152.)

finding and suggest that the blood glucose returns just as
rapidly when hexamethonium bromude 1s given with the in-
sulin as when insulin 1s given alone (Paton, Reynolds and
Sherlock, 1952). This again suggests that recovery of the blood
glucose concentration after hypoglyezmia can oceur without
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however, already begun to return to normal and at 45 minutes
was, except in one observation, well above basal levels. Thn
increased output was responsible for the increase in capiflary
glucose concentration, although 100 minutes after the insuln
this had not reached the normal value. There was no constant
relationship between the dminution i hepatic glucose output
following nsulin and the increased hepatic glucose output
during the recovery phase,

The recovery of the blood glucose level after insulin is
probably due to more than one factor. Hypoglyczmia results
mn the Iiheration of adrenahine. In normal man the mfusion
of adrenaline inereases the hepatic blood flow, hepatic glucose
output, peripheral and hepatic venous lactic acid concen-
tration and the splanchnic oxygen consumption (Bearn ¢t al.,
1951)  All these results were observed 1n normal subjects
after insulin admmstration and are probably due to the
release of adrenalime. Moreover, diabetic subjects, m whom
there was no hypoglyeerma, did not show the hepatic bloed
flow, hepatic glucose output, lactic acid and splanchme oxygen
consumption changes which we have attributed to adrenaline.

When adrenaline 15 given to normal subjects the hepatic
glucose output ncreases immediately and at the same time
as the rise 1n hepatic blood-flow and blood lactie acid (Bearn
et al., 1951). The rise in hepatic glucose output after insufim,
however, precedes these other changes (Fig. 1). The restor-
ation of the blood glucose 1s therefore not due only to adre-
naline. When all the msulm admmstered 1s destroyed, the
hepatie glucose output would presumably return to the pre-
insulin level It seems unlikely that all the insulin would have
disappeared within thirty minutes of mjection, for diabetic
subjects, n whom hypoglycemia does not oceur, show a
depression of hepatic glucose cutput for an hour after nsubin.
Moreover, mm diabetic subjects the small dose of msulin does
not cause hypoglyc:emic symptoms and presumably no adre-
naline release, and yet the blood glucose 15 eventually restored
to 1its pre-msulin values. Hexamethonmum compounds, by
blocking sympathetic 1mpulses to the liver and adrenal
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curve of dmminished hepatic output of glucose after mnsulin
(Fig 2). Ths area measures the difference m rate of output
of glucose over the period of thirty munutes, and ndicates
an absolute amount of glucose, measured m grams. It has
been termed the “dimimished hepatic output of glucose ”
The difference between the total amount of glucose removed
from the circulation, less urinary glucose loss and dimmution
of hepatic output, will indicate the peripheral utilization of
glucose after insulin, The total amount of glucose removed
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can be calculated from the fall in capillary glucose concen-
tration if the space into which glucose diffusesisknown, Recent
work mn the rabbit using glucose contaming radio-activeca=t
(C*4) sugpests that the glucose space 1s 30 per cent of the bilx
weight and does not change significantly after msulimn {Druiy
and Wiek, 1951; Wick et al., 1950). Using this assumption

the total amount of glucose disappearing from the “glucose
space” after imsulin can be calculated from the drop in the
capillary glucose concentration. Subtraction of the dimimished
hepatic glucose output and the urinary glucose loss from this
figure gives an approsmmate value for the increased peripheral
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adrenaline production. Other factors capable of increasmg
hepatie ghicose output must be considered. The a cell hormone
prepared {rom the pancreatic islets is glyceme and acts
direetly on the liver (Pincus, 1950). It is not known whether
this substance is released when the blood glucose level s
lowered. Fnally the liver may possess an mherent homeo-
static property of maintaining a normal blood glucose level
(Soskimn et al.. 1938). Thus seems the most likely explanation
but has not been proved.

There 1s no doubt that insuln dmminishes the output of
glucose from the liver. This 1s at variance with frequent
animal experiments where msuln has lowered liver glycogen.
As this depletion occurs in the adrenalectomized preparation,
it cannot be due to adrenalme secreted in response to hypo-
glyceemma.  Similarly if glucose 1s given with the msulin to
prevent hypaglycema, hver glycogen 1s still drmmished
(Bridge, 1938) These findings support the suggestion that the
primary effect of msulin 15 to mnerease the disposal of glucose
n the peripheral tissues, and that the output of glucose from
the liver rises secondarily to satisfy the demand of the perr-
pheral tissues  Qur results, moreover, are supported by in
vitro studies showimng that msubin inhibits glycolysis m the
dog’s hiver (Soshin, 1941). Bouckaert and de Duve (1947) also
stress the importance of the liver in low ering the blood glucose
level after insulin  The differences between the older work and
the present results might be related to the type of insulin em-
ployed.  Until recently many commereinl preparations of
nsulin contamed a glycogenolytic factor. The msulin used m
the present work did not contan this factor

It would be intcresting to quantitate the extent of the
depression of the hepatic glucose output after insulin injection.
This can be attempted by measuring the depression of the
hepatic glucose output for thirty minutes after tlhe insulin,
i.e., before the onset of hypoglyewmia. This depression can
then be expressed 1 terms of an absolute amount of glucose.
This is done by measurmg with a planimeter the area of the
curve hetween the fasting hepatic glucose output and the
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having values of between 2 g. and 6 g. Diabetic subjects show
awide scatter of results. Thirty per cent of 33 have a hepatic
glucose uptake of less than 2 g. and 87 per cent greater than
6 g. (Fig. 3).

Thus difference m the hepatic response to insulin enabled
the dabetics to be classified mto two different groups. In the
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Fic 3 Range of hepatic uptake of glucose m 12 normal
subjects and mn 31 diabetics 30 minutes after Intravenous
wsulin. {Lancet, 1951, n, 699 )

hepatic msulin-sensitive group the hepatic glucose uptake 15
greater than the upper range for normal subjects. The hepatie-
msensitive group have values less than the lower limit for
normal subjects. The hepatic insulin sensitivity can be corre-
lated wath the climeal features of the disease and with the
histology of the sections of liver obtamned by hiopsy.

The hepatic-senstirve diabetics were underweight and n the
young age-group They mamfested an unstable type of
dhabetes, readily becoming ketotic without msulin and hypo-
glycemic with but shght msulin excess. Fundal changes,
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utilization of glucose after nsulin (Table I). These results
show that the liver plays an important part but cannot be
solely responsible for the fall m blood glucose level after m-
sulin.  This 15 m keeping with the observation that msulin

Table I

MpaN DonxurioN v HEPATIC GLUCGSE QUTPUT AND MEAN CALCULATED
TNCREASE 1N PERIPHERAL UTILIZATION 0F GIUCOSE FOR 30 MINUTES AFTER

InsuLvy

Total glucose B

remorad from omnished hepati Peripheral
Subjects Mo e fram, outputofelucsse | uidaion of

G

Nornwal 12 10 3 41 o2

(6 1-13 9) (2 5-6 6) (3 1-10 0)
Ihabetic 27 12 6 4 2

(2 3-28 6) (03-23 4) (—7 4-21 8)

"The decrease in eapillary glicose concentration 1n mg /100 ml whole blood
bas been converted to the decrease per 100 ml blood water It bas been
assumed that the decrease oceurs 1n a “glucose space” equal to 30 per cent
body weight.
*Uninary 1oss of glucose has been deducted

mereases muscle glycogen (Gemmill, 1940), and increases the
rate of oxidation of carbohydrate n tissues (Villee and
Hastings, 1949).

The 43 diabetic subjects who were studied were unselected;
their ages were from 15 to 70 years, and the majority were
aged 45-55 years. Twenty-six of them had never received
msulin, while the remamder had had no isulin for at least forty-
eight hours prior to the observation. They showed greater
fluctuations 1 fasting hepatic glucose output than did the
normal subjects. Allowing for urinary loss of glucose the value
was not sigmificantly mereased and the evidence, although not
conclusive, strongly suggests that the over-production of
glucose from the hiver 1s not the reason for the high bloed
glucose values of dabetic patients.

In normal subjects the dimimished hepatic output of glucose
after insulin 1s very constant, 90 per cent of the 12 studied



RESPONSE OF LIVER TO INSULIN 259

Summary

The hepatic vein catheterization techmique has been used
to study the effect of insulin on the liver in 15 normal and 13
diabetic subjects.

Tnsulin (0-1 unit/kg. 1v.) results 1 an immediate drop in
the hepatic glucose output in both normal subjects and
diabetics.

When normal suby become hypogly they show an
ncrease in hepatic glucose output, 1n hepatic blood flow, in
venous lactic acid concentration and in splanchme oxygen
consumption. These events are probably due to the release
of adrenaline,

In normal subjects the restoration of the blood glucose
concentration to normal after insulin 1s not due to adrenaline
alone Other possible factors are discussed.

The extent of the depression of the hepatic glucose output
and the inereased peripheral utilization of glucose after insulin
have been calculated. Both factors play a part in lowering
the capillary glucose concentration.

In normal subjects the fall in hepatic glucose output after
msulmn is fairly constant. In diabetic subjeets the fall in output
15 varsable and enables the diabetics to be divided into hepatic-
sensitive and hepatic-insensitive types.

In hepatic-sensitive diabetics admmstration of insulin
results 1n a greater fall than normal 1n the hepatiec glucose
output. The patients are young and thin, and readily go into
ketosts. Sections from aspiration bropsy of the liver show no
histologieal abnormahties.

In hepatic-insensitive diabetics msulin results i a smaller
fall than normal mn the hepatie glucose output. The patients
are middle-aged and obese, and rarely go mto ketosis. Sections
fmm aspiration biopsy of the liver show fatty change in the

1Iver.

Hepatic-sensitive diabetics when 1n severe ketosis become
hepatic-ainsensitive.  Sections of hiver show no remarkable
lustological change.

canso

18



258 BeArN, BinriNg AND SHERLOCK

cataract, peripheral vascular disease, and neuritis were un-
usual n this group.

Sections from an aspiration opsy of the hver showed re-
markably normal histology; fatty change was not scen. The
glycogen content of the hver was qualitatively normal. Quan-
titative analyses of hiver-glycogen m similar subjects has also
been shown to be normal (Hildes et al., 1949)

The hepatic-insensitive diabetics can be subdivided into the
“elderly type” and patients m severe ketosis,

The elderly type were usually more than 50 years old; they
were often obese. The disease was more stable; ketosis did not
occur and hypo-glycamie symptoms were induced with diffi-
culty, Inmany mstances the diabetes was symptomless and
only discovered at a rontine medical examination. Fundal
changes and eataract, peripheral vascular disease, and neuritis
were common complications.

Sections from an aspiration biopsy of the liver usually
showed fatty change A significant negative correlation could
be established between the hepatic uptake of glucose after
msulin and the extent of the fatty change in the hver (Sherlock
et al., 1951) Fibrosis was not seen. The glycogen content of
the liver was qualitatively normal

The severely ketotic {ype. Three diabetic patients were
studied while in severe ketosis (alkal reserve less than 10 m.
eq per litre). These patients were chincally of the juvemile
hepatic-sensitive type, While 1n severe aeidosis, however,
hepatie ven catheterization studies showed them to be hepatic
msulin-insensitive.  When the diabetes was controlled they
reverted to a sensitive state  Aspiration biopstes of the liver
showed normal histology, and the glycogen content of the
liver was well preserved even 1m spectmens taken at the height
of ketosis,

Finally 1t must be emphasized that there 1s mevitably some
overlap between the two hepatic and clmical types of diabetes.
Although, apart from ketosis, a young dbetic is rarely
hepatic-insensitive, an occasional elderly thin diabetic '\v1th
cardiovascular complications may be hepatic insulin-sensitive.
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anormal rate. At that stage, glucose does not need to be over-produced
by the liver
pE Duve: I would hike to ask Dr. Sherlock whether the measurements
on diabetics were made on untreated diabetics with high blood sugars?
Suenioex | Yes; 26 had never had insulin and the remasder had
been off 1nsulin for 48 hours.

- P e om PR

"Steriock  Ivs quite possible.

S!n"m.ﬁcx 1 behieve that is quite possible.

. Cor: I think the position 15 that mnsulin depresses glucose
outpul hy the liver. In the diabetic iver without insulin, the response
to blood sugar changes may not be the same as i the normal hiver

Brsr There’s going to be a little difficulty if we can’t depress the
blood sugar without giving msulin

GotpNcr  From 2 rather small number of experiments on hepatic
glucose output 1n men by means of hepatic vemn cathetenzation, I can
confirm Dr Sherlock’s statement that under basal conditions the blood
sugar level in the hepatic vein 1s rather constant even for prolonged
penods of time, such as 2-3 hours. Spontaneous fluctuations of the curve
which were seen occasionally seemed 1n each nstance to be attributable
to exeitation of the patient or other disturbances of the basal state.

, and again i of Dr Sherlock’s finding. we saw

no slgmﬁc.mt difference 1n the hepatic glucose output of the diabetic
without nsulin as compared with the normal subject

Lone Dr Sherlock, have you tested the mitrogen exchange across
these livers?

- -

Snrrrock  Well, s hepatic blood flow figures with the ures method
agree well with those obtaned by the B 8 P. method He was however
only able to make a few measurements under basal conditions He
wasn't attempting to continue over two hours with multiple sampling,
because the urea analysis with the needed aceuracy requires large blood
samples  You'd just have an exsangumnated patient if samphng was
repeated twelve times

G Comi It scems to me that Dr Shetlock has given the coup de
griice to the wrong, theory \v\uch has influenced physiological work,
not for the better, for man;

CasrepeLr I think Dr. Lonn showed that when the blood sugar
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DISCUSSION

ResT: You contend that insulin decreases the sugar output of the
hiver but the sugar output 15 not jncreased in the untreated diabetic?
Ts this the concluston you came to originally?

Sucrrock: Yes, I haven't changed my mind

Besr I was under the impression that you thought there was an
increased production in the diabetic

Suerrock: No, the only ones that may have an nereased production
—and I have not really studied enough patients to say definitely—are
the very severely acidotic diabetics m coma These are a very tumny
percentage of dmbetn:s T!le ordlnap"dnabet‘nc, ?‘f “'!m(ever type, does



THE INSULINASE AND INSULINASE-INHIBITOR
ACTIVITY OF THE LIVER

1. ARTHUR MIRSKY

Tue metabolic derangement of diabetes mellitus 1n man
or ammals 15 due to an nsufficiency of msulin relative to the
requirements by the tissues. With pancreatic msufficiency,
whether surgieally or pharmacologically induced, the avail-
ability of msulin 1s reduced, while the requirements for insulin
remain essentially unchanged. In only a relatively small pro-
portion of nstances, however, can the diabetes mellitus of
man be attributed solely to a dimmution 1n the production of
insulin (Mirsky, 1945). Consequently, 1t has been proposed
that the human syndrome 13 due n large measure to an n-
crease In the requirements for msulin

That the contra-imsulin effects of the hormones of the
antertor pitwitary, adrenal cortical, and other glands may
increase the insulin requirements 1s well established. Yet, the
syndrome resulting from the excessive secretion or the admm-
stration of these hormones differs markedly from the drabetes
mellitus which occurs 1n approxmately 1 per cent of the popu-
lation. It would appear, therefore. that some other factor or
combination of factors may be responsible for the increase n
the penpheral requirements for insulin which appears to be
responsible for the syndrome of diabetes melhtus in man.

Since 1t 1s generally acknowledged that msulin 1s destroyed
rapidly n the intact orgamism (Greeley, 1940, Mirsky, Podore,
Wachman and Broh-Kahn, 1948) we considered 1t essential to
obtamn information concerning the mechamism whereby n-
sulinis destroyed in the tissues  Towards that end, the ability
of tissue extracts and shees to nactivate msulin dunng in
vifro meubation was studied

263
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level is decrcased there 1s a very sharp reduction in the ascorbic acd
content of the adrenal gland, indicating a seeretion of the adrenal
cortrcal steroids 1n response to the hypoglycemia. I wondered if you
had coupled that with the posuble explanations for the allied compen-
satory rive tn blood sugar.

SHERLOCK  Yes, we have, and that was why I ashed Dr. Long the
other day how long he thought 1t would take for adrenal sterords to
Tase hver glycogen It 1s ~o quick. You see, the msulm action only
reduces hepatic glucose output for half an hour, then 1t recosers, and T
thought this recovery was probably too rapid to be due to adrenal
cortical steroids

Loxe  The release of ACTII 1s certamnly very rapid Whatever
views you may take on the nature of the mechanism responsible, I
think most people agree that 1t can be released very rapidly and in
probably a matter of seconds

Sucrrock  How long would 1t take to act on the liver?

Lone: That 1s a very difficult question to answer under the circum-
stances sach as tlns  This 1s what was at the back of my mind when 1
ashed about the nitrogen exchange

Conn' Have you tried giving intravenons cortisone in experiments
of this hind’ One might answer that problem quichly

Sprerock I think we'll probably have to do that.

Lawnrenee: It seems to me that your diabetics are very long-
suffering, aren't they? .

SurrLock  Yes, I think I ought just to mention the safety of this
technigue Hepatic vein catheterization 1s an extremely safe techmque
It 15 much safer than asprration hiver bipsy and much safer than carduc
catheterization performed for the investigation of patients with heart
diseases. The catheter for hepatic vein worh only enters the right
auricle— all the dangers of cardiac c. 100 arise from ng
a catheter into the nght ventricle and pulmonary artery e are
avoiding the danger spots Hepatic vem cathetenzation 1s a very
justifiable and safe procedure T personally, m an experience of at
Jeast 200, have never had any dificulttes or complications, and I don’t
know of any other group which has
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theliver. It is of some importance to note that brain and blood
were found to be poorest in msulinase activity, even though
these tissues are known to be quite rich in proteolytic and pep-
tidase activity (Table I). In general, these results substan-
tiated the find of Schrmdt and Saatchian (1929) with

Table 1
DISTRIBUTION AND ACHVITY OF INSULIN INACTIVATING S¥STEM 1N Rar
TissvE ExTRACTS
Incubation for 60 munutes at pH 7 5 and 37°C. Organ Extracts prepared in
usual manner Washed blood cells resuspended n saline 1n onginal concen-
tration. 1ml of insulin contaming 8 umts.

Tusrue Pooled percentages
of Initsal Blood Suger

Luer . 211
Kudney . . 150
Muscle 12

ram 81
Whoe Blood 92
Plasma . 53
Cells . 91

reference to the insulin inactivating properties of brei prepared
from various tissues of the rabbit.

The system responsible for the mactivation of msulin
appears to have the properties of an enzyme. It 1s heat-labile,
bemng destroyed by exposure to 80°C for 10 minutes. Maxi-
mum activity during meubation occurs at reactions between
pH 6-5and pH9 5. At pH 7-5 the rate of insulin mactivation
mcreases appreciably with a rise n the temperature of meu-
bation from 0° to 37°C. A further merease in the icubation
temperature to 55°C. fails to affect the rate of mactivation
of msulin. At pH 7-5 and 87°C,, the destruction of msulin
proceeds at a fairly rapid rate which gradually decreases
toward the end of the mcubation period.

In rat liver extracts, the msuhnase activity was almost
quantitatively removed from solution by precipitation of the
protemns, either through adjustment of the reaction to pH 5
or by half-saturation with ammonium sulphate at pH 6-7.
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The present report summarizes the evidence that the hver,
fmd to a lesser degree other tissues, contamns a system which
is capable of mactivating insulin as well as a factor which
inlnbats the action of this system. For the sake of convenience,
the insulin-mactivating system 1s referred to as “msulinase”
wlile the factor which prevents its action is referred to as
“insulinase-inhibitor” (Mirsky and Broh-Kahn, 1949, Broh-
Kahn and Mirsky, 1949; Mirsky, Simkin and Broh-Kahs,
1950).

Unless otherwise ndieated, extracts were prepared from
tissues by homogemizing m a blendor, or by the Potter and
Elvehjem (1936) technique with three volumes of cold water.
After centnifugation at high speed, the filtered supernatant
flurds were adjusted to pH 7 5 and tested for therr ability to
inactivate insulin. In the standard procedure, 1 ml. of extract
together with 1 ml. of solution contamming 8 umts of insulm
were meubated at 87° for from 30 to 60 minutes. After com-
pletion of the incubation, 1 m! of the mixture was mjected
mtravenously mto a fasted rabbit. Blood samples were drawn
prior to and at 80 and 60 minutes after mjection. If no
destruction of msulin had occurred, the volume njected would
contain four units of msulin which 1s sufficient to produce a
profound hypoglycemia in the rabbit. The change n the blood
sugar concentration was expressed as the percentage of the
pre-njection blood sugar level The sum of the percentages of
the 80 and 60 minute blood samples was designated as the
“pooled percentage of initial blood sugar” which m turn was
utilized as a semiquantitative expresston of the activity. If
no insuln were destroyed during ncubation, tlie “‘pooled
percentage” would be very low, whereas 1f all the msulin were
destroyed during the period of meubation, the blood sugar
concentration would remam unchanged and the “pooled
percentage” would equal 200,

Systems capable of activating msulin durmg i vitro
meubation were found to be distributed widely, but in all
species studied (rabbit, steer, chicken, man and rat), the
highest activity per gram of tissue was found 1n extracts of
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Table 111
LFFECT or INmBIToRS 0N DESTRUCTION OF INSTLIN BY RAT LIvER EXTRACTS

Tncubation for 30 mun. at pII 7 5 and 37°C Standard procedure as des.
enbed m text Incubation nuxtures ongmally contained 8 umts of insulin

Final Pooled percent-
Inkibiior concentralion
None
CuSo, 0 0005
ZnSo, 0 0005 3
Todoacetate 0 001 »
Todowhenzoate 0001 3
Soybean mhibrtor 0 43 mg
Normal human serum 0 9mt

activity These observations suggest that the partieipation of
a sulphhydryl group n the activity of insulinase 15 essential,
Attempts to reactivate the msulimase with cysteme, however,
were unsuccessful In confirmation of the aforementioned,
DeBarbien and Grassi (1951) demonstrated that the oxidation
of -SH groups resulted in an mactivation of sulmase activity

To determine whether the mactr ation of wmsulin by liver
extracts 15 due to some non-specific proteolytic enzyme
system, the effect of such extracts on denatured hemoglobm
at pI1 7 5 was measured. No appreciable activity was noted
even with incubation periods as long as 6 hours. Furthermore,
the addition of the relatively non-specific protemase mhibitors
of soya hean and of human serum did not appreciably decrease
the msulinase activity of the extracts On the other hand, the
proteolytic activity of crude hiver extracts at pH 3 5 was quite
sigmificant. Concomitant measurements of the insulinase acti-
vity at pH 75 and the proteolyhiec actrvity at pH 3 5 revealed
that whereas the former may diminish markedly even when
stored at 5°C., the proteolytic actvity of the same extract
remains unchanged.

Working with homogenates of liver as well as with extracts
prepared by fractionation with acetone and sodim sulphate
at pH 5-2, De Barbiers and Grassi (1951) demonstrated a
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During precipitation, only moderate destruction of the active
proteins occurred and much of the activity was recovered
from the washed precipitates by redissolving the latter and
adjusting to pH 7-5-8-0.

Daalysis of rat liver extracts for three hours resulted in a
decrease 1 msulinase activity. The addition of manganese
and magnesium 1ons to the non-dialysable residue resulted in
partial restoration of the activity. Other tons that were tested
were found to be meffective.

The distribution of insulnase activity n the components
of homogenates was determined. Towards that end, livers
were homogenized m a Potter-Elvehjem homogemzer with
three volumes of 0-88 M sucrose and fractionated 1n accor-
dancewith the procedure of Hogeboom, Sehneider, and Pallade
(1948}, Table II reveals that the msulmase activity 1« confined

Table II

DIsTRIBUTION OF INSULINASE 1IN Rat LiveEn HoMOGENATIS
PBEPARED IN 0 88 M SUCROSE

Pooted Percentage of Imteal Blood
Preparation Sugar

Homogenate

Nucler and residued cells
Mitochondria

Supernatant after 20 mmn at 18,000 g

prineipally to the supernatant after removal of cellular debnis
and mitochondria

The mactivation of msulin by liver extracts could be m-
hibited by a number of substances (Table IT). Thus, tl}c
a1 tatro addition of small amounts of copper, zinc. and certain
other heavy metals resulted m almost complete suppression of
the msulinase activity, whereas salts of magnesmum, manga-
pese, sodium and calcrum, faled to mﬂueuce‘ the activity of
the system Moreover, the addition of 10-* .}['mdoac‘emte and
1odosobenzoate resulted 1n & marked inhihition of insulmase
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even m the presence of acid, resulted in a destruction of the
mlubitor. Dialysis in the cold led to rapid loss of activity.

Sorae degree of purification of the insulinase-inhibitor was
obtamed by the method used by Grollman and Woods (1949).
With this procedure, an appreciable quantity of the mhubstor
activity of crude trichloracetic acid extracts of beef hver
could be adsorbed on charcoal, eluted with glacial acetic acid
and precipitated with a mixture of absolute alcohol and petro-
leum ether. Although much of the activity present in the
crude extract 1s lost during the process of pumfication, an
approximately four-fold increase m activity is obtamed

In order to determine whether or not the action of the
insulinase-inhibitor was due to a non-specific inhibition of
some protealytic activity, its effect on the proteolytic activity
of erystalline pancreatic trypsin, crystalline chymotrypsimn,
erystalline pepsin, plasmin, and hiver extracts was determined
as exemplified 1n Table IV. Innomstance was an appreciable

Table IV
Lack o ErFecr oF INsULINASE INnmpiTor 0¥ TRYPSIN anp HouaN PrasumN
AcTrviTy
Trypsin and plasmin_acbvities estimated from amount of acid-soluble
“tyrosine-like™ material liberated during incubation for 60 min with a hemo-
globin substrate at 37°C and pH 7 5 The reaction mixtures consisted of

“Tyrosine” Lberated
g fml
Trypsin 1070
Trypsin+mhibitor 1ms3
Plasmin 285
Plasmun 4 mhubitor . 276

mhibition of proteolytic activity produced 1n the presence of
insulinase-miibitor  Such observations, together with those
discussed above, agam emphasize the lack of 1dentity between
msulmase and the more common protemnases.
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parallelism between insulinase activity and the proteolytic
activity at pH 7-5 and 8-5. They noted also that when an
-SH oxidizing agent was added to an extract, both msulinase
and proteolytic activities were mhibited. Consequently, these
mvestigators concluded that msulmase 1s a peptidase in which
thiol groups play an essential réle. Such a conclusion, how-
ever, 1s not i accord with the data cited above nor with the
obscrvation that whereas homogenates of brain and hzmo-
lysates of erythrocytes are rich in proteinase and in peptidase
activity, they show munimal msulinase activity,

During the course of attempts to purify the system respon-
sible for the 2 uro inactivation of insulin by liver homo-
genates and extracts, 1t was noted that the insulinase actinity
could be preapitated almost quantitatively with acetone.
Such precipitates, however, when redissolved m water and
reconstituted to the same volume as that of the extracts from
which they had heen prepared, were invamnably more active
than the crude material, Such observations suggested the
presence of an insulinase-mhibitor in the erude extract.

The actual presence of an inhibitor 1n the acetone-soluble
supernatant solution was readily demonstrated (Mirsky, Sm-
kin, and Brob-Kahn, 1950). After acetone was removed by
distillation in vacuo, and the residue extracted with water,
clear filtrates of the agueous phase were found to contain the
mhibitor, as was demonstrated by their effect in suppressing
the activity of potent preparations of mstitmase  Within
certain limits, the degree of inhibition produced was roughly
proportional to the quantity of mhibitor added

The msulinase-inhibitor was found to be quite soluble in
water, acetone, 95 per cent ethyl aleohol, hydrochloric acid,
and trichloracetic acid, but insoluble m ethyl and petroleum
ethers. Inacid solutions, the inhibitor was quite stable to heat
Tn solutions adjusted to pH 0-35, the mhubitor was not appre-
ciably affected by autoclaving for as long as 30 mnutes at
15 Jb, pressure. Similar treatment at pH 8-0 resulted in con-
siderable loss At pH 11-7, rapid destruction of the inbitor
occurred merely by standing at room temperature. Ashing,
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even in the presence of acid, resulted in a destruction of the
inhibitor. Dialysis m the cold led to rapid loss of activity.

Some degree of purification of the mnsulmase-inhibitor was
obtained by the method used by Grollman and Woods (1949).
With this procedure, an appreciable quantity of the inhibitor
activity of crude trichloracetic acid extracts of beef liver
could be adsorbed on charcoal, eluted with glacial acetic acid
and precipitated with a mixture of absolute alcohol and petro-
leum ether. Although much of the activity present in the
crude extract 15 lost during the process of purification, an
approximately four-fold increase in aetivity 1s obtained.

In order to determune whether or not the action of the
insulinase-inhubitor was due to a non-specific imhibition of
some proteolytic activity, its effect on the proteolytic activity
of crystalline pancreatic trypsin, erystalline chymotrypsin,
erystalline pepsin, plastmin, and liver extracts was determined
as exemplified 1n Table IV. Inno mstance was an apprectable

Table IV

Lack oF EFrecr oF INsuLiNasE INRIBITOR 0N TRYPSIV AND HUvaN Prasiux
AcTIviTy

Trypsin and plasmin actimties estimated from amount of acid soluble

Tyronne” iberated
v ml
Trypain 1070
Trypsin-fnhibitor . s
Plasmin 285
Plasmun 4 nlubitor 26

mhibition of proteolytic activity produced 1n the presence of
insubinase-intubitor.  Such observations, together with those
diseussed above, agam emphasize the lack of identity between
msulinase and the more common proteinases.
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parallelism between insulinase activity and the proteolytic
activity at pII 7-5 and 3-5. They noted also that when an
-SH oxidizing agent was added to an extract, both insulinase
and proteolytic activities were mhibited. Consequently, these
mvestigators coneluded that insulinase is a peptidase in which
thiol groups play an essental réle. Such a conclusion, how-
cver, 1s not 1 accord with the data cited above nor with the
observation that whereas homogenates of brain and hemo-
lysates of erythrocytes are rich in proteinase and i peptidase
activity, they show mmimal insulinase activity.

During the course of attempts to punfy the system respon-
sible for the tn vitro inactivation of insulin by liver homo-
genates and extracets, 1t was noted that the insulimase activity
could be preaptated almost quantitatively with acetone.
Such precipitates. however, when redissolved in water and
reconstituted to the same volume as that of the extracts from
which they had been prepared, were invanably more active
than the crude material. Such observations suggested the
presence of an msuhnase-inhubitor 1n the crude extract.

The actual presence of an inlubitor m the acetone-soluble
supernatant solution was readily demonstrated (Mirsky, Sim-
ki, and Brob-Kahn, 1950) After acetone was removed by
distillation tn racuoe, and the residue extracted with water,
clear filtrates of the aqueous phase were found to contain the
inhibitor, as was demaonstrated by their effect 1n suppressing
the activity of potent preparations of insulinase, Within
certain lumts, the degree of imhibition produced was roughly
proportional to the guantity of mhbitor added.

The nsulinase-inlubitor was found to be quite soluble in
water, acetone, 95 per cent ethyl alcohol, hydrochlorie acid,
and trichloracetic acid, but insoluble 1 ethyl and petroleum
ethers. In acid solutions, the inhibitor was quite stable to heat.
In solutions adjusted to pH 0-5, the inhibitor was not appre-
ciably affected by autoclaving for as long as 30 minutes at
15 Ib. pressure, Smilar treatment at pH 8-0 resulted con-
siderable loss At pH 117, rapid destruction of the inhibitor
oceurred merely by standing at room temperature. Ashing,
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remains so for as long as 162 hours. When ammals which had
been fasted for 96 hours are permtted to feed ad libilum on
stock laboratory rations for 24 hours, the nsulinase activity
of extracts of therr Iivers 1s restored to the range of values
obtained from unfasted rats.

In view of the preceding, the effects of a high-carbohydrate,
a high-fat, and of a balanced diet upon the restoration of the
mnsulinase activity of fasted rats were studied It was demon-
strated that the restoration of msulinase activity per unmit
weight of liver of previously fasted rats occurs equally well
with all types of diet. When the msulmase activity was cal-
culated on the basis of the total weight of the hiver rather than
as per umt weight of liver, 1t became apparent that a high-
carbohydrate diet produces a greater increase 1n the total
msuhinase activity of the liver than do the other diets. Further-
more, since the ratio of the hver weight to the body weight
was lighest in the rats re-fed with the lngh-carbohydrate diet,
such rats contain more liver msulinase per umit body weight.

The assay of the msulinase activity of extraets yields infor-
mation concerning the potental activity relensed after cellular
disintegration and undoubtedly does not represent the actual
“working” activity of the cell prior to homogemzation  Con-
sequently, the destruction of insuhin by shiees of rat hver was
studied (Mirshy and Perisutty, 1952) Slhices of approximately
1 em.?1n size were prepared and incubated m 3 mi of phos-
phate buffer contaimng 8 umits of msulin. At the <nd of the
weubation period, 1 5 ml. of the mcubation mixture, repre-
senting an onginal content of 1 5 umts of wsulm, were re-
moved and admimistered intravenously to a rabbit. The slices
were dried overnight to constant werght The insulinase acti-
vity was then estimated as the “pooled percentage of mutial
blood sugar” and weight of the slices was expressed m terms
of the dry weight.

As could be antieipated, the msulimase actwvity of rat hver
slices 15 much smaller than that of an homogenate or extract
of an equivalent amount of liver, Whereas from 8 to 12 units
of insulin are mactivated after incubation for 30 minutes by.
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In order to cvaluate the physiological significance of insu-
linase, the influence of various factors, known to be associated
with changes in carbohydrate metabolism, on the insulinase
activity of liver extracts was investigated. For such purpose,
the effects of fasting (Broh-Kahn and Mirsky, 1949), and of
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Fic. 1. The effect of fasting and refeeding on 1nsulinase activity
of rat livers Incubation at pH 7 5 and 87°C for the designated
wme  (Broh-Kahn and Mirsky, 1940}

refeeding with various types of diets (Broh-Kahn, Simkimn and
Mirsky, 1950) on the insuhmase activity of liver extracts were
determined.

Fig 1illustrates the eflect of fasting on the insulmase acti-
vity of extracts of comparable quantities of liver. It is evident
that fasting 1s associated with a marked reduction m the insu-
Iinase activity of liver extracts. This reductjon approaches
statistical sigmficance at the end of 48 hours of fasting and
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of the liver slices revealed a highly sigmficant relation in spite
of the scatter. Thus, 1t is apparent that with increasing quan-
tities of liver, there 1s an mercase n insulinase activity., It 1s
pertinent to note that when msuhn was absent from the meu-

o e 0 oo
©
H .
$
a
3 . .
.
ERC
L]
3 .
3 ]
£
H
"
5 100 L
© * .
3§
2
H
& [ .
E o
8o 3
o
= K]
o
° 1o w 30 “«© 50 o

DRY WEIGHT - mgm

Fio 8 The relaton between the qnantity of liver shces of fed

ats and the mactivation of tnsulin  Slices from livers of fed

animals were n 3 ml . uffer

3 units of msulin at pHL 7 5 and 37°C for 60 minutes Ralilits
mjected with 1 5 ml of incubation mixture

bation mixture, the subsequent injection of an aliquot did
not affect the blood sugar of rabbits.

Since fasting results in marked diminution 1n the insulinase
activity of hiver extracts, 1t became pertinent to determine the
influence of fasting on the activity of hiver shees  Fig, 1 llus-
trates the data obtained with shces from hivers of rats fasted
72 hours. Analysis of the covariance revealed that the activity
of shees from livers of fasted rats 1s significantly greater than
of those from fed rats (P < 0-001)
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an homogenate of 800 mg. liver, only about 2 umts are mac-
twvated in the same time by an equivalent quantity of slices.

The linear relation between the duration of the meubation
period and the destruction of msulin by Liver slices 1s illus-
trated in Fig. 2. It is apparent also that the rate of insulmase
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activity, as indicated by the regression of “pooled percentage.’
on time of ncubation, 1s the same for shces weighing approxi-
mately 28 mg. and for shces of approximately 61\'5. mg.,
although the quantity of insulin destroyed at any p{irtlcular
time mterval 1s greater with the larger quantity of liver,
The relation between msulinase activity and the quantity
of hiver shices is illustrated in Fig, 3. Cal.culatlon of the lir.mar
regression co-cfficient of msulinase activity on the dry weight
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As with liver extracts, the insulinase activity of slices of
livers from fed rats is suppressed by the addttion of hver mnsu-
linase-inhubitor to the ineubation mixture (Fig. 5). Analysis
of the covariance Tevealed that the effect of the mlubitor on

T i sanasivar
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T
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the msulimase activity of dufferent quantities of Iiver shees 1s
tughly slgmﬁcunt (P < 0 001)

The physiol of and )
nhibitor 15 difficult to establish at the present time. The
presence of these factors, however, supports the hypothesis
that an msufficiency of insulin may result from an mcreased
destructton of insulin, erther 1n consequence of an increase 1n

msuhnase activity or of a decrease 1 the availability of the
insubinase-ihibitor.
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The discrepancy between the cffect of fasting on the msu-
linase actrvity of extracts and of shees suggested that although
the total potential insulinase activity may be diminished, the
msulinase-inhibitor may be diminished to a greater degree
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Fic 4 The relation between the quantity of Iner slices of
fasted rats and the mactivation of insulin.~ Shices from livers
of 72 hour fasted ammals were incubated in 3 ml. pliosphate
buffer contaiung 3 units of snsulin at pH 7 5 and 87°C for 60
minutes Rabbits injected with 1 5 mi of incubation misture.

so that the bal between insul and
bitor 15 m the direction of an aug tation 1n the
activity of shees, Accordingly, 1t was postulated that an
wsulinase-mhibitor may be present mn the stock laboratory
diet of the rat. Assays of trichtoracetic acid extracts of =i
the components of the stock laboratory diet revealed the
presence of insulinase-inlbitor activity in corn gluten only.
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Iiver invico ‘They injected insulin nto the splenic vein and compared
the hypoglycemra with that resulting from the mjection of insulin
wnto the femoral vein They demonstrated that the insulin was less
effective when myected mto the splemic vern than when injected into
the femoral vein
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DISCUSSION

Luxens: I presume that the statement that *‘there 15 no mnsulinase
1 plasma” includes the testing of the plasma of diabetics?

Mirsgy I admit that statement referred only to normal ‘patients.
The plasma taken from patients with diabetes tested in this manner
showed mtmmal activity. The plasma from patients with insulin resis-
tance may show activity, as Marsh and his associates demonstrated.
‘We are convinced that 1n the plasma of such patients there may be a
system wiuch does destroy insulin and which 1s not proteolytic

Luxcns: Since you were testing this in the hver slice, have you

method we are using It 18 for such reasons that for the last two years
v N i TOAE I b v

o

inactivation does or does not oceur.

. N

et imdvestes the presence of msulimase  We have found if in shees,
Levine’s group have demonstrated the mnactivation of mnsulm by the
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carbohydrate metabohism by mobilizing the glucose reserves
and distributing them to the tissues. Followmg injections of
these hormones there may be a rise in the blood sugar level
(Janes and Nelson, 1940), a dilation of the capillaries of the
skin (Reynolds, 1941) and uterus (Williams, 1948}, and a depo-
sition of glycogen 1n the vaginal and uterine epitheha (Robert-
son, Maddux and Allen, 1930). There 15 also some evidence,
discussed helow, of mcreases mn the uterine respiratory rate
and of the ATP and creatine phosphate content.

Methods

The analysis of the relationship between cestrogens, carbo-
hydrate metabolism, and mitosis was carried out with mouse
ear epidermus in vitro, and the method used was that deseribed
by Bullough and Johnson (1951a) Fragments of ear were
incubated 1 a phosphate-buffered saline medium with added
glucose, and were contained 1n Warburg flasks with a gas phase
of oxygen Each experiment, carried out at 38°C.] was con-
tinued for five hours. During the first hour those mitoses
which were already present when the ears were removed from
the muce were allowed to pass to the telophase Colehicine
was then tipped from the side-arm to arrest in the metaphase
any mtoses which developed during the subsequent four
hours. Finally the ear fragments were fixed and sectioned, and
the numbers of mitoses present were counted.

One advantage of this techmque was that no unknown fac-
tors were introduced with the medium, as would have been the
case 1f serum or embryo extracts had been used. Unknown
factors were, of course, mtroduced with the ear fragments
themselves, and, as far as could be ascertamed, the most 1m-
portant of these seemed to be the size of the carbohydrate
reserves within the epidermal cells (although m a normal
mouse these were found to be so low that they could be largely
disregarded), and the hormonal complex present 1n the mouse
tissues at the time of death. This second factor proved to be
hughly important, and beeause of the vanations 1n the epider-
mal cestrogen content during the eestrous eyele, normal female
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SEX IIORMONES, PREGNANCY
AND CARBOHYDRATE METABOLISM

ESTROGENS, CARBOHYDRATE METABOLISM,
AND MITOSIS

WILLIAM § BULLOUGH

Introduction
It has long been recogmzed that cestrogemic hormones

stimulate the growth by mrtosis of the female accessory sexual
structures (Burrows, 1949), and more recently 1t has been
appreciated that this mitogeme action of the cestrogens 1s
also felt in a varety of non-sexual tissues (Bullough, 1948}
In particular, the effects of these hormones on mtotic activity
have been studied in mouse epidermis (Bullough, 1950q, b).
Even more recently, a study of the physiology of epidermal
cell division has led to the striking demonstration that by far
the most critical single factor determming the degree of
mitotic activity 15 the rate of epidermal energy production
(Bullough, 1952). The Malpighian cells are only able to divide
in aerobic conditions when significant quantsties of energy are
produced through the tricarboxyhe acid cycle (Bullough and
Johnson, 19518).

Having thus demonstrated that two factors, the presence
of cestrogenic hormones and a high rate of energy production,
both stimulate epdermal mitosis, the question naturally
arises whether all, or part, of the mitogenic action of these
hormones is obtamed through a stimulus to energy production.
Alrcady 1t is known that cestrogens do in some way aflect

278
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to avod it by substituting L-lactate as substrate 1n place of
glucose. In a prelminary experiment the optimum concen-
tration of L-lactate was determimed, and it was found to
approximate to 0-023 as in the case of glucose. An experi-
ment was then carried out with cestrone, and the results are
summarized in Table 1I.

Table IT
N N o . B . ¥ Usrr
T BATED
. . . " Eicn
Substrate
0 0w glucose © b2 Llactate
None
atone +10y astrone alone +10y astrone
04z 65+ n 2y 13 84 13 2t
¢ 06 010 o 81 093 0 67

Two important conclusions emerge from these figures, First,
1t 15 evident that optunum L-lactate 1s approximately twice
as effective as a substrate for epidermal mitosis as 1s optimum
glucose, and indeed the result obtained with L-lactate 1s
approximately the same as that obtamed with glucose plus
cestrone, The second canclusion is that when estrone 15 added
to L-lactate no further stimilus 15 obtamned. Similar mtosis
counts were later made when pyruvate was used as substrate
1n place of L-lactate, and all these results are clearly in agree-
ment with the suggestion that the point of action of cestrone
15 at some stage of carbohydrate metabolism between extra-
cellular glucose and mtra-cellular pyruvate.

(Estrone and Hexokinase

When enquiring which of the pre-pyruvate stages may be
the one pnmarily affected by cestrogenie hormones, considera-
tion was given to the fact that, on the one hand, epidermal cells
show httle or no sign of glycogen depasition, whule, on the
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mice could not be used. While ovamectomized mice were tried
with success, 1t was found much smmpler to use normal adult
males. When well-fed and kept in uniform conditions, it was
found that male mice mamntain a relatively constant hormonal’
state, and that their epidermal mitotic rate responds promptly
to the presence of eestrone tn vetro. The following experiments
were therefore all based on the ear epidermis of normal Krey-
berg’s WLL male mice of between three and six months of age.

(Estrone and Glucolysis

Confirmation was first obtained that cestrogenie hormones,
such as cestrone, are able to stimulate eprdermal mitotic
activity in wiro as readily as they do in zwo. A typical ex-
periment 1s recorded n Table I and 1t can be seen that cestrone

Table I

AVERAGE NUMBERS OF MITOSES ARRESTED BY COLCHICINE IN 4 HR. 1v UNIT

LENGTHS (1 CM ) OF SECTIONS 7 THicK oF E4r ErpERMIS INCUBATED AT

88°C 1~ SALINE MEDIUM W13t 0 023 GLUCOSE AND AN OXYGEN GAs PH1sE
Eacnt FIGURF 1S THE AVERAGE OF 10 OBSERVATIONS

(Estrone concentration per 4 ml culture medsun

o | 5 o | 507
82+ 14 24 5 0% 11 3+
0 as 167 0 83 o

45

in optimum concentration causes an approximate doubling of
the mitotic rate.

A working hypothesis was then adopted that hormones such
as cestrone may exert at least part of therr mitogenic action
through some stimulus to energy production within the epi-
dermal cells, or, in other words, that they may facilitate some
rate-limuting reaction m the process of energy production.

The first test of this hypothesis mvolved an attempt to
locate the approximate position of the supposed rate-imiting
reaction by discovering whether 1t is situated before or after
the end of glucolysis. If it hes at some point between extra-
cellular glucose and the end of glucolysis 1t should be possible
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to avoid it by substituting L-lactate as substrate in place of
glucose. In a prelimmary expermment the optimum concen-
tration of L-lactate was determmed, and 1t was found to
approximate to 0-02) as m the case of glucose. An experr-
ment was then carried out with cestrone, and the results are
summarized in Table II.

Table 11

AVERAGE NUMBERS oF MITOSES ARRESTED By COLCHICINE IN 4 HR IN UNIT

LeNcTis (1 ©) oF SECTIONS 7u Tuick or Ear ErtbERWS INCUBsTED

AT 38°C IN 4 ML. SsLINE MFDIUM WITH AN OXYGEN Gas Puase Each
FIGURE 1S THE AVERAGE OF 10 ORSERVATIONS

Substrate
0 0N glucose © 02w L-lactaie
Neone
alone l + 10y astrone alone +10y astrone
04t 65+ ozt 12 8+ 13 24
o 06 010 081 091 o 61

Two important conclusions emerge from these figures. First,
1t 15 evident that optimum L-lactate 1s approximately twice
as effective as a substrate for epidermal mitosss as 15 optimum
glucose, and indecd the result obtammed with L-lactate 1s
approximately the same as that obtamed with glucose plus
cestrone. The second conelusion 1s that when cestrone 15 added
to L-lactate no further stimulus 1s obtaned. Simlar mitosis
counts were later made when pyruvate was used as substrate
m place of L-lactate, and all these results are clearly in agree-
ment with the suggestion that the poimnt of action of cestrone
is at some stage of carbohydrate metabolism between extra-
cellular glucose and ntra-cellular pyruvate

(Estrone and Hexokinase

When enquinng which of the pre-pyruvate stages may be
the one primanily affected by cestrogenie hormones, considera-
tion was given to the fact that, on the one hand, epidermal cells
show little or no sign of glycogen deposition, while, on the
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other, they have a low rate of energy production (Q0,=
approximately 1-6 to 2-2). It appeared that if only one
rate-imiting step exists and if this lies hetween glucose-6-
phosphate and pyruvate then there should be no bar to active
glycogen deposition, while, alternatively, if it lies between
glucose-6-phosphate and glycogen then there should be no
bar to active energy production. Such an argument suggested
that the critical step might be the only one common to both
these processes, namely the hexokmase reaction, and the
effect of cestrone on this reaction was next examined.

If the mrtogenic action of cestrone 1s primarily due to a
facilitation of the hexokmase reaction, then 1t should clearly
be possible to obtam the cestrogen effect by means of msulin.
Prelimmary experiments were performed, with glucose as sub-
strate, to test this and to discover the optimum msuhn con-
centration. After confirmation had been obtained that msulin
has a strong mutogenic action, the experiment recorded m
Table I1I was carried out.

Table 111
AVERAGE NUMBERS OF MtTOSES ArrEsTED BY COLCHICINE IN 4 HR IN UNIT
LENGTHS (1 CM ) OF SECTIONS 7u THICK OF EaR EPIDERWIS INCUBATED &T
88°C 1N 4 ML, SALINE MEDIUM AND AN OXYGEN Gas Prase Eacu FIGURF
1S THE AVERAGE 0F 10 OBSFRVATIONS

Substrale {
0 02 glucose l
None
1 +350; +1 strone
R
13+ 7 6% 1 3+ 12 04 n 2+
025 0 36 0 50 119 0 45

Evidently the mrtogenic actions of optimum concentrations
of cestrone and msulin are approxmmately the same, and
furthermore these actiens are not additive

With this support for the present hypothests, attempts were
next made to bypass the hexokmase reaction by using phos-
phoryhted compounds as substrates m place of glucose. The
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first attempt was made with glucose-1-phosphate, but both
the samples obtained failed to support any epidermal mitotic
activity at all. Indeed, with concentrations of more than
0:03y the cells were seen to be damaged A second attempt
was then made with fructose.1,6-diphosphate, but this too
failed to support any mitotic activity. An analysis of the
results suggested that these and similar phosphorylated sub-
stances may be unable to penetrate the cell walls, and this
line of attack had to be abandoned

Two further attempts were then made to avoud the hexo-
kinase reaction The first was a development of the point
made above, that in certain errcumstances the carbohydrate
reserves already 1n the epidermns at the time when 1t 1s sepa-
rated from the mouse may affect the results subsequently
obtained in vitro. An attempt was made to merease substan-
tially these intraceflular reserves on the theory that, since
they must already have passed the hexokinase reaction, any
eestrone added 2 vitro should be without effect on their rate
of utihization The mice were given prelmmary mnjections of
from 10-40 my. of glucose one hour before they were killed,
and fragments of their ears were then incubated both with and
without substrate and with and without cestrone. The results
are shown m Table IV.

Table IV

Previous treatment of mice

Substrate e
anpected anjected angecled
None ) 1g mf “ghucoss | 20 md ghacose | 40 mE Eiacose
none ] 18+016] 53050 | 112406512 140 58
none 410y

@strone 15+£021 | 5640361054055} 12 040 81
O02vglucose | g 83021 7430321083062 1235118
0 0231 glucose
+10yestrone. | 10 040 71 | 9 64100 | 10 640 41 [ 12 441 02
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E\'l(lcntly such prehiminary treatment with glucose can
raise considerably the mitotic rate in vitro, and it is elear that
when the earbobydrate reserves are mnereased in this way the
mrtegenic action of awstrone 1s no longer scen,

1t could, of course, be argued that one effect of such pre-
fiminary glucose injections would be an mereased rate of in-
sultn seeretion, so that when the car fragments were detached
from the body they would contamn an unusnally large coneen-
tration of ths hormone. However, it would seem that, while
this factor mught have mfluenced the glucose uptake, and
therefore the mutotic rate, in those groups where glueose was
supphied 10 the ealture medmum, 1t would be unlikely to have
miluenced the results obtamed with 2 sabne medium alone.
These experiments may therefore be held to support the argu-
ment that the actzon of cestrone s on some early step tn carbo-
hydrate metabolism such as the hevokimnase reaction.

Fructose and Epidermal Mitosis

In a final attempt to relate the cstrogenie hormones to
some particular reaction in the early stages of carbohydrate
metabolisi, the value of fructose as & substrate was mvesti-
gated. In mtroductory expermments, the reactions of the epi-
dernus to fruetose were exammed tn order to discover whether
the tissue 15 capable of utihzing tins sugar at all. The unex-
pected result was that fructose in optimum concentration
{6-02:) 15 almost twiee as effective 1 supporting emdermal
mitosis as is glucose i optimum concentration.

The second question to be answered was whether the epi-
derras, like the hver {Cort, 1930}, cantains separate gluco- and
frueto-kinases which provide separate routes of entry for
glucose and fructose. Expertments were earmed out with
insulin and with growth hormone. It was found that, whereas
with o sabstrate of glucose msuln stimudated and growth
hormone mhibited matotie activity, with & substrate of fruc-
tose both these hormones were without effect, This result
seems to indicate clearly the existence of a glueokinase which
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is mfluenced by these hormones and of a fructokinase which
1s not (see Table V).

Table V

AVERAGE NUWBERS OF MITOSFS ARRESTED BY COLCHMICINE 1N 4 HR 1N UNiT

LeneThs {1 ov.) or SECTIONS Ti THICK OF EAR EPIDERMIS INCUBATED AT

38°C 1x 4 ML SALINE MEDIUM AND AN OXYCEN Gas Prase  Eacit FIGURE
53 THE AVERAGE OT 5 OBSERVATIONS

Substrate
0 02 glucose © 024 fructose
None
oo 451
+ 5ty tom +50,
Fall B R B S O I
b1+ [ 7+ 121+ 1o 133+ [0+ [125+
0 33! 0 52 © 89| 0 39 072 113 o 3]
Table VI
~ . . . L. -
Substrate
None © 023 glucose 0 02 fructose
alone + 10y astrone alone. +10y wairone
13+ 764 1 3+ BIICHY 1 34
025 036 050 100

Experiments were then performed with cestrone, and 1t
was found that the results obtained with fructose as substrate
compared closely with those previously obtamed with L-lac-
tate. It was confirmed that fructose, ke L-lactate, 1s almost
twice as effective as glucose 1 supportmg eprdermal mitotic
activity, that the numbers of mitoses obtamed with fructose
are approximately equal to those obtamed with glucose plus
cestrone; and that when oestrone 1s added to fructose it fails
to produce any mitogenic action
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Thus the curious conclusions emerge first, that an efficient
mechanism exists within the epidermis for the phosphory-
lation of fructose, a sugar which in normal circumstances ean
hardly ever reach the skin in significant quantities, and second
that while the rate of epidermal glucose uptake is affected by
the hormonal complex, that of epidermal fructose uptake 1s
cvidently not. More important for the present argument,
however, 15 the evidence which the use of the fructokinase
route 15 able to provide 1n support of the theory that one im-
portant action of aestrone, like that of insuhin, 1s on the gluco-
kinase reaction. There now seems to be httle doubt that the
greater part, if not the whole of the mitogeme action of
cestrone is related to a facilitation of this reaction. The only
other reaction which mught be involved 1s the first step m
glucolysis, the conversion of glucose-6-phosphate to fructo-
furanose-6-phosphate. However, with glucose as substrate,
any stimulus to this reaction alone could obviously not cause
glycogen deposition, and, as discussed below, such deposition
15 one of the characteristic effects of cestrogenic action

At this point several problems immediately present them-
selves. It 1s of obvious interest to try to discover how far an
cestrogen (or other related compound) may act as a substitute
for mnsulin, whether the actions of these two hormones are
normally synergistic, or whether their effects w2 viwo are in
fact quite separate. Then there 1s the still unexplored problem
of the androgens and other steroid hormones, and the highly
mportant question whether the reactions which can be
demonstrated tn vitro are also evident :n vivo. These and other
stmilar questions are now being studied

Conclusions
The mam conclusion arising from the above data 1s that the

mitogenic action of the cestrogenic hormones, at least in the
epidermus, appears to depend to a high degree on some
stimulus to the phosphorylation of glucose, It 1s thought that
epidermis 15 normally half-starved for glucose (Bullough,
1952), and this may be taken as an indreation erther of its poor
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blood supply or of its small capacity for absorbing such glucose
as is available m 1ts vicimty. Thus, at the moment 1t 1s 1m-
possible to suggest whether the cestrogenic hormones may act
by stimulating the phosphorylation of that glucose which has
already penetrated mnto the cell, or whether they may assist
glucose uptake by stimulating its phosphorylation at the cell
surface.

If the cestrogens indeed facilitate the glucokinase reaction,
it may be expected that they will stimulate hoth energy
production and glycogen deposition Neither process 1s easy
to demonstrate in the epidermis. Even in optimum conditions
the rate of glucose intake 1s apparently low: the QO, remains
atabout 2 0, and glycogen cannot usually be seen 1n the cells
However, m more active tissues, such as those of the uterus,
the cestrogens are reported to have a powerful effect in stimu-
lating both anaerobie glycolysis and respiration (Kerly, 1940,

Carroll, 1942), and 1 mcreasing the ATP and creatine phos-
phate concentrations (Menkes and Csapo, 1952). Smmilarly,
1t 15 well known that the cestrogenie hormones induce such
heavy depesits of glycogen n the cells of the liming emitheha
of parts of the Mullerian duct that vaginal smear techmques
based on the stamnmg of this glycogen have been devised
(Burrows, 1949). .

Since stress has been laid on the similarities of action of
cestrone and msulin, 1t 15 mmportant to preserve a proper
balance by mdicating therr differences Clearly these differ-
ences must be considerable or the cestrogens would have been
found to be fully effective against diabetes, wlile msuhn
would have been recognized to be an wstrogemc hormone,
‘While the details of the differences have not yet been properly
explored, one pomt of possible sigmficance has already
emerged, namely that, while msulin has an effect 1 a tissue
munce (Krebs and Eggleston, 1938), the cestrogenic hormones
apparently have not In complete contrast to the present
argument, cestradiol has been found to mduce a respiratory
mhibition 1n liver homogenate (Guidry, Segaloff and Altschul,
1952). While such a contradictory result may prove to be
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explicable in terms of dosage, 1t seems equally possible that
the route through which cestrone influences the glucokinase
reaction 1s normally destroyed by mincing,

Evidence 1s now accumulating that the glucokinase reaction
may be particularly susceptible to hormonal interference.
There are two hormones known, the glucocorticord hormone
and the pituitary growth hormone, which mhibit this reaction,
and two others, msulin and cestrogenic hormone, which stumu-
late 1t. Cor (1950) has suggested the possibility that the two
mhibitors may normally act synergistically, and the possi-
hty must not be overlooked that some simiar situation
may exist In the case of insulin and ccstrogen.

In several respects the present paper 1s a postseript to that
of Houssay (1951), and it 15 interesting to reconsider briefly
the views there expressed on the relation between the gonad
hormones and exper: tal diabetes. Abund. evidence
was put forward to show that the presence of active ovaries
15 & protection against diabetes 1n rats from which 95 per cent
of the pancreas has been removed. This protection 1s largely
destroyed by ovariectomy, but 1t can be replaced by injections
of cestrogenic hormones. In analysmg the antidiabetogenic
action of these hormones he remarked that “the peripheral
action of astrogens upon carbohydrate metabolism 1s not yet
well known,” and he suggested that therr protective value
‘““seems to be due chiefly to the fact that they produce hyper-
trophy and hyperplasia of the 1slets of Langerhans m the
pancreas ” The mitogenic action of cestrogenic hormones on
the cells of the 1slets of Langerhans has also been described by
Bullough (1946), and evidence reviewed by Burrows (1949)
indicates that these hormones may stimulate, directly or in-
directly, the rate of msulin secretion.

1t therefore appears that, while :n tutro the action of cestrone
on the epidermis may be primanly through a stimulation of
the glucokinase reaction, in vivo its action may be much more
complex, affecting the glucokinase reaction, the rate of cell
multiplication in the islets of Langerhans, and the rate of

insulin secretion.

<
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Summary

1. The relation between the estrogeme hormones and car-
hohydrate metabolism has been explored, using the rate of
mitosis in mouse ear epidermis as indicator. The experiments
were carried out in a phosphate-buffered salme medium and
an oxygen gas phase,

2. With glucose as substrate cestrone induces a doubling
of the imitotic rate, but with L-lactate or pyruvate as substrate
the double rate is obtained without the addition of cestrone,
which indeed provides no further stimulus.

8. The action of cestrone thus appears to be on some rate-
lmiting reaction between the extra-cellular glucose and intra-
cellular pyruvate, and experiments have been performed
which indicate that the hexokinase reaction 15 the one most
probably mvolved

4. Tt has been found that mouse ear epidermis contams
separate gluco- and fructo-kmases. With fructose, as with
L-lactate, the mitotic rate 1s double that obtained with glu-
cose, and the addition of cestrone has no effect. This 1s taken
to indicate that the reaction facilitated by cestrone is either

glucose ~—> glucose-6-phosphate or gl 6-phosphate —>
fructofura: 6-phosphate, and arg ts are advanced m
favour of the first alternative.
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DISCUSSION

Best Can you see all the cells here—how do you count them?

Buriouem: After fixation, fragments of ear are sectioned at 7p,
and the numbers of mitoses are then counted in 1 cm. lengths of the cut
epidermis I supposc that strictly one ought to measure mitotic activity
as, say, the numbers of mutoses/10,000 cells, but in fact the labour
mvolved would be enormous and I have found the shight approximation
mv.olved i my method to be ummportant So those figures (1,7,14]
which I put on the board are actually 1,7.14 mitoses/cm. length of
ear epidermis cut 7x thick

BesT You mentioned that there was no glycogen present Do you
get glycogen formed 1 the epid

Burrouen It forms shortly after wounding, and also after 1rritation
with such a substance as eroton oil. Whenever there 1s inflammation

I think
BrsT.
BurLc
Youn . . B

will be to try to discover how these hormones mteract when they are
both present together
Youne: Is 1t necessary for us to assume that they both have an
action 1n the hexokinase system, even though they do antagonize each
other? It scems to me that the amount of ATP available at the cell
surface mught be a hmuting factor, and that under the mfluence of
N - " Tt ’ " "7 may
wuhn.
vstem
it the

cell surface.
BuLrouen Yes, that 1s quite possible. It1s an open question whether

the hormonal action takes place nside the cell or on the cell surface.
However, we do know that the carbohydrate content of the epidermus
1s very much lower than that of the blood, and that therefore the
gradient is n a normal direction, glucose entenng with the gradient and
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not agamst it This entry may he a process of simple diffusion and the
hormones may act inside the cell, or alternatively entry may be an

come hmitmg as long as gl colysss 1s going on.

Youns- The amount of ATP available at the cell surface may not
necessarily be indicated by the total ATP.

Brst: These blocks seem to go either 1n one step or two steps, was
that just the nay you made your observations?

BuriovcH: No, that is the way 1t works out, I don’t know why
With insulin or estrone you can get just about double the normal
mitotic rate. Incidentally, you can also obtamn this doubling without
cestrone 1n the culture medium if the hormone 15 injected mnto the animal
before the ear 1s taken off. (Estrone does not wash out of the ear
fragments

Lawrence: 1t may be of interest i relation to cestrogen action and
nsulin that chinically speaking 1t seems to me quite certan that for a
day or two before the menstrual period, women patients have a great
tendency to develop hypoglycenua, i other words, the msulin seems
to be acting more strongly one or two days before the first day of the
peniod, after which the usual balance returns

Dickens: Have you tried any what I call “near cestrogens,” 1e.
substances which are not cestrogenie but which have closely related
structures? The reason I ask this 1s because there was a paper by
McShan and Meyer, of Madison, m which they said that wstrogens
speeifically intubited suceinexidase Case and I re-investigated that and
it seems that the 1s rather I with

PrOTEN

shup does not also play a part in this seres.
ki

have been usimg are chemucally only remotely related to stilbeestrol.

srea wal LUIESLLOZENIE WOHIL B15¢ U0 1L
Buitoven I'm hoping to test one or two of these near-related
campo 20
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non-cestrogenic substances this summer, but the answer to your question
may take a hittle time to work out.

DickLys  About the fructose utihzation, there 15 of course the well
known observation that bran cortex (Loebel, Biochem Z., 1923, 161,
219) oxudizes fructose without converting 1t to factic acid: 1t has not
the abihity to form lactic acid. Greville and I (Buwchem. J., 1933, 27,
832) showed the same with the retina.

GaanenstrooM  May I ask Dr Bullough 1f he knows whether his
effect with glucose, with lactate, and with fructose, is the maximsal
effect which can be obtamed?

Buiroven That s an important question, and one about which I
am rather worried. You will notice that i all the cases I have quot
we bumped up agamst this figure 14 and failed to get any higher Jam#a
httle suspicious about this Certainly, wn ttvo, this 1s not the maxnm'.ll

of the expertments In tro the maximum reaction 1s seen after about
24 hours: n vitro no experiment has contmued longer than 5 hours.

GaarcnstrooM Did you ever use lower doses of fructose or lactate?

BurLouent Yes. but these were the optimum doses

Neepnam: May I ask 1f 1t 18 possible to get enough materal to do
enzyme experiments? Also if one could do enzyme experiments, how
would they reflect what 1s happemng 1n the epidernus m relation to
what 1s happening in the rest of the skin? Is 1t possible to separate the
epidermis from the rest of the skin?

Buirover. Yes, you can separate epidermus quite readily from

'
snag there would be to get 1id of the harrs. Of course the hairs them-
selves are inert, but the hair follicles are highly active 1n a cyclical
B I I DAY R | Dacarshlv- hauever, you could

you suggest,

happy about

18, one would

han in males

= Amd 4hes mascac o vemy anterecting pomt. It 1s clear
creasing energy pro-
ses which depend on
the epidermis The
he mitotic rate, you
tion and with 1t the
1de himts, however
do not cause much

high you ramse i wpaues
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phenomenon

Swyer This 1s a very mee explanation, but 1t raises still further
anomaltes, Does 1t mean that females slough their skins more rapidly
than males, and that females secrete more sebaceous matemal? I
thought 1t was the other way round

Burroucn You may possibly be right, much observation remains
to be made before & complete answer can be given

WoLsTENROLME In conditions like acne which you mainly get mn

1 e, often worse at periads, you Mmay use &cstrogens

i order to get that sloughing and to stop the sebaceous sceretion;
you also may treat your aene with androgens or adrenocortical
extracts.

Brirouen It’s very curous that 1t has been reported that if you

sebum

It seems that continuous treatment with cestrogens in viwo causes
many complications  For mstanc the inereased mitotic activity lasts
for Jess than 48 hours, and then even though you contmnue strogen
treatment, the mitotic actinty cuts night down. Now the only way I

pituttary hormones, and niot to the cestrogens themselves

Love  Some years ago we noticed what has been called the cortico-
Mametin affert af metramanc T e oloraman Aasen e MLt o1

Burroven Yes, you can also prevent the imtotic cut-out if you take
out the prtuitary instead of the adrenals, either will do. The route
seems ta he through the prturtary, down to the adrenals

Lo~G. Levin showed that long-continued admimistration of these
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substances produced very large adrenal glands in his rats  They were
practically depleted of ipid too.

Rest: There 1s a large increase in the weight of the 1slands of Langer-
hans after prolonged admimstration of cestrogens, Dr. R. E Haist m
my department has been studying this for some years. You get it with
stilbeestrol and with progesterone.



HORMONAL ASPECTS OF CARBOHYDRATE
METABOLISM IN SEMEN AND MALE
REPRODUCTIVE ORGANS

T. MANN

Tur composition of semen 1s subject to considerable
vamation according to the relative proportion of its chief
components, the spermatozoa and the serunal plasma, The
serunal plasma, which 1s a mixture of secretions produced
by the male accessory glands of reproduction, depends, so far
as volume and composition are concerned, upon the variable
contribution of these organs. The output of the accessory
glands 1s governed by the actual size and storage capacity
of each of the glands, particularly the epdidynudes, prostate,
seminal vesicles and Cowper’s glands. These are the facts
which underhe the stmking fluctuations encountered m the
make-up of semen from different species and also from
dufferent individuals belonging to the same spectes These
differences apply equally to morphologieal as well as to
chemical charactensties of semen, as can be seen from Table
I In all five species histed in thus table, the cluef carbohydrate
constituent of the semen 1s fructose {(Mann, 1946) This sugar

Table 1
SPECIEs DIFFERENCE IN COMPOMITION OF SEMEN

Man Bult Ram Rabbit Boar

Volume of
ejaculate (ml )} 26 23 [ 0 4-1 | 130-300
Spern density
{thousand/l ) | 50-150 | 3002000 | 2000-3000 | 10n-2000 [ 25330
Fructose
{mg 100 ml) | 50-500 | 150050 | 200.500 | 500330 | 5-30
Crtne acid
(mg /100 ml) | 80-800 { 5001000 | 80-go0 | 50-1200 | 30-300

293
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does not occur in the sperm cells as such but forms part of
the seminal plasma, and is dertved from the seminal vesteles
or functionally related glandular structures. At the site of
therr origin in the testes, the spermatozoa, immotile, have
no fructose at their disposal. They come into contact with
{ructose during the ejaculation, and 1t 1s only then that they
aequire the substrate for the energy-yielding process of sperm
fructolysis.

Less pronounced but nevertheless highly sigmificant, are
the individual varations which oceur i the composition of
sceretory fluids obtamed directly from the accessory glands
of reproduction. This 1 illustrated by Table II which gives
the results of some recent chemieal analyses carried out on

Table 11
INDIVIDUAL DIFFERENCES IN COMPOSITION OF BBoAR VESICULAR SECRETION |

Doar | Toal eolume woneme | Inowsal
(n0) of weretion it ] oo ooty | ooty | md o)
1 30 15 250 82 2335
2 52 23 139 95 2380
3 170 55 293 84 2610
4 360 108 238 106 2350
5 550 124 981 89 2135

the semunal vesicle secretion of several boars, and meludes,
apart from fructose and citric acid, two newly discovered
constituents of the boar vesicular secretion, that is ergo-
thioneme (Leone and Mann, 1951) and meso-mnositol (Mann,
1951a). Tt will be noted that the level of fructose and citrie
acid fluctuates much more than that of ergothioneine or
inositol; furthermore a distinct paralleism can be observed
between the volume of the secretion and the concentration
of fructose, but not of ergothioneine.

Metabolic Effects of the Male Sex Hormone
Among the factors which control the size and the secretory
capacity of the male accessory organs, and thus determine
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the actual volume and composition of the seminal plasma, the
testicular haormone ranks highest in importance. In the past,
it was usual to assess the relationship between the activity of
the male sex hormone and the functional state of the male
accessory organs on purely morphological grounds  Thus, for
example, in order to define the response of rats to eastration
and to the action of testostcrone, the changes in weight of
say, the prostate or seminal vesicles, were taken as a measure.
However, such an assay can be performed on the organs of the
animal once only, that 1s after 1t has been killed. Therefore,
the practical value of this procedure, particularly as apphed
to endoermological studies in man or the higher ammals, is
obviously mited. It occurred to us that it should be possible
1o obviate these dafficulties if we could prove that the activity
of the testieular hormone in the male 15 reflected in the
chermical composition of the semmal plasma, because then
we could substitute the morphological criteria with accurate
chemical measurements 1 ejaculated semen, and claborate
“hormone indicator tests” on a quantitative chermical basis,

The first experiments m this direction, carried out on
tabbits, showed that within two or three weeks after castra-
tion, the content of fructose i the rabbit semmal plasma
dechned from 500 pg. to less than 20 pg. per ejaculate, and
that the post-castration fall could be prevented or, if already
developed, restored by the subcutaneons mmplantation of
testosterone (Mann and Parsons, 1947) The sensitivity and
adaptability of the “fructose test” can best be judged by the
followmng experiment for which six bull calves were used
{Mann, Davies and Humphrey, 1949). These anmmals were
castrated when two to three weeks old, which 15 several
months before the appearance of either fructose or citric
acid 1n the semunal glands  Seven months later, two of
the castrated ammals were mplanted subeutaneously with
500 mp. testosterone each, and, together with the four
untreated control smmals, they were kept for another
four weeks, All six anmals were then slaughtered, and
the seminal glands analysed. st lly, the diffe
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between the seminal glands of the testosterone-treated and
untreated amimals was hardly noticeable; the tubules were
approximately of the same drameter, therr epitheltum of about
the same height. Chenucal analysis on the other hand of
fructose and eitric acid most convineingly showed that where-
as the semmnal glands of the hormone-untreated calves had
no more than a trace of fructose and no citric acid, those of
the two testosterone-treated anmmals contamed 48 and 55 mg.
per cent fructose, and 23 and 16 mg, per cent citrnie aerd
respectively.

Here are some of the problems n sex endocrmology which
were nvestigated during the last four years with the aid of
either the “fructose test” or the “citric acid test” as indi-
cators of male sex hormone activity.

Time Relationship between the Spermatogenesis and the Onset
of Secretory Actwity in the Male Accessory Organs. In young
normally developg males, fructose and ertric acid appear in
the aceessory glands of reproduction at an early age, well in
advance of any signs of active spermatogenests (Davies and
Mann, 1947) In bull-calves, for example, the secretion of both
fructose and ertric acid 1s well under way in animals winch are
no mcre than four months old, whereas the first mature sper-
matozoa appear in the bull at the age of about twelve months |
{Mann, Davies and Humphrey, 1939) Since the secretion of
fructose and citric acid has been shown to depend on the
presence of the male sex hormone, 1t must be concluded that
this hormone begins to function 1n the male body well m
advance of the actual spermatogenesis.

Quantitative Assay of Testosterone. There 15 a proportional
relationship between the dose of testosterone injected mnto
castrated rats, and the response of the accessory organs
expressed by their ability to produce fructose and citric acid
(Mann and Parsons, 1950), this made 1t possible to usc the
quantitative determinations of fructose and eitric acid as a
sensitive method for assaymng small amounts of testosterone.

Androgenic Polency of Progesterone. When castrated male
rats were injected with 25 mg. progesterone daily, for three
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weeks, the increase in size of the accessory glands was
insignificant.  Chemucally, however, a distinct effect was
detected: from the values for fructose and citric acid we
were able to establish that m the rat, the androgemic
potency of 25 mg. progesterone was Just above that of
0005 mg. testosterone proplolnte (Price, Mann and Lutwak-
Mann, 1949).

Hormone-induced Formatwon of Fructose and Curie Acid i
Transplants from Male Accessory Glands of Reproduction.
The abiity of the male aceessory glands to elaborate fructose
and citric acid does not necessanly depend upon the preser-
vation of mtact anatomical hinks with the rest of the male
reproductive tract. Small fragments of rat accessory gland
tissue, 1 mg. i weight, transplanted subeutaneously into
adult male hosts, grew well, and when dissected after two or
three months of subcutaneous development, showed a high
content of fructose and citric aeid, Such transplants could be
grown equally successfully in female hosts, provided, however,
that these animals were mamtamed under continuous treat-
ment with testosterone propionate (Lutwak-Mann, Mann and
Price, 1949)

Réle of Hypophysis

In a discussion of the metabolie effects of the male sex hor-
mone 1t 15 essential to bear i mind that m the Iiving anmmal
the output of the testicular hormone 1s determined by the
activity of the anterior pituitary gland; that 1s why hypophy-
sectomy 15 as effective as gonadectomy 1n abolishing the for-
mation of the semmal fructose (Mann and Parsons, 1930)
The dependence of the secretory function of the male aceessory
organs upon the pituitary gland activity 1s best illustrated by
some studies on nutntionally deficient ammals

Defective nutrition has been known for some time to have
a detrimental mfluence upon the male reproductive tract, but
earlier observers paid more attention to spermatogenesis than
to the accessory organs. Recent studies showed, however,
that one of the earliest symptoms which follow a reduced
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calorie intake or certain other forms of malnutrition, par-
tictlarly deficiency n vitamin B, is a drastic reduction in
the secretory function of the male accessory organs (Lutwak-
Mann and Mann, 1950, 1951). Threc weeks of a vitamm B;-
deficient det reduced the content of fructose and citric acid
in rat coagulating glands and seminal vestcles to a practically
post-castration level. However, the sceretion of both fructose
and citric acid 1n the rat accessory organs could be efficiently
restored by treatment with chorionic gonadotrophin. Thus,
the primary lesion due to madequate food ptron 1s 1n
the pitwitary gland, and 1t is hecause of the pitwitary hypo-
function that the formation of seminal plasma comes nearly
to a standstill.

A similar effect of malnutrition has also been demonstrated
in the bull (Mann and Walton, 1952). The restriction of the
food mtake to half the normal quantity for a few months led
to a progressive fall m fructose and citric acid 1n bull semen.
Three months of such defective nutrition reduced the level of
fructose from 865 mg. per cent to 250 mg per cent and the
level of citric acid from 1840 mg per cent to 700 mg. per cent,
on the other hand, the sperm density and motility still
appeared unimpaired. These results show how important it
1s to pay attention to the general state of nutrition 1n experi-
mental ammals during biochemical or physiological investi-
gations of semen.

Mechanism of Fructose Formation and the Réle of
Insulin

The first indication that glucose may be the precursor of
serminal fructose was the outcome of 1n vitro experiments with
bull semmnal vesicle tissue, when 1t was shown that small
amounts of fructose can be obtamed from mmeed glandular
tissue mcubated with glucose (Mann and Lutwak-Mann, 1918).
Subsequent mvestigations on rabbits disclosed the existence
of a definite relationship between the blood glucose level and
seminal fructose (Mann and Parsons, 1950). Experiments on
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alloxan-diabetic rabbits have shown that soon after the rise
of glucose 1n blood there was an unequivocal increase of fruc-
tose 1n semen; in severe alloxan diabetes (500 mg. per cent
glucose in blood), the content of fructose m semen was found
to exceed nearly five times the control values. When, however,
in response to the administration of msulin the blood glucose
level fell, the content of fructose in semen was also corres-
pondingly reduced. Similar observations on the behaviour of
seminal fructose were also made m human diabetes, semen
from diabetic individuals was found to have an abnormally
high level of fructose.

The findings on the relationship between blood glucose and
seminal fructose led to enzymatic studies on the problem of
{ructose formation m accessory organs (Mann and Lutwah-
Mann, 1951a, 19515) Expermments 1 vitro have shown that
extracts from bull sermnal vesicles and from rat accessory
glands liberate free sugars from phosphohexoses. 1-Phospho-
fructose 15 readily converted to free fructose and phosphate,
and 6-phosphofructose into a rixture of fructose and glucose,
through the bined action of and phosphatase
When alloned to act on 1-phosphoglucose, these extracts
produced from it a mmxture of glycogen, 6-phosphoglucose,
6-phosphofructose, free glucose and free fructose, through the

bined action of phosphorylase, phosphogl ise, 150-
merase and phosphatase.

The fact that out of a mixture of free glucose and free frue-
tose, only one hexose, that 15 fructose, 15 present m semen
under conditions th 1ve may be due to a preferential re-
utibzation of glucose by the glandular tissue itself This
mterpretation is based on our carlier observations con-
cerming the metabolism of tissue shices from rat coagulating
glands wiich anaerobically were capable of glycolysing glu-
cose more effectively than fructose (Mann and Lutwak-
Mann, 1918).

The following reactions based on mformation available up
to date from 12 vitro and in viwo esperiments, may explan the
accumulation of fructose in the male accessory organs.
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Glucose (blood)
(;l_vcigen
1-Phosphoglucose
6-Phosphoglucose = 6-Phosphofructosc

Glucose (reutihized) Fructose (secreted m semen)

The fructose-generating accessory glands differ markedly in
their carbohydrate metabolism from the spermatozoa which
are endowed with the ability to utihize fructose anaerobically;
the form of fructose utilized 15 probably fructofuranose. Apart
from fructose, spermatozoa can also utilize glucose and man-
nose owing to the presence of hexokinase. If washed sper-
matozoa are allowed to act on glucose and fructose mixed m
2 1-1 proportion, the rate of fructose utilizatton 1s reduced by
more than 50 per cent  This “sparing effect”” of glucose on the
utilization of fructose by spermatozoa 1s due to the competitive
inhibition of sperm hexokinase (Mann, 19515).

Concluding Remarks

As to the action of hormones upon the carboliydrate meta-
bolism 1n the lughly speciahized tissues of the male repro-
ductive tract, 1t would appear that so far as wmsulin is con-
cerned, 1ts effect on seminal fructose 1s not a direct one, hut
the outcome of changes brought about 1n the glucose level in
blood The spectacular effects of the male sex hormone are
undoubtedly also the result of a complicated sequence of
processes which, however, occur 1n the male accessory organs
themselves. The mfluence of the testicular hormone, while
best demonstrated by the varations in the level of certain
metabolites such as fructose or citrie acid, is presumably
primarily directed at the enzymic proteins concerned with in-
termediary reactions involved in the carbohydrate metabolism.
However, even our present knowledge shows sufficiently
clearly how carcful and eritical one must be m evaluating
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the chemical findings in semen, particularly with regard
to hormonal aspeets. Tt is advisable before placing a final
interpretation upon a change of say. fructose in semen, to
take mto consideration several possibilities, since the observed
phenomenon may be due to a species characteristic, to mdi-
vidual fluctuations, to malnutrition, to a variation in the blood
glucose level, to gonadotrophic cffects, to a perfectly normal
fluctuation in the activity level of the male sex hormone, to
other androgens, possibly even some anti-androgeme sub-
stances, and finally, perhaps to some other factors of which
we may not be aware at present

That the carbohydrate metabolism of the male feproductive
organs is by no means a simple one, 1s best mdicated by the
oceurrence, in addition to fructose, of a eychtol closely related
fo 1t, namely meso-inositol (Mann, 1951a) Inositol 1s found
n a partieularly high concentration m boar semen, and 1t s
produced m the semmal vesicle, that 1s 1n the same gland
which also produces fructose. The relation of mositol to frue-
tose, 1ts biogenests and 1ts function i semen still remain to
be elucidated :
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a C. F. Cont: Dr. Mann, you promised to say what ergothioneine 15
otng.

Ma~nn  Ergotiuoneme, i.e the betaine of thiolhistidine, which Dr
Leone and 1 1solated 1n crystalline state from boar semen, 15 an SIH-

Both motihty and fructolysis are extinguished completely by the
addition of 107 M- 1odosobenzoic acid  If, however, 1odosobenzoic
acid 15 added together with ergothioneme (m a physiological con-
centration), there 1s no inlibttion of exther motility or fructolysis The
antagonistic action of ergotinoneine is not confined to rodosobenzoate
but applies to other reagents which affect SH groups 1 sperm. Of
particular interest 15 the counteraction by ergothioneine of the hy drogen
perovide effect. Hydrogen peroxrde 1s known to be produced under
certain by the t] and unless removed




THE EFFECT OF CASTRATION AND STEROID

THERAPY ON SEMINAL PLASMA WITH RESPEGT

TO FRUCTOSE UTILIZATION BY NORMAL BULL
: SPERM* .

F. X. GASSNER, E. R RUTIHERFORD, M L HOPWOOD
and H J. HILL

THE demonstration by Mann (1946a) that fructose and
not glucose is the glycolysable reducing sugar present mn
mammalian semen stimulated considerable interest m sperm
physivlogy from a new and different angle. Seminal fructose
15 elab d by the y male reproductive organs
under the control of the testicular hormones and represents
the principal nutrient substrate for the metabohe actwvity
of spermatozoa. This was shown 1n various domestic ammals
by Mann (1946b), i rabbits by Davies and Mann (1847),
Mann and Parsons (1947), and Parsons (1950), n rats and
bulls hy Mann, Lutwak-Mann and Price (1948). Mann,
Davies and Humphrey (1940) These authors were able to
show that fructose disappears from semmal plasma as well
as from the accessory sex organs after castration and that
;mp{dntatmn or mpection of testosterone restores 1ts normal
evels,

Gassner, Hill and Sulzberger (1952) and Gassner (1952)
confirmed and extended these findings with respect to the
utilization of fructose by spermatozoa, the effects of castra-
tion and restitution with androgenic and cestrogenie sterods
on seminal fructose of the bull, and the effects of gonadotro-
phins on the fructolysis index of sub-fertile breeder bulls,

While the restitution of the accessory sex organs of the

- .
Sam o+
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Dep
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castrated bull 15 rapid and apparently complete relative to
size and secretion of fructose and citric acid, the question
arises. Is the seminal plasma of the hormone-stimulated
castrate similar in chemical composition to that produced by
the mntact animal, and 1s 1t capable of supporting sperm
metabolism as well as normal seminal plasma?

It 1s the purpose of this paper to report on the investigation
of this problem.

Experimental

The procedure and results of a preliminary trial conducted
and reported by Gassner (1952) were briefly as follows:—

A large sample of semen was obtamed from a normal bull
and separated mto three aliquots. Two aliquots were
separated mnto plasma and sperm by centrifugation. The
sperm residucs were repeatedly washed with buffer solution.
One sample of reconstituted semen was obtained by combining
one sperm residue with normal plasma n original proportions
while another sample was obtained by combining the other
sperm residue with plasma of high fructose content from a
castrated bull. (This amimal had been orchiectomized three
months previously and was under treatment with pregneno-
lone and testosterone in an attempt to alleviate castration
changes.) The results of castration and treatment with
steroids of this bull are shown in Fig. 1. These sperm trans-
fers were performed when the fructose content of the castrate
plasma ranged from 600 to 800 mg. per cent. The normal
semen aliquot and the two reconstituted semen samples were
then examined for fructose content, sperm concentration and
rate of fructolysts as outlined by Mann (1948)

Fig. 2 demonstrates that in six consecutive weekly trials the
donor sperm were not able to utihze the fructose in castrate
plasma to the same extent as was shown when they were
reconstituted with normal plasma, since the rate of fructo-
lysis was depressed by 88 to 65 per cent.

The question arose as to whether semen from different
individuals may be intermixed without causing incompati-
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bility which would interferc with normal metabolism of
fructose by spermatozoa.

Semen samples from three normal bulls were analysed
mdividually and in a mixture of equal proportions for sperm
concentration, fructose content and rate of fructolysis The

Fie 1 Effect of castration and sterod therapy on semnal
fructose in the bull Sperm concentrahon, mitial fructose
content and fructose metabolized 1n three hours were normal
before orchiectomy The rapid dechne of semunal fructose
after castration 15 evident Implantation or injection of preg-
nenolone acetate and propionate bad ro effect on the accessory
sex glands since seminal fructose remamed absent The
addition of testosterone propionate (Perandren, Ciba) however,
caused a rapid return of sermnal fructose to well mbove the
Pre-castration level Upon withdrawal of the steroids fructose
disappeared

mixed semen sample was separated mto plasma and sperm
fr«)ctions by centrifugation The plasma mixture and sperm
mixture were then combmed 1 ongmnal proportions and the
fructolysis index was determned  The results are tabulated

in Table ¥ and show that there 15 no nterference with the
carmo 21
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Whole semen
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rate of fructolysis when semen from different individuals
1smived. Itisalsodemonstrated that the procedure employed
m sperm transfer is accurate and that the results obtained
are valid.

It appears from the foregomng that, since normal sperm
was not able to utilize fully the fructose present in serminal
plasma of castrates, the chemical composition of plasma
from castrates restituted with steroids differs from the
semmal plasma produced by the intact bull, either because
one or more constituents are lacking or because of a shift
m the quantitative relationship of seminal plasma com-
ponents, These ebservations further suggest that the normal
testicle may elaborate hormonal substances other than testo-
sterone and cestrogen, or that the epididymal fluid may
contribute nutrients which are not furnished by the accessory
sex organ fluids and all of which are required by spermatozoa
for the maintenance of normal fructose metabolsm. In an
attempt to shed further light on this interesting problem the
following experiments were conducted:—

1. Effect of Castration and Maintenance with Testo-
sterone on Seminal Plasma Quality

A normal bull was castrated and received, on the same day
and every two days thereafter, 100 mg. of testosterone pro-
ponate (Perandren, Ciba) The effect on semmal fructose
1s shown n Fig. 8. The semunal fructose level remained high
until a week after testosterone was withdrawn when a rapid
loss of fructose oceurred.

Normal bull sperm transferred at weekly intervals to plasma,
obtamed from this castrate failed to utilize as much fructose
as was shown to be the case when the sperm were combmed
with normal plasma (Fig 4).

2. Effect of Castration and Restitution with Testo-
sterone on Seminal Plasma Quality
Another normal bull was castrated. No supporting steroid
therapy was given in order to allow the accessory sex glands
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to regress n size and function (Fig. 5). After seminal fructose
dropped to near zero, 200 mg. of testosterone propionate
(Perandren) were injected every two days. Seminal fructose
returned rather rapidly and disappeared soon after the steroid
was withdrawn, Following an eight week rest period testo-
sterone thereapy was resumed with the result that the
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Fic 3 Semunal fructose n the bull—prevention of castration
changes w1th testosterone.

semmal fructose agamn rose to the pre-castration level.
Upon cessation of the therapy, fructose agamn disappeared.
Semmal plasma of this bull was tested repeatedly to
determine 1ts ability to support the utilization of fructose
by normal sperm. The results are summarized in Fig. 6.
Two weeks after castration and before treatment with
testosterone was begun, seminal fructose had declined to

27 mg. per cent. When 400 mg. per cent fructose were
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added, only 20 per cent of the fructose present was metabo-
hzed by the donor sperm. Testosterone seemed to have an
immediate effect on the semnal plasma since the rate of
fruetolysis was greater than that shown by the reconstituted
donor semen Upon withdrawal of the steroid, only 80
per cent of the fructose present was utihzed The effect of
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X OIFFERENCE
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RECONSTITUTED
DONOR = &
SEnEN

oars 30 39 s 53 a6
» -
 TESTOSTERCRE PROMORATE (GONaZORYS | W0 TRERTHENT
casTRATION PO 300MS

Fic 4 Effect of castration and testosterone therapy on quality
of sermnal plasma

resumption of steroid therapy is shown mn that fructose was
agamn more efficiently metabolized. Thereafter the semmal
plasma quality seemed madequate fully to support fructo-
lysis by normal sperm. It should be pomnted out that five
months had elapsed since castration and that the response
scen may well mdieate a loss 1n target organ response, as
observed by us 1n earlier expeniments (Gassner et ol , 1952).
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3. Effect of Vasectomy and Testosterone on the Quality
of Seminal Plasma
Since in the vasectomized animal the testes remain in sifu,
the aceessory sex glands remain under the trophic mfluence
of the testis hormone and should produce a plasma normal
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Fic, 7. Semmal fructose in the buli—effect of vaseetomy and
testosterone therapy

with respect to chemicol constituents Therefore, 1t should
behave in a simular fashion to normal semmal plasma deprived
of sperm by centrifugation. To test this assumption vaso-
resection was performed on a normal bull The semimnal
plasma was analysed for fructose concentration at weekly
ntervals; Fig, 7 shows that the fructose content was m
10 way affected by vasectomy nor was 1t changed when testo-
sterone propionate was given for a pertod of over four weeks.
Normal bull sperm were transferred repeatedly to plasma
obtained from this ammal, The results shown mn Fig, &
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indicate that while during the first two months after vasec-
tomy the degree of fructose utilization by normal sperm
gradually mmproved 1t remained below normal thereafter
regardless of the fact that testosterone propionate was given,
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Fi6.8 Effct of vasectomy and testosterone therapy on quality
of seminal plasma

Discussion

At the moment 1t 1s impossible to draw any defimte con-
clusions from the results obtamned. It appears that testo-
sterone cannot fully p te for castration eh
brought about mn the accessory sex organs, particularly as
far as the chemical composition of their secretions is concerned.
The response shown by the vasectomized ammal 1s most
puzzhng. If our evaluation of the réle of the governorship
exerted by the testes over the accessory glands is correct,
then there should be no difference m the metabolic behaviour
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of normal sperm when reconstituted with either normal
plasma or with plasma delivered by the vasectomized bull.
A similar response to vasectomy was shown with respect
to other seminal components, namely, the free amino acids
We were able to show (Gassner and Hopwoed, 1953) that
the free amino acids disappear completely after castration
as well as after vasectomy, but return, at least in part, when
testosterone propionate is injected. It has been further
shown by us that the ammo aeid pattern of fluids obtamed
from the ampulle vasa deferentia as well as from the semmal
vesicles of the normal bull 1s quite simlar, although the
ampullar fluid shows a lugher concentration of amino acids
per umt volume. This difference in concentration does not,
however, account for the total lack of amno acids in the
plasma of the vasectormzed animal, This justifies the ten-
tative conclusion that vasectomy affects the functional
status of the accessory sex structures.

Another series of bulls, vasectomized or castrated and
recerving androgens and cestrogens and mixtures thereof,
are at the present time on trial Information received from
those experiments have confirmed the observations reported
here,

Summary

1. The method employed for the separation of normal bull
semen 1nto plasma and sperm with subsequent reconstitution
appears to have no detrimental effect upon the ability of
the sperm to metabolize fructose.

2. Simular results were obtained when semen specimens
from three normal bulls were mtermixed.

8 The immediate admimstration of testosterone propionate
to a bull at the time of castration prevents the loss of seminal
fructose resulting from castration. Sermmnal plasma from
such an ammal was not fully capable of mamtainmg the
metabolism of fructose by normal sperm

4. Semen plasma of neghmble fructose content from a bull,
in which eastration changes were allowed to develop before
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testosterone therapy was begun, failed to support a normal
rate of fructolysis since only 20 per cent of added fractose
was utilized by normal sperm. Testosterone therupy caused
2 marked increase mn both semmal fructose and its utilization.
Subsequent withdrawal and resumption of steroid therapy
produced similar results. Thereafter, in spite of continued
treatment with testosterone, the seminal plasma of this
castrate only partially supported fructose metabolism.

5. Vaso-resection m a bull had no adverse effect on either
sex drive or the production of seminal fructose. However,
when normal sperm was transferred to seminal plasma from
this bull, the utihzation of fructose was, contrary to expecta-
trons, markedly reduced. This would indicate that vasectomy
adversely affects the functional status of the accessory sex
organs.

The authors 11; ‘knowledge the 1 of Lors
Lueas. Thanks are due to F. E Houghton, Ciba Pharmaceutical
Products, Inc, Summit, N.J., for the generous supply of Perandren
(testosterone propionate)
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DISCUSSION
Mann: Normally fructolysts s correlated very strictly with sperm
motility. By motihity, I don't mean a phenomenaon graded by mucro-
scopic observation as “one €ross,” “two crosses,” etc., but a process
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measured electrically by the new objective method of Rothscluld
You said, Dr. Gassner, that spermatozoa utilize fructose better in

fructose in the seminal plasma from normal and from castrated-hormone
treated animals

SwyER: It seems that since vasectomy Jeads to the production of
seminal plosma which is equally deficient, the epididymis might be
contabuting snmething m the mntact anmal

Gissxer  Since the rate of fructolysis 15 closely correlated with
motility and since normal sperm cells fail to utilize fructose fully in
plasma from castrated and’ steroid-treated ammals, Dr. Mann's 10~
ference with respect to retarded motihty may be quite correct. We
plan to employ Lord Rothschilds impedance test to answer this
question,

‘We have considered also the problem of w hether or not the epididymal
flwd in the mtact animal contributes substances to the senunal plasma
which would be required for the utthzation of fructose by spermatozoa
While 1t was not difficult to obtasn up to 10 ml. seminal vesicular fud
or about 1 ml from the ampullz vasa deferentia, attempts to express
epididymal fluid in quantities sufficent for analysts have faded  More-
over, one has to be careful in mampulating the exeised organs 1n order
1ot to contamunate the secretions by tissue fluid from the non-glandular
stroma The flurds expressed from the semunal vesicles and the ampulle
vasa deferentia of five normal bulls at slaughter were analysed for
fructose, as well as for free amino-acids The eoncentration of these
matenals was remarkably uniform 1 all animals and was within the
tange found mn sermnal plasma It 15 possible that epididymal flud
furmshes substances of enzymatic nature, if so, probably m very
small quantities Obwiously, this question cannot be answered until

fructose by normal spermatozoa tn a stmular manxer to what 1s seen when
the castrates are used The present concept of the effect of vasectomy
needs careful re-examination It has been assumed that vasectomy
does not produce castration changes either 1 the accessory sex glands
©Of n the pitwtary. It 1s certanly true that in man vasectomy 1s

formed regularly and years later the ejaculatory tract can be re-
established resulting 1n normal reproductive function. We are con-
tinuing our investigation of this most puzzhng problem



SOME ENDOCRINE STUDIES IN DIABETIC
PREGNANCY

CHARLES H GRAY

Tre most extensive studies of hormone excretion in normal
pregnancy and m pregnancy complicated by toxzmia are
those of Smith and Srmth (1947). 1In a large proportion of
cases of toxemia of pregnancy they found a high gonado-
trophin and low pregnandiol and cestrogen excretion which
they interpreted as due to a diminished utilization of gona-
dotrophin in the placenta for the production of cestrogens and
of progesterone. Their results led to the use of stilbeestrol and
progesterone i the therapeutic and prophylactic treatment
of toxemic pregnancy. The Smiths included 1n their series
a number of cases of diabetic pregnancy which many workers
have assumed 1s associated with a toxzmia of pregnancy
because of the high fectal or neonatal mortality. White (1945)
extended the studies of diabetic pregnancy and claimed to
confirm the work of the Smuths both in respect of the labora-
tory studies as well as the efficacy of stilbeestrol and pro-
gesterone therapy Unfortunately the critema of diabetes
adopted by White are not clear and the fact that the patients
mn her series were kept in hospital throughout pregnancy
throws confusion on the sigmificance of her results of hormone
treatment.

As part of a collaborative mvestigation with other labora-
tories, sponsored by the Medical Research Council and con-
cerning certain aspects of diabetic pregnancy, we have deter-
mined pregnandiol and gonadotrophin excretion mostly at
intervals of two weeks from about the twelfth week to term
in fifty-one diabetic pregnancies. Pregnandiol was determmed
by the method of Sommerville, Marnan and Keller (1948) and
charionic gonadotrophun by the prostatic weight mecthod of

318
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Loramne (1950). Full statistical analyses of our results will
ultimately be made with those obtained from other centres,
but as far as they go Table I summarizes our results, In agree-
ment with the results of Loraine and Matthew (1950) in pre-
eclamptic toxmma, high gonadotroplun exeretion 1s found
i about 45-55 per cent of cases whether pregnaney produces
a surviving child or not, and pregnandiol excretion 1s only

Table 1

Cuoriovic GoNAnoTROPIIN AND PREGNANDIOL EXCRETION IN DIaBETIC
PrREGNANCY
Total numter of cases = 51

Pregnancy onth | Pregnancy wun fatal

surcieing chatd or neanatal death
Choriome gonadstraphin
High* 7 18 9
32 19
Normal 14 10
Pregnanduol
Normalt 30 7
32 19
Tow 2 2

*12,000 1 1 /24 hr before 30th week, 15,000 1.u /24 he after 30th week
145 mg j24 br hefore end of pregnancy

rarely lower than normal It seemed obvicus therefore that
the relationship between unsuecessful pregnancy in diabetes
and abnormal excretion of gonadotrophin in pregnancy was
unhkely to be so direct as had been supposed by the Smmths
or by White. The possibility of mereased ACTH activity
seemed not unattractive for 1t has long been recogmzed that
the adrenals are enlarged in pregnancy (Ask-Upmark, 1926),
and numerous workers have reported an increased excretion
of adrenal cortical hormones m pregnancy (Devis, 1949;
Parviamen, Soiva and Vartiamen, 1850, Toban, 1949; Venn-
g, 1946) Diahetes has alse been shown to be associated with
an mcreased excretion of formaldehydogenic steroids (Me-
Arthur, Sprague and Mason, 1950} and 1t seemed a possibility
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tlm.t .whcn pregnancy was complicated by diabetes, ACTH
activity and adrenal cortical hormone exeretion might be
either qualitatively or quantitatively changed in those cases
ending in a non-surviving child.

Dr. Parrott of King's College Hospital has determined the
plasma ACTH n diabetic pregnancy but in view of criticisms
which have been levelled at the significance of such measure-
ments I do not propose presenting them m detail. As far as
they go, 1t appears that there 1s no direct relationship between
plasma ACTH and the outcome of diabetic pregnancy, but
more cases need to be studied for 1t 1s not impossible that
sudden changes in plasma concentration of this hormone may
be of greater importance than the absolute level. Less direct
means of assessing ACTH activity appeared to be necessary.
Thus increased ACTH activity is usually assoeiated with an
increase in the urimary excretion of both 17-ketosteroids and
especially the other adrenal cortical hormones and their
metabolites.

Dr. Pond has exammed cases of diabetic pregnancy with
a micro-modifieation of the Ding fractionation of 17-
ketosteroids (Pond, 1951). The ketosteroids are separated by
chromatography on alumma into eight separate fractions
which melude the non-aleoholie ketosteroids together with
any chlorodehydromsoandrosterone, two fractions containing
B-hydroxy-17-ketostcroids, frretions containing mamnly andro-
sterone and ztiocholanolone, two fractions contaimng 11+
hydroxy-17-ketosteroids and a final one contaning umden-
tified substances. Fig. 1 shows the pattern obtamed with a
normal female excreting a relatively large amount of total
17-ketosteroids, the pattern with a normal female excreting
only 4 mg./day as well as that obtained from a female with
Cushing’s syndrome, who however excreted only 13 mg.
total 17-ketosterords per twenty-four hours. In this patient
fractions 6 and 7 contaming the 11-hydroxy-17-ketosteroids
as well as fraction 5 contaiming w=tiocholanolone were con-
siderably imcreased above the normal range. On the other
side of the figure there are the patterns obtained from three
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cases of diabetic pregnancy, each of which was measured on
two occastons. Only the third case had a hiving child. On the
whole the total 17-ketosteroids tend to be lower than normal,
but there is no increase in excretion of the 11-hydroxy-17-
ketosteroids or alteration of the androsterone/etiocholanolone
ratio. The B-fraction appears to be mcreased, but 20-keto-
sterords such as the pregnanolones are cluted in this fraction
and although the Zimmermann reaction of these compounds
1s very weak the quantities excreted are so great that they
have produced an apparent increase in the B-fraction

The problem of determination of adrenal cortical hormones
and their metabolites in urine has not yet been solved for they
are known to be excreted both as free sterords and as conju-
gated steroids, some of which are partially destroyed on acid
hydrolysis while others require to be hydrolysed by g-glycu-
romdase (Cox and Marrian, 1951). None of the existing
methods appeared suitable for our purpose and Miss de
Courcy and Miss Lunnon have therefore examined four sepa-
rate fractions by paper chromatography and determined fhe
qualitative pattern of excretion and made a semi-quantitative
assessment of the quantities. Fig. 2 shows the way m which
these fractions were obtamned The first fraction contaied
free steroids extractable with chloroform at neutral pH
together with steroids readily split from their conjugates by
acid and extractable with chloroform immediately after acidi-
fication. Our experence suggests that very little additional
materal 1s extractable by this acidification. The second frac-
tion consisted of those extra steroids liberated as a result of
hydrolysis in aeid for 24 hours and this very rarely contamed
any detectable steroid. The third fraction consisted of those
steroids liberated on enzymie hydrolysis, while the fourth con-
isted of chloroform soluble conjugates cxtractable with
sodium carbonate during the purification of the first fraction
Usimg the solvent systems described by Bush (1952) and Bush,
le Courcy, Gray and Lunnon (1952), Compounds E and F,
ind tetrahydro-compound E have been identified with a
air degree of certainty. One spot has been tentatively



Expocrint: Stunies 1N Dinnrie PrEGNancy

wentified as corticosterone.  Five umdentified spots, the
ultra-violet fluorescence of which showed the presence of an
unsaturated ketone group, have been provisionally labelled
Xy X, X, X,and X,. Three unknown steroids with reducing
activity but contaming no eB-unsaturated ketone group
have been provisionally labelled Ry, R, and R;. Fig 3 shows

24 br, wine Bl 7
extrast vith CHCly

f 1
cheay crizacted urine Neutral cz-m, extrect, o
atvia alvide
Hycrolyse with make pil 1 CX discard
= glycuronfdese  extract with C’HG]_3 *
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Urine - evtrect sgain 2uix with + CO
. after 24 hours vash witn “ﬂz‘?"a ete.
mhlmzs CHC1, extract
e pi 1 :)
oty 15 m
extract \dth C)(Cl;
B
teroids conjugated 5,y .cm Chloroform soluble Free and readily
lucurente actd conjugates hydrolysed steralds

Fic. 2. Procedure for fractionation of urine for piper chromato-
sraphy analysis of adrenal cortical hormones and therr meta-

the pattern of excretion of free and readily hydrolysed
sterouds exereted m ten normal females, eight normal preg-
nancies, seven diabetic pregnancies and three non-pregnant
diabetics  The assessment of the quantities of these com-
pounds depended upon etther the ntensity of ultra-violet
fluorescence or on the mtensity of ther reducing activity and
is admittedly very approximate

The varnous compounds have been plotted m descendig
order of their polanty, te. in the order of their R, values.
The vertical seale upon which the quantities of the various

canmo o
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compounds has been plotted has been drawn <o that the
highest block represents an excretion of over 500 pg./day.
In our carlier experiments, no assessment of the intensity of
the spots was made. In these cases, question marks in the
diagram show that the substance was present but there is no
record of how much,
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Free and Readily Hydrolysed Steroids

Non-pregnant Women

Compounds E and F are present each m amounts of 50-100
prfday.  About the same quantity of the af-unsaturated
Letonic steroid, X,, 15 also present. In the luteal phase of the
menstrual cyele X, excretion appears to necreasc to about
250-500 pg./day.

Normal Pregnancy

Compounds E and F are present often, but not always, m
increased amounts. X, 1v usually mereased to amounts
usually observed in the luteal phase in the non-pregnant.
There 1s no obvious difference erther quantitatively or quah-
tatively in pregnant diabeties.

Chloroform Seoluble Conjugated Fractions

Fig 4 shows the pattern of excretion of chloroform soluble
conjugated sterords. In non-pregnant females traces of Com-
pounds E and F may sometimes, but not always, be present.
X, was present in five of the ten eases and traces of corticoster-
one may also have been present No compound E appeared
m this fraction in normal pregnancy and a trace was found 1in
only two of the seven diabetic pregnancies. X, was present
m small amounts 1n all eight normal pregnancies and 1n four
of the seven diabetic pr Other comy ds erop
up irregularly but the quantities m this fraction are in general
so small that no significance can be paid to any mnor
differences

Steroids Conjugated with Glucuronic Acid
Fiz 5 deseribes the pattern of excretion of steroids conju-
gated with glucuronic acid and 1 particularly interesting. In
non-pregnant women no compound F, X,, X,, or X, are
present but My traces of Comy ds E, X5 R, and
R; may be recognized In all the subjects studied large

carme age




326 Ciarres H. Gray

amounts of tetrohydro compound E were present while con-
siderable quantities of other reducing steroids were usually,
but not always, present. In most cases Compound X, present
otherwise only n traces i the chloroform soluble conjugated
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fraction, 1s present especially during the luteal phase of the
menstrual eycle when there are particularly large amounts
The hormones excreted n this fraction do not differ either
qualitatively or, as far as could be judged, quantitatively from
the normal in either normal or diabetic pregnaney.
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amounts of tetrohydro compound E were present while con-
siderable quantities of other reducmg steroids were usually,
but not always, present. In most cases Compound X,, present
otherwise only 1n traces in the chloroform soluble conjugated
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adrenal cortical hormones and their metabolites by Miss de
Courcy and Miss Lunnon Tt is with ther approval that 1
present o summary of results obtamed.
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It would appear that m pregnancy the same hormones and
their metabolites are present and together with other cor
gates are excreted as m the normal person. The quantities
excereted are usually greater, but duning the luteal phase of
the menstrual eyele non-pregnant women may on oceasion
exlubit as great an excretion as observed in pregnancs. In
the cases we have exammed so far there is no esentul
difference 1 the adrenal cortieal hormone excretion m nor-
mal and in diabetic pregnancy.

Several pomts require some emphasts. We have not esti-
mated pregnanolones nor cestrogens, nor the adrenal cortical
hormone metaholite recently separated by Grundy, Smywon
and Tart (1952) which 1s w0 very active i producing sodium
retention. This last compound would not necessanly be
detected 1 our experiments. Also swe have not exammed our
chromatograms for steroids contaming nerther an af-un-
saturated ketome group nor a reducing side chamn  As far as
our studies go 1t appears that the relationship hetween abnor-
mal hormone excretion and the outcome of diabetre pregnancy
must be mcidental and that there is little reason to believe
any eausal relatronship between the two. It is unportant to
emphasize, however, that the compheations of diabetic preg-
nancy are not 1dentical with pre-eclamptic toxaemia. We have
m no way rdisproved the work of Smith and Smith in relatron
to this last condition althougl 1t 1s important to realize that
these workers’ cases were heavily weighted with patients
with diabetic pregnancy. The comphieations of disbetic preg-
nancy are clinreally quite different from the syndrome of
pre-eclamptic toxzmia and much confusion has arisen the
past by workers assuming that the ®tiology of the two con-
ditions are necessanly 1dentical

The work presented represents the results of a long term
investigation of diabetic pregnancy carrted out by a team
of workers at King’s College Hospital. The gonndotrnpl}m
and pregnandiol deterrnumtmns. were performed by Miss
Wood, Miss Edwards and Mrs, Gll.l, plasma ACTH was deter-
mined by Dr. Parrott, ketosteroids by Dr. Pond and the
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cestrogens and progesterone were recommended by Joshn and
Whte from the 16th week of pregnancy, but this did not
entirely prevent the accidents m pre-diabetic pregnancies.
It is a fact, however, that choriomic gonadotrophin may kill
the feetus, or that when the pregnancy goes beyond term the
feetus may be overweight.

Hullquist and Engfeldt (1949) have produced grant new-
born in rats when growth hormone was injected: Watts
{1935) has reported the same effect. but Youny (1949) has
found resistance agamnst diabetogemc effects of growth
hormone during pregnancy

Two points are known ahout the last weeks of pregnanev —

1. The excretion of glycocorticoids 15 huigh (Venning and
Browne, 1950 ; Cope, Boysen and McCrae, 1951).

2. Recently Bush has seen that there 1s a lugh level of
11-oxysteroids n the blood of pregnant women

We have taken up the study of the effects of cortisone on
pregnant rabbits. Houssay (1945), Courmer (1930) and
Robson and Sharaf (1952) discovercd that cortisone and
ACTH interrupt pregnancy after a few days. The dosage
they used was very high. varying between 10 to 25 mg. for
rabbits of 8 kg, and 2 mg. for mice.

P. L Hoet m his experiments estimated the placental
glycogen and the effects of cortisone. The date of pregnancy
and the dosage of cortisone have to be considered carefully
as these will change completely the preture of results.

Experiments
A. Group 1—Three rabbits, 17 or 18 days pregnant, were
njected with either 2 or 5 mg of cortisone per kg per
day, and killed either 3 or 4 days later. The results are
shown m Table I.
1t will be seen that of the three rabbits, in one all the
feetuses were ahve; n the other two, all were dead,
and reabsorption of the uterine contents started im-
mediately, as can be seen from reduction 1n weight of
the feetus. :
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It is now known that m a diabetic pregnancy the dosage
of msulin has to be increased throughout, but that as soon
as the birth takes place there 15 a marked tendency for hypo-
glycemia to occur (MacLeod, 1926; Lawrence and Qakley,
1942). In some cases, msulin dosage has to be reduced to a
fourth of that tolerated during pregnancy.

Chmcal observations show that the babies of a treated
drabetic are frequently born sluggish, cyanosed and with an
irregular respiration  Also, in diabetic pregnancy there is a
high madence of prematunity, miscarriage and mtra-uterine
death : even with the most careful control, the “feetal loss
rate” remains high (Miller, Hurwitz and Kudder, 1944;
Gilbert and Dunlop, 1949)

Such accidents i pregnancy oceur n women who later
become diabetics, long before permanent glycosuna is present.
In pre-diabetes also. an increasing size of the babues 15 reported
i women of all ages (Kriss and Futcher, 1948). If all the
anomalies of pregnancy are taken together—large babies
meluded—80 per cent of diabetic pregnancies are abnormal,
and this can be traced back two to five years before the diag-
nosis of drabetes has been established.

It 15, of course, highly probable that tranwutory disturbances
of carbohydrate metabolism may exist years before full
diabetes 15 recogmzed (Allen, 1939 : Hurwitz and Jensen,
1946). Paton (1948) has demonstrated that pregnancies are
abnormal 35 years before the climcal diagnosis of diabetes.

Hyperglycerma—or a transitory reduction of tolerance for
dextrose—1s another manifestation in pre-diabetic pregnancy,
{Hurwitz and Jensen, 1946; Verhaegen and Bijvoet, 1950).
Its possible physiological explanation lias been that there is
a high level of chorionie gonadotrophin, and large doses of

a0
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increase in placental weight, but the feetus remamed
under 1-g. until the 18th day.

When we gave 3 my./kg./day of cortisone from the
10th day, an merease m glycogen of the placenta, both
feetal and maternal part, resulted (Table III) The

Table IIT

Et1ECT OF CORTISONE 0N PLACPATAL GLYCOGEN
(14th day of pregnancy)

5 exaht of placenta | Gtyeogen content
Dose of teerage i of plarentasn g °,
Rabgye | Fortreone daity | Nemberof|

for & dawv en | feetutex ‘“‘ﬁ"‘"/
s ke ey Jetuse frtuvey m;l;:;ml ['o’:'h’:ll mnpl:’v';ml Ilm’:'l
L33 1 mg 14 028 132 0 15 6 21 274
Lig Img 14 023 0 9 043 Y 1 81
Lag ITmg 8 07 066 kR " 42
{ull
dead)

figures of 6 24 g.and ¢ 98 g. of glycogen per 100 gr.
placenta are very lngh  Still more significance must be
given to the proximal placenta whose glycogen content
reached 2 74 per cent glycogen content.

The serum of the pregnant ammals under cortisone
(3 mg./kg /day for 4 days) was very opalescent.

Conclusions

1. Whatever may be the rdle of growth hormone and
chorionie gonadotrophin in the abnormal pregnancies of
pre-diabetics, an merease in 11-onysteroids during pregnancy
affects the nutrition of the feetus and eventually produces
mmiscarriage and death of the feetus

2. Cortisone 1 doses of 2 mg /kg /day nterrupts preg-
nancy m the rabbit. In doses of } mg./ky /day, 1t improves
the rate of weight increase of the feetus. Cortisone mcrenses
the placental glycogen up to the 18th day of pregnaney.
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‘Table 1

E1Frcs oF CORTISONE 0N PREGNANCY AND PLact aTar GIYCoars
(215t day of Pregnancs )

o Placental weight | Glgeogen content of
oot | ve | nymver of | teeraee e reiuinns o
Habbrt o before Sortusen” | seught of e |
mthptan | bited “ferend putires Lamaternat [ o ol | maternat
e i
42 2 3 9 (allalive) | 3 30 3 102 148
Lis 2 4 O@lldead) [ 190 | 183 [ 09s | 022
143 3 3 8 (all dead) | 0 85

Group 2—} mg. cortisonc/kg./day was given to a rabbit
from the 16th to the 19th day of pregnancy ; another
rabbit of the same stock was mated at the same time
and killed also on the 19th day of pregnancy. For-
tunately, the rabbit to whom the cortisone was grven
had 12 feetuses, the control had 7. The average
weight of the foctuses of the former rabbit was 2-85g
and the placental weights and their glycogen content
less than that of the control (Table II).

Table II
Er1Fc1 oF CORTISONL ON VW EIGHT OF FOFTUSES AND PLACENTAL GLACOCEN
(19th day of pregnancy)

ove of reerage | PO P |t ogen content i %
Radiut | corteone duly fz\'» of | mintor i
for & days in | feetuges e
kgl Satuses | mateenal | futal | maternat | fetal | fatal
maheldny et | Tt |t | ocenta | ner
151 ¥ 12 [ 295 ) 1as | 138 |oavsfoass|or
L2 — 7 [ 21z (20820 fost |o2s |08

B. To follow thc other set of experiments, I shall refer to
the graph drawn by Hammond (reproduced m Mar-
shall’s Physiology of Reproduction (1952) vol. 11, 313)
on the growth of uterine contents durmg pregnancy.
Up to the 16th day of pregnancy there was a slow
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DISCUSSION -

MaN~ Regarding dinbetic pregnancy, it would seem to me that some
useful information could be obtained by chemical studies on both the
maternal and the feetal blood and flurds. As shown fiest by Claude
Bernard, allantoic and ammotic fluds contan fructose, and that
observation has been confirnied and extended by Carl Neuberg  We
also know that sheep feetal blood contains a mixture of glucose and
fructose. This was conclusively shown by Bacon and Bell in Cambrnidge.
Huggett has shown at St. Mary’s Hospital medieal schoul in London
that infusion of glucose mto the maternal carculation influences the
level of fructese 1n the feetal eirculation. Another substance which may
be warth while 1nsestigating 1s tnosttol, because 1t 15 known that mosi-
tol 1s excreted 1n large quantities m the urme of diabetics, and m some
species, particularly 1n certatn redents, an inosttol deficiency eauses
abortion

GraY. I should Itke to comment on Dr Hoet’s remarks about Com-
pound F in pregnant women's blood  Our patients were either perfectly
normal pregnancies and not toxmnue, or else were diabetic pregnant
patrients  Two out of the seven had either a feetal death or a neo-natal
death T understood that Bush has shown massive amounts of Com-
pound F 1n the penpheral bload 1n patients with very severe pre-
eclamptic toxerma I wondered whether that pownt would explain the
apparent discrepancies between our Tesults and the ones to which Dr
Hoet referred It emphasizes once again the point that pre-eclamptic
toemia 15 & different condition from the ordmary problems of diabetic
pregnancy

Hort: When I saw the chromatograms of Bush, tley were not
abnormal pregnancies 1 think i normal pregnaney, at 7 or 8 months,

may be twice as high 1n the serum, I don’t think that should mean
that normal pregnancy has a diabetogeme action which plays on some
established function of the pancreas. I think therefore that there 15
nothing very different between a normal pregnancy and a diabetic
pregnancy, except that the diabetic pregnancy 1s one corung in a
person where you can study the sugar in the urine very easily If you
took ordinary” - - -t DA
two overweigh

even in their f

the baby I g

diabetic prega

5 4mg Leouldwt tell therefore whether there is an ahanrmal figure af
corticoids 1n the urine 1n diabetic pregnancies I think that we must
study the people 80 years before they get plain diabetes. That is very

23
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3. The inerease of 11-oxysteroids in the blood of pregnant
ammals will play an important part in the diabetogenic
effects of pregnancy. The degree of hyperglycemia will
depend on the functional value of the islets of Langerhans

REFERENCES

Ariex, E (1939) .imer J. Obstet and Gynec , 38, 982.
Baeas, I HL T, Moreans, K. (1048) J. Obsiet and Gynee. Br Emp

5, 449,
Core, C, Boys1 N, X, MacCrar, § (1951) Bt med. J , 1, 762.
Couvrrrrr, R (1950) CR Soc. Ihol., Paris, 119.
Gunorer, J A, and DuNvor, D M. (1049). Bt med. J | §, 48
Horr, J P. (1950). Schicerz. med. Wechr , 70, 80
Hoet, P L., to be published
Houvssay, B. A (1943) Rev Soc. argent. Biol., 21, 816,
HuLLQUIST, G , and ExarLivr, B (1949) .dela endocrinol , 3, 363
Hurwirz, D, Junsey, D (1946) New Engl J. Med., 234, 10, 821
Josun, E P (1940) J .imer. med Ass, 113, 24, ‘ZUL‘L
Knss, J., Furenr, P, (1048). J. chin endocrinol., 8, 31
L\“REVCE,R D., and OakLEY, W, (1942). Quart..J Mrd 11, 41, 45,
Long, C. N. H (1934), Secience, 79 ‘»6')
Log, C. N. H. (1952) Lancet, i,
MycLron, J J. R (1926) C‘ll‘bﬂh\ drate metabohsm and Insuhn,

83

\l,\nim\u.. ¥ 11 A (1952) Physiology of Reproduction, IL p. 313
Longmans, Green & Cv , London

Mirreg, IL C (1943) J. Ptlh/ll 23, 251.

Mirex, H C (1943) J Pediat , 24, 603

Miirr, H C (1948) J Amer med 153, 1

Mitier, I C, Hurwiry, D, and Kupprr, Ix. (1044) J Amer, med.
Ass, 124, 271

Miurer, H. C (1047) Endocrinology, 40, 471.

Paro~, D. M. (1948) _tmer J. Obstel. and Gyner., 56, 538.

Ronsox, J. M, and Sianar, A A, (1952) J. Physwol , 116, 236

Venxing, E. I, and Bnm\Nr, J S. L (1950) Progress m Clinical
Endocrmology, p. 1

VFRHAEGEN, H , and Bl.“ol T.W F (1930) _.lecta Brev. neerl. Physiol ,
17, 70.

WaTTs, R. (1935). Amer J Obstet. and Gynec., 30, 174.

Youve, F G. (1849) dcta med. scand., 133, IV, 274.




GENERAL Discussion 337

sugar nises fawrly hugh, tends to stay high and does nat retuen as rapidly
as1t should; some of these patients become quite normal after deln ery
There is a third group which start off like the second group, but after
dehvery their tolerance curve 1s worse, that 1s the blood sugar tends to
go still hugher and takes still longer to come down, and 1t 18 perhaps in
this group that we may expect to see something happerng in later years.
We would like to be alle to follow up these women and maybe we'll
}tmvc enough left 1n 10 years’ time to be able to say what has become of
Mmsxy. Thats selecting them on the baas of the glycosuria?
Swyen: Yes, on the basis of glycosuria
..CovN . We've done 1t on unselected normal pregnant women, 10

to h 1 activities in regnancies which hasn't heen
bmught up yet. It concerns the pomble role of the liver n the con-

hepatitis that the eXcretion of 11.0xv-sterods 1n the urine 15 much
higher than in normals, and that the excretion of 17- ketoetem:ds 1
lower Thus to us the possibiity that the 11-oxy

produced were not beng converted to 17-ketosteroids for evcretion

when the matertal 1s given by mouth It must be assumed that the liver
Plays an important réle 1n the metabolism of steroids In tosera and
m diabetic pregnancies the liver may be functionally inadequate 1n this
respect

Yolmc Re\ erting to. the Question « of the mdumon of dmbetes w

Younc T have speculated at various times that under those condt-
tions the growth hormone was able to bring about a retention of mitro-
gen which would assist feetal development - the corollary of this 1s that
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Korrr: If I understood you correctly, you think that the so-called
nllogrnVl(hc glycosuria might be explained by the increase of corticoids
during pregnancy? How do you explamn the normal or even subnormal
sugar tolerance curve so often found in cases with glyeosuna of preg-
nancy?

oo B EAPHE

error of the blood sugar curve that in 100 per cent of cases it was
abnormal; Modiyoms and Frank with 100 g. of sugar found sugar m
the urine 1n 98 per cent of cases, very often staring with a very low
figure. I remember Conn has been teiling us that there 15 renal glyco-

functional condition of the pancreas.
Mirsky: We have utilized a chnical observation as a method for
seleﬂctmg a population with a high inadence of potential d:abe‘t‘gs

had developed 1t by the time we saw the group, we studied women who
had given birth to thewr babies within 48 hours. Agam, we could find
no trend 1n the distribution of sugar tolerance curves that would
indicate that we were deahng with two different populaticns as we
expected, since appronimately 40 per cent of the women with over-
weight babies will develop diabetes m the future We tested the
patients within two days—I didn’t think 1t was quite farr to go to the

motler before that.
HorT You know that the corticods fall to 1/4 about 5 days e:l'ter
e ¥ Ak e o b s ten e e PLPSSrNNIP N S

;tnvs‘ normal after delivery 'L'here 15 another group where the bivvi
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labour in many people. It is not a umform occurrence, but I should
think occurs 1n 50 per cent of them. I have seen a woman who has
been having 40 umts a day for 15 years come off insulin entirely for

a month
OskeEY: There are two pownts which have been passed over. One
15 this, that although as pregnancy proceeds the msubn requirement
in about 70 per cent of cases increases 1n a significant number 1t falls
LU RPN DA e ey  amb ~F mnnne et choy de-
+ reent

Hoet
o . . n mn
pregnancy, resulted in the mother having a live baby after she had had
4 or 5 miscarrtages. Gilbert and Dunlop and others have shown that
the meidence of foetal loss 15 the same, or comparable, in insultn and
non-insulin drabetics—the severity of the diabetes apparently plays no
part in the foetal loss rate Furthermore, the most sigmficant and
peculiar thing about the fretal loss rate 1s that 1t 15 almost as high now
as 1t was before msulin was discovered, the great change being in the
maternal loss rate which has been improved so much by insulin The
fretal loss rate has not been very greatly changed by insubn If you
look over a big survey m pre-msuln days, you can confirm this—in
mothers who weren't manbund or dying at the time, the amazmg
thing 1s that the fretal loss rate was so lttle different then from what
1t15 1n many places now.
st That 1s the rate, and not total number of survivals?

OARLEY* Well, if you take the rate in a sufficient number of people it
becomes comparable, doesn’t 1t?

Hoer I should like to say that what Gilbert and Dunlop hase noted
about wsulin or non-msulin <ases 1s that if you take the patients—
ciabetic women of 45 or 55—and they have sugar in therr urme, then
you ask them 1f they have had overneight babies, miscarnages, or

cause the disappearance ot diabetes on earth. That may not be so but
1t 15 definitely a rational passibtlity. But I don’t believe it
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the off-spring should be Jarger under those conditions. There are
vartous claims in the literature, particularly with regard to the rat, that
sug-htls true, but we've not been able to get any clear-cut data on that
point.

LawREncE. We've seen 2 good many diabette pregnancies 1n our
department, and we’ve done a fair amount of work on glucose tolerance
tests in normal diabetic pregnancies I've read a good many contradic-
tory papers On the whole I haven't secn a clear preponderance of
pre-diabetic curves in ordinary pregnancies There are one or two
other points I might mention, I think I should say that we've never
seen diabetes, however muldly 1t started i pregnancy, disappear or get
cured afterwards, and I don't think 1t was from lack of treatment—
when they needed insulin, they got insubn. We've never had that
good fortune.

Hort. The case of Verhaegen needed 80 units and came back to
normal glycrxmc figures after childurth. I have come across cases
where with 10 to 30 urnits, normal babies were born m persons who had
had 3 or 4 feetal deaths before without any chinical lustory of diabetes
Since they had shightly abnormal sugar tolerance curyes we gave insulin
a‘qd the birth of the cluld was normal, 1t was 2 heayy baby but it was

tolerance curve means in pregnant organisms 1s quite a different thing
from what 1t means under normal circumstances. With those authors
who never saw any difference—I forget their names now—it was
probably because they only saw one or two ndependent curves If
instead they had done them pertodically, or 4 or 5 times at least during
pregnaney, they would have found the difference, I am sure

Mirsky: I think that 1s an mmportant point, because if there 1s an
increase 1n glycosunia 1n some of these mnstances, it may well be that
the absorption of sugar directly from the stomach may be mcreased
under such circumstances. We had some experiences which indieated
that that may occur with corticoid admunistration I would like to
clear up one point with reference to the sugar tolerance curves that I
mentioned In a population m which you can anticipate that about
40 per cent w1l develop diabetes at any time up to 20 years after the
birth of the bab);\, one would anticipate that within 48 hours after

single population.
Lawrence: 1 think, Dr. Mirsky, that your procedure might be
critieized in that you 1w e e e
when their cortrcords
rebound from pregnami s
for the curious reduct
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