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As shown b y  the  au thors  ~ in the  CORIS' l abora tory ,  adrena l in  e inhibi ts  glucose up t ake  
in the  i sola ted  ra t  d iaphragm.  In  an extension of this  work  the  problem has been 
considered whether  the  metabol ic  effects of adrenal ine  are  due to the  adrenal ine  
molecule as such or to conversion products  of adrenal ine.  Thus,  a s t u d y  has  been 
m a d e  of the  effects of "p ro t ec t ed"  adrenal ine,  adrepochrome and  noradrena l ine  on 
c a r b o h y d r a t e  metabo l i sm in muscle. 

I t  is known tha t  noradrenal ine  affects the  c a r b o h y d r a t e  metabo l i sm in a manner  
s imi lar  to  t h a t  of adrena l ine  both  in vivo (S.~,HYUN 2, BEARN, BILLING AND SHERLOCK 3) 
in the  perfused l iver  (HoussA¥ AND GERSH~IAN 4) and  in vitro in l iver slices (SUTHER- 
LAND 5) and  in the  isola ted ra t  d i aph ragm (WALAAS AND WALAAS6). I t  is character is t ic  
t ha t  the  metabol ic  effect of noradrenal ine  is cons iderably  weaker  than  tha t  of 
adrenal ine.  In the  present  inves t igat ion a compar ison between the effect of nor-  
adrenal ine  and  adrenal ine  on the isolated ra t  d i aph ragm has  been made.  

I t  is more uncer ta in  whether  adrenochrome has  any  physiological  effect on 
c a r b o h y d r a t e  metabol ism.  MURACCIOLE AND RUIZ-GIJON 7 thus  found tha t  adreno-  
chrome gave no definite hyperglycemic  react ion af te r  inject ion in rabbi ts .  However ,  
i t  was demons t r a t ed  tha t  adrenochrome inhibi ts  the  glycolysis  in homogenates  and  
ex t rac t s  of r a t  b ra in  (RANDALL 8, MEYERHOF AND RANDALLg). In  the  present  paper  
i t  is shown tha t  adrenochrome inhibi ts  hexokinase  ac t i v i t y  in ex t rac t s  of the  ra t  
d iaphragm.  Other  d a t a  indicate  tha t  r a t  d i aph ragm hexokinase  requires free sulf- 
h y d r y l  groups for i ts  ac t iv i ty .  

EXPE RIMENTAL 

Young male rats weighing ioo-x4o g were employed. The diaphragms were incubated in Krebs- 
Ringer phosphate medium, pH 7.4; x4o mg glucose added per leo ml medium. The experimental 
conditions have previously been described in detail (WALAAS AND WALAAS1). In the experiments 
d,l-noradrenaline and l-noradrenaline bitartrate monohydrate have been used. Both these com- 
pounds were pure, prepared by Professor U. S. YON EULER and kindly placed at our disposal'. 

Pure adrenochrome was prepared by oxidation of adrenalinewith silver oxide (MCCARTHY 1°) *. 
Glucose was determined by NELSON'S method TM, glycogen according to WALAAS AND "~VALAAS 1 

and lactic acid after the method of BARKER AND SUMMERSON 13. 
Extracts of diaphragm hexokinase were made by pooling x g diaphragm tissue from 6 rats. 

The diaphragms were removed and kept in ice-cold Krebs-Ringer medium. Thereupon they were 
blotted, weighed, cut into small pieces and homogenized in a Potter-Elvehjem all-glass grinder 

* The purity of the compounds was confirmed by spectrophotometric examinations according 
to the method of LUND n. 
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for io min. lO% homogenate  in o.25 M sucrose + o.oi M Tris (hydroxymethyl)  aminomethane  
buffer (Tris), pH 8.o, was prepared. All manipula t ions  were carried out  at  + i ° C. The homogenate  
was centrifuged at 8000 × g for 2o rain in an " In t e rna t iona l "  Refrigerated Centrifuge and the 
supe rna tan t  used. 

o. 5 ml of the ext rac t  was incubated in a reaction mixture  containing (concentrations):  
o.ooi M glucose, o .oo3M ATP, o.oi MgCI I, o .o5M KF, o .o3M Tris buffer pH 8.2. Total  volume 
3.0 ml. Incuba t ion  for 20 rain at  3 °0 C in air. The reaction was s topped with I.O ml o.3N ZnSO l 
and I.O ml o .3N Ba(OH)v  Glucose disappearance was determined in the filtrate by  the method 
of NELSON 1~. Adrenochrome was converted to a stable product  in the filtrate by  standing over- 
night. Correction for its effect on the NELSON method was made. Ba-salt  of ATP from "S igma"  
chemical company  was converted to K-sal t  before use. 

Beckmann D.U. spec t rophotometer  was used for the spectrophotometr ic  measurements .  

RESULTS 

Experiments on the isolated diaphragm 

I t  appears from Table I tha t  noradrenaline inhibits net glycogen synthesis as well 
as the uptake  of glucose in the isolated rat  d iaphragm § . These are the same effects 
as previously shown for adrenaline. Fig. I indicates tha t  the effect of l-noradrenaline 
on glycogen synthesis is weaker than tha t  of / -adrenal ine ;  d,l-noradrenaline has a 
considerably weaker effect. I t  is seen from Fig. z tha t  a similar situation is shown 

TABLE I 

T H E  E F F E C T  OF N O R A D R E N A L I N E  ON T H E  G L U C O S E  U P T A K E  A N D  G L Y C O G E N o  S Y N T H E S I S  

IN T H E  I S O L A T E D  RAT D I A P H R A G M  

Group 
Glucose upf.ake Glycogen synlkesis 

rag/'glh 

Withou t / -no rad rena l ine  1.8 (3) 
With  3'  Io -SM l-noradrenaline i . i  (3) 

Wi thou t  d,l-noradrenaline 2.2 i o.13 (8)** 
With  3'  Io -SM d,l-noradrenaline 1. 4 ± o.i 3 (8)** 

1.5 ± o.15 (6)* 
o ± 0.27 (6)* 

1.6 + 0.24 (6)*** 
0.5 ± 0.28 (6)*** 

Incuba t ion  in t ml medium with 14o mg glucose per  ioo ml, for 60 min at  37 ° C, lOO% O z . 
Number  of exper iments  in ( ) .  Statistical test  on the significance of the differences: 

* t: 4.8, ~ P :  o.ooi;  ** t: 4.2, P: o.ooi ; *** t: 3.4, P: o.oo4. 

I l - A d r e n o O n e  . ~ I oLiO¢ (4 )  - . t a t  

f ~ ~0 ~' ~ . . . ~  rs' ~ 0o~ 

~, I I - I _ 1 -  d. l - Noeadreaaline ~ 501~t~f/ , I , "  

'~ - # I - - 3  4 d -  ~ ~ 2 3 4 $ 
"~ Microgram odded p~. rnl medium ~ Mterogrem odded pr. m/ medium 

Fig. I. The inhibition of glycogen synthesis  
in the isolated d iaphragm by adrenaline and 
noradrenaline, expressed in per cent of 
m a x i m u m  inhibition. Maximum inhibition: 
1.6 mg/g /h  = ioo. Exper imenta l  conditions as 
given inTable  I. Number  of exper iments  in ( ) .  

Fig. 2. The inhibition of glucose uptake  in the 
isolated d iaphragm by adrenaline and nor- 
adrenaline, expressed in per  cent of m a x i m u m  
inhibition. Maximum inhibition: 0.8 mg/g /h  
= ioo. Exper imen ta l  conditions as given in 

Table I. Number  of exper iments  in ( ) .  

§ I t  has also been shown in some exper iments  tha t  addition of l-noradrenaline results in 
increased lactic acid product ion in the diaphragm. 
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for the three compounds, regarding the inhibition of the glucose uptake. I t  appears 
further from Table II that in the isolated rat diaphragm/-adrenaline is 4 times more 
active than l-noradrenaline and IO times more active than d,l-noradrenaline when 
the effects on glycogen synthesis and glucose uptake are concerned. 

THE 

T A B L E  I I  

RELATIVE EFFECTS OF ADRENALINE AND NORADRENALINE ON THE GLUCOSE UPTAKE AND 

GLYCOGEN SYNTHESIS  IN T H E  RAT DIAPHRAGM i n  v i t r o  

(The values are calculated f rom Figs. I and 2.) 

Compound 
InJl/b/~bm o/glycogm synthesis Inhibition ol glucose uptake 

50 % im~ibiBen Relative 50 % inkibition Relative 
is given by: activity is given by: activity 

/-Adrenaline o. 25 Pg i o. 20 pg  I 
l-Noradrenaline x.o p g  I / 4  o.75pg 1/4 

d,l-Noradrenaline 2.5 pg  I / IO 2.0 pg  I / I o  

In order to elucidate whether the metabolic effects of adrenaline are due to the 
molecule itself or to oxidation products, spectrophotometric investigations have been 
carried out after incubation. It  is known that adrenaline is oxidized in neutral salt 
solutions (CHAIX, CHAUVET AND JEZEQUEL14~ under aerobic conditions. Oxidation was 
arrested at the adrenochrome stage in bicarbonate buffer, while adrenochrome was 
oxidized further in phosphate buffer (CHAIX, MORIN AND JEZEguELlS). Investigations 
reported in Fig. 3 show that  adrenaline was quickly oxidized aerobically to adreno- 

C I 

l / , \  

ix~ /?X"\ ~ 
i',,\ / / \  "", \ ' , ,v  ,o \ \.~ 

250 ~ ~ 400 mjJ. 

550 m, a 

1I 

25O 300 MO 400 450 mdg 

2,50 ~ o  MO 4oo 450-m,,,u 

Fig. 3. Spectrophotometr ic  examinat ions  of the oxidation of adrenaline in Krebs-Ringer-phos-  
phate-medium,  p H  7.4, x4o mg glucose per  xoo ml, at  37 ° C. I. Aerobic conditions. A. Before 
incubation.  B. After incubat ion for 5 min, i o o %  0 2. C. After 3 ° min incubation,  lOO% O z. 
I I .  Anaerobic conditions. A. Before incubation. B. After 3 ° min incubation,  ioo % N 2. I I I .  Adre~,a- 
line "protected" by glutathione. A. Before incubation.  B. After 3o min incubat ion in a medium 
which contained o.oo2 M glutathione,  ioo % O I. IV. Diaphragm added during incubation. A. Before 
incubation.  B. After 6o rain incubation,  i o o %  0 2. 2 hemidiaphragms were added to 4 ml incu- 

bat ion medium. 
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chrome in Krebs-Ringer phosphate medium at pH 7.4 and 37 ° C and oxidation was 
stopped at this stage. On the other hand, this conversion was inhibited by either 
anaerobiosis or the addition of glutathione. When the diaphragm was added to the 
incubation medium, oxidation of adrenaline was prevented even in oxygen. The 
observation therefore indicates that the metabolic effects on the diaphragm are due 
to unchanged adrenaline. A corresponding observation was made with noradrenaline. 

This was further investigated in experiments in which glutathione was added 
to the incubation medium (Table III).  The effect of adrenaline on the glycogen 
synthesis, glucose uptake and lactic acid production was here essentially the same 
as without the addition of glutathione. Finally an experiment was carried out in 
which adrenochrome was added in vitro to the incubation medium (Table IV). 2/ ,g 
adrenochrome per ml medium gave no metabolic effect on the diaphragm, and IO/zg 
per ml medium was also without any definite effect. The experiments thus give further 
indication that the metabolic effects on the diaphragm are caused by the unoxidized 
adrenaline. 

T A B L E  I I I  

THE EFFECT OF ADRENALINE PROTECTED BY GLUTATHIONE ON THE RAT DIAPHRAGM in  vitro 

Glucose uptake s Glycogen synthesis *t 
Group Lactic acid production 

mg/g/h 

Without adrenaline 2.6 4- o.i 4 (9) I. 3 + 0.25 (8) 0.6 4- 0.07 (4) 
With adrenaline 1.8 4- o.i2 (9) 0. 3 4- 0.27 (8) 0.75 4- 0.07 (4) 

I n c u b a t i o n  in i ml  medium.  G lu t a th ione  in a concen t r a t ion  of 0 .oo2M was present .  2 p g  
ad rena l i ne  was added.  

I n c u b a t i o n  for 60 min  a t  37 ° C, lOO% 02. N u m b e r  of expe r i men t s  in ( ) .  
S t a t i s t i ca l  t e s t  on the  s ignif icance of the  differences:  

* t : 4 . 2 ,  P : o . o o I ;  * * t : 2 . 7 ,  P : o . o 2 .  

T A B L E  IV 

THE EFFECT OF ADRENOCHROME ON RAT DIAPHRAGM i n  vitro 

G~'oup 
Glucose uptake Glycogen synthesis 

Lactic acid produaion 

W i t h o u t  ad renoch rome  

W i t h  l . t  • i o - S M  adrenochrome  

W i t h o u t  ad renochrome  

%Vith 5.5" I o - S M  adrenochrome  

2. 7 4- o . I I  (9) 1.5 4- o.14 (9) 0. 7 4- o . I5  (6) 

2.8 4- 0.09 (9) 1. 4 4- o . I I  (9) 0. 7 4- o.14 (6) 

2.2 + 0.29 (4) 1.9 + o.I8 (5) 
1.9 4- o.I5 (4) 1.7 4- 0 , I I  (5) 

I n c u b a t i o n  in I ml  med ium,  for 60 rain a t  37 ° C, IOO~o 02. N u m b e r  of expe r i men t s  in ( ) .  

Experiments on extracts o/the diaphragm 

Sul/hydryl agents. The assumption (RANDALL 8) that adrenochrome inhibits glycolysis 
by oxidation of SH-groups has been tested. Indications have been obtained that 
diaphragm hexokinase require free sulfhydryl groups for activity. The enzyme thus 
resembles brain particle hexokinase (SoLs AND CRAUEae). The hexokinase activity is 
gradually lost during incubation at 3o ° C. As shown in Table V the metal-binding 
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agent versene preserves the activity of the enzyme. The thermal inactivation of the 
unprotected enzyme is irreversible and activity is not restored by versene. 

T A B L E  V o. 5 ml  of d i a p h r a g m  e x t r a c t  was  m a d e  

PROTECTION OF DIAPHRAGM HEXOKINASE BY VERSENE up  to  1.5 ml  w i t h  neu t r a l  o .ooi5  M ver-  
sene (concentra t ion) .  Tris  buffer p H  8.o 

Preincuba2ion Addition betore Residual activity to  a final concen t r a t i on  of 0.03 M was  
(x) test o/activity (3) included.  The  tubes  were i n c u b a t e d  for 

(2) t*Mglacoseutilized I hour  a t  30 ° C. Af te r  cooling, the  
add i t i ons  as i nd i ca t ed  in co lumn  2 

Ve.rsene W a t e r  1.97 were made.  The  f lasks were fort i f ied 
W a t e r  W a t e r  0.80 wi th  glucose, ATP, MgC1 v K F  and Tris  
W a t e r  Versene 0.96 buffer, p H  8.2, accord ing  to the  s t and -  

No t  p r e i n c u b a t e d  1.98 ard  procedure  and i n c u b a t e d  for 20 
min  a t  3 °0 C. 

As reported in Table VI the SH-agent p-chloromercuribenzoate (PCMB) produced 
complete inhibition of hexokinase activity. With concentration of PCMB which 
produced partial inactivation, reversal of the activity was obtained by cysteine. In 
an experiment where diaphragm extract was preexposed to 2. 7. Io-SM PCMB for 
3 min at 2o°C an inhibition of 79% of hexokinase activity was observed, o .oo lM 
cysteine partially restored the activity when added during the final incubation, the 
inhibition then being 22 %. 

Experiments with o-iodosobenzoate likewise indicated the presence of essential 
sulfhydryl groups. An inhibition of 78% was observed when the extract was incubated 
with o .ooI6M o-iodosobenzoate prior to the measurement of hexokinase activity. 

T A B L E  VI  T A B L E  V I I  

I N H I B I T I O N  OF RAT DIAPHRAGM H E X O K I N A S E  INHIBITION OF RAT DIAPHRAGM H E X O K I N A S R  
B Y  p - C H L O R O M E R C U R I B E N Z O A T E  BY A D R E N O C H R O M E  

PCMB l~ibition Adrenochrome Inhibition 
concentration % concentration % 

2.7" xo -4M xoo x- l o - 8 M  4 ° 
2. 7 • i o - S M  66 8. x o - a M  35 
1.4" 1o-5M 34 5" I o - 4 M  21 
5.4" xo-eM o 2. i o - 4 M  o 

0.5 ml  of e x t r a c t  was  m i x e d  w i t h  PCMB a t  
+ x ° C. Af te r  2 m i n u t e s  the  usua l  i n c u b a t i o n s  
m i x t u r e  as  g iven  in  the  genera l  p r o c e d u r e w a s  
a d d e d  a n d  t h e  f lasks were i n c u b a t e d  a t  3 °0 C 
for 2o minu tes .  Glucose p h 0 s p h o r y l a t i o n  in  
con t ro l  f lask was  2.8 p M .  

0.5 ml  of e x t r a c t  was  m i x e d  w i t h  ad r~nochrome  
a t  + 1 ° C. Af te r  2 m i n u t e s  t he  usua l  i n c u b a t i o n  
m i x t u r e  was  added  and  i n c u b a t i o n  was  per- 
fo rmed  a t  3 o ° C  for 2o minu tes .  Glucose phos- 
p h o r y l a t i o n  in con t ro l  f lask was  2. 4 p M .  

Adrenochrorae. As shown in Table VII adrenochrome partially inhibits activity of 
diaphragm hexokinase in the extract*. The extent of inhibition was not increased 
when the extract was preexposed to adrenochrome for a prolonged time. The effect 
by adrenochrome was partially reversed by glutathione. In an experiment in which 
8-IO-'*M adrenochrome exerted 50% inhibition the addition of o.oo2M glutathione 
reduced the  inhibition by 5o%. As described elsewhere (WALAAS 17) hexokinase 

" In  o the r  expe r imen t s  the  same  resul t s  were ob ta ined  when  2-deoxy-D-glucose was  used  as 
t he  s u b s t r a t e  ins tead  of D-glucose. Thus,  the  inh ib i t ion  of glucose p h o s p h o r y l a t i o n  by  adreno-  
ch rome  canno t  be a t t r i b u t e d  to  an effect on phosphof ruc tok inase .  

References p. 8 4 .  



82 E. WALAAS, O. WALAAS VOL. 2@ (I956) 

activity in extracts of the diaphragm is only slightly inhibited by adrenaline while 
noradrenaline is without any effect. 

Cysteine was not able to reverse the inhibition by adrenochrome. This may be 
explained by the fact that cysteine rapidly converts the red adrenochrome to a yellow 
fluorescent compound, which is resistant against reduction with sodium hydrosulfite. 
At pH 7.4 in phosphate buffer the compound has two absorption maxima at 39 ° mtz 
and z5o mt~. In its properties it resembles adrenolutine; it may however be an 
addition compound of adrenochrome with cysteine. Glutathione, when added in great 
excess, at pH 7-4 in phosphate buffer, converts adrenochrome to a colourless com- 
pound with an absorption maximum at 305 m/~. This is probably leuco-adrenochrome. 
By reduction of adrenochrome with NazSsO 4 a colourless compound with z absorption 
maxima at 240 mtz and 350 mt~ is formed. 

The possibility that adrenochrome inhibits glycolysis by acting as a phosphate 
acceptor has also been considered (WAJZER~s,~9). This has not been supported by 
the experiments reported in Table VIII. The inhibition of hexokinase activity by 
~drenochrome was of the same order of magnitude at different concentrations of 
ATP. Similar results are reported by MEYERrtOF AND RANDALL' in experiments on 
glycolysis in brain homogenate. 

T A B L E  V I I I  

THE EFFECT OF ADRENOCHROME ON TKE H ~ O K I N A S E  REACTION IN RAT DIAPHRAGM HOMOGENATE 

A dre~.ochrom¢ A T P Glucos# l nlslbi~ion 
molts moles  plmspkorylation 

ttg glwvose l,g &l~mse per ¢¢~t 

o 3 '  zo-S 37 I 
5" xo-4 3" zo-S 264 Io 7 29 

O z. 5 • xo -s  264 
5" IO -4 1.5" Io  -s  x38 IO8 44 

o 8- xo -4 i28  
5" IO-4 8- i o  -4 88 4 ° 31 

The  i n c u b a t i o n  m i x t u r e  con ta ined  A TP  and  ad renochrome  in the  concen t ra t ions  men t ioned .  
o.5 ml  x o %  h o m o g e n a t e  was added  to  a t o t a l  v o l u m e  of 3.o ml. 

I n c u b a t i o n  for 2o mi n  a t  3 °o C. 

DISCUSSION 

While it is known that noradrenaline produces hyperglycemia by exerting a glyco- 
genolytic effect on the liver, it appears more uncertain whether noradrenaline has 
any effect on the muscle metabolism. No changes in the content of muscle glycogen 
after injection of noradrenaline in rats could be found (SAHYUN AND WEBSTER m, 
BLOOM AND RUSSELL21). The present experiments have clearly shown that nor- 
adrenaline exercises the same metabolic effects in the diaphragm as shown in the 
case of adrenaline (WALAAS AND WALA.~S i, WAL~SI~), the effect of noradrenaline 
being, however, considerably weaker. 

The relation between the hyperglycemic effect of adrenaline and noradrenaline 
in vivo after injection in whole animals (McCHESNEY,  MCAULIFF AND BLUMBERG s2) 

corresponds to the relationship between the glycogenolytic effect of these catechol 
amines in isolated liver slices (SUTHERLAND AND CORIgS). Approximately the same 
relationship between the effect of adrenaline and noradrenaline is demonstrated 
concerning the inhibition of glycogen synthesis and glucose uptake in the isolated 
Re/erences p.  84.  
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diaphragm. The somewhat uncertain effect of noradrenaline on the muscle metabolism 
in v/vo may therefore depend upon the fact that noradrenaline gives vasoconstriction 
in skeletal muscle (DuNCANSON, STEWART AND EDHOLM24). On the other hand, 
adrenaline gives a pronounced vasodilation in muscles (ALLEN, BARCRO~T AND 
EDHOLM~5). 

The problem whether the metabolic effects of adrenaline are due to unchanged 
adrenaline or oxidation products of the latter, has been a subject of attention since 
the investigations by Corn, FISHER AND Corn e. The observation that adrenaline pro- 
tected with anti-oxidants exerted a strong hyperglycemic response by injection, indi- 
cated that adrenaline was the active substance. 

It  is well known that adrenaline is easily oxidized in neutral solution. The first 
prod.uct of oxidation, adrenoerythrine, is a very unstable substance (Bu'LocK AND 
HARLEY-MAsoN ~) with an absorption maximum at 250 m~ (RuIz-GIjoN~). It  is 
easily converted further to the red adrenochrome with absorption maxima at 300 m/z 
and 485 m/z (LuNDll). The possibility that  adrenaline exercises metabolic effects only 
after oxidation to adrenochrome has received some attention since RANDALL 8 demon- 
strated that adrenochrome inhibited the glycolysis in brain homogenate due to 
inhibition of the hexokinase and phosphofructokinase reactions (MEVERHOF AND 
RANDALLg). 

Our experiments have added evidence that the metabolic effects by adrenaline 
are due to the adrenaline itself. Thus, adrenaline protected with glutathione is 
metabolically active on the isolated diaphragm. The diaphragm in vitro prevents 
adrenaline from being oxidized probably because "protecting" substances are being 
liberated from the muscle. Homogenates or extracts made from the diaphragm also 
protect adrenaline from being oxidized. The spectrophotometric measurements 
performed indicate the formation of small amounts of adrenoerythrine when either 
glutathione or isolated diaphragm were added to the incubation medium containing 
adrenaline. As shown by MURACCIOLE AND RUIZ-GIJON ~ this compound has the same 
hyperglycemic effect as adrenaline on injection in rabbits. Possibly an equilibrium 
in the cell is set up between adrenaline and adrenoerythrine. 

The inhibition of hexokinase activity in diaphragm extracts by adrenochrome 
may be due to reversible oxidation of sulfhydryl groups. The sensivity of hexokinase 
to SH-agents and the partial reversal of the inhibition exerted by adrenochrome on 
hexokinase activity by glutathione supports this assumption. The possible physio- 
logical importance of adrenochrome, however, on regulation of carbohydrate metabo- 
lism in muscle is not known. Adrenochrome is without hyperglycemic effect by 
injection in vivo (MuRACCIOLE AND RUIZ-GIJON ~) and has no effect in vitro on the 
isolated diaphragm. The question of penetration must be taken into consideration 
and the intracellular oxidation of adrenaline to adrenochrome must be considered 
a possibility (BAcQs~). According to GREEN AND RICHTER 30 adrenaline is converted 
to adrenochrome by the cytochrome system. In unpublished experiments it has been 
shown by the authors that adrenaline is oxidized to adrenochrome by sarcosomes 
isolated from the rat diaphragm. 

In conclusion i t  should be pointed Out the essential results obtained. Adrenaline 
decreases glucose uptake in the isolated diaphragm but has only a slight inhibitory 
effect on hexokinase activity in extracts of the diaphragm. The reverse situation is 
shown when experiments with adrenochrome are performed. Adrenochrome inhibits 
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hexokinase activity in extracts but has no effect on glucose uptake in the diaphragm. 
More work is therefore required to establish the role of adrenochrome in regu- 

lation of carbohydrate metabolism in the intact muscle. So far, the experiments 
indicate that the inhibition of glucose uptake in the diaphragm by adrenaline is due 
to the unoxidized adrenaline molecule. 
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, S U M M A R Y  

I. Norad rena l ine  in vitro produced  an  inh ib i t ion  of g lycogen  syn thes i s  and  glucose u p t a k e  
in the  d i a p h r a g m ,  i.e. t h e  s a m e  effects a t  those  p roduced  by  adrenal ine .  The  re la t ive  biological 
ac t iv i ty  o f / - a d r e n a l i n e ,  l -noradrena l ine  and  d , l -noradrenal ine  was  I : 114 : I/iO. This  is a s i tua t ion  
co r respond ing  to t h a t  k n o w n  for t he  g lycogenolyt ic  effect of these  s u b s t a n c e s  in the  liver. 

2. Adrena l ine  " p r o t e c t e d "  aga i n s t  ox ida t ion  by  g l u t a t h ione  gave  t he  s a m e  metabol ic  effects 
in t he  d i a p h r a g m  as " u n p r o t e c t e d "  adrenal ine .  A d r e n o c h r o m e  has  no metabol ic  effects on t he  
d i a p h r a g m  in vitro. 

3. I n  sa l ine  p h o s p h a t e  m e d i u m ,  p H  7.4 a t  37 ° C, ad rena l ine  was  rap id ly  oxidized to adreno-  
ch rome .  Th i s  convers ion  was inhib i ted  by  g l u t a t h i one  or by  add i t ion  of d i a p h r a g m  to t he  incu-  
ba t ion  m e d i u m .  

4. H e x o k i n a s e  ac t i v i t y  in ex t r ac t s  of r a t  d i a p h r a g m  was sens i t ive  to s u l f h y d r y l  agen t s  
A d r e n o c h r o m e  inh ib i t ed  hexok i na se  ac t iv i ty  p r o b a b l y  by  reversible  ox ida t ion  of su l fhyd ry l  groups .  

5 - T h e  e x p e r i m e n t s  ind ica te  t h a t  t he  physiological  effects of adrena l ine  on c a r b o h y d r a t e  
m e t a b o l i s m  in musc le  is due  to t he  adrena l ine  molecule  as such.  
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