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Th.e energy  mechanisms p r e s e n t  i n  s k e l e t a l  muscle have been 

e x t e n s i v e l y  s tu d ie d  by b io ch e m is t s  u s in g  in  v i t r o  system s .  (Per 

example see 1, 2 ,  3 ) .  By c o n t r a s t ,  a t tem pts  to  q u a n t i f y  s k e l e t a l  

muscle m etabol ism  i n  s i t u  — and thereby  to  e s t a b l i s h  the p a t t e r n  

o f  energy  m etabol ism  i n  use ,  r a t h e r  than th a t  which i s  p o t e n t i a l l y  

a v a i l a b l e  —  have been r e l a t i v e l y  I n f r e q u e n t .  While the human f o r e ­

arm i s  undoubted ly  composed o f  a number o f  d i f f e r e n t  t i s s u e s ,  by f a r  

i t s  g r e a t e s t  bulk i s  s k e l e t a l  m usc le .  C o r r e c t l y  u sed ,  i t  p r o v id e s  

a r e a d i l y  a c c e s s i b l e  t o o l  f o r  the a p p r a i s a l  o f  s k e l e t a l  muscle 

metabolism i n  s i t u .  The m a t e r i a l  to  be p re s e n te d  in  t h i s  d i s s e r t a ­

t i o n  d e s c r i b e s  the r e s u l t s  o f  s t u d i e s  o f  ba sa l  m etabolism o f  s k e l e ­

t a l  muscle and a d ip o s e  t i s s u e  i n  the human forearm i n  c o n t r o l  s u b je c t s  

and i n  i n d i v i d u a l s  i n  whom m etabol ism  was a l t e r e d  e i t h e r  by o b e s i t y  

or by e n d ocr in e  d i s e a s e .

The s t u d i e s  are  based upon the a p p l i c a t i o n  o f ,  and s t r i c t  

adherence to  the p r i n c i p l e  o u t l i n e  by P ick  in  1870 ( 4 ) .

THE PICK PRINCIPLE

During s o - c a l l e d  " s t e a d y - s t a t e  c o n d i t i o n s " ,  uptake ( o r  p rod u c -  

t i o n )  o f  a m e t a b o l i t e  by forearm t i s s u e s  (d e s ig n a te d  Q), i n  u n i t s  

o f  mass per  minute i s  g iv en  by the f o l l o w i n g  e q u a t io n :

$ = F(A -  DV)

Where P = b lo o d  ( o r  plasma) f l o w  in  ml per minute per u n i t  o f  mass 

s e l e c t e d ,  and A and DV are the  c o n c e n t r a t i o n s  o f  m e t a b o l i t e  i n  

a r t e r i a l  and deep venous b lo o d  ( o r  plasma) r e s p e c t i v e l y  i n  u n i t s
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o f  mass per  ml. I t  i s  e s s e n t i a l  to  p rop er  employment o f  the 

P ick  p r i n c i p l e  th a t  the f o l l o w i n g  c o n d i t i o n s  o b t a i n :

1 ,  The a r t e r i a l  c o n c e n t r a t i o n  o f  the m e t a b o l i t e s  under 

study must remain c o n s ta n t  f o r  the  d u ra t io n  o f  the ex per im enta l  

p r o ce d u re .  S tud ies  a r e  t h e r e f o r e  conducted  i n  the p o s t - a b s o r p ­

t i v e  s t a t e ,  that  i s  1 2 -1 4  hours a f t e r  the l a s t  meal.  In the 

presence  o f  e i t h e r  r i s i n g  or  f a l l i n g  a r t e r i a l  c o n c e n t r a t i o n s ,  

simple measurement o f  a r t e r i o v e n o u s  d i f f e r e n c e s  w i l l  g iv e  a f a l s e  

r e f l e c t i o n  o f  m e t a b o l i c  exchange o f  the measured m e t a b o l i t e .  

Z l e r l e r  (5 )  has r e c e n t l y  examined t h i s  q u e s t io n  c r i t i c a l l y  and, 

w hile  virging th a t  s teady  s ta te  exper im ents  be des igned  whenever 

p o s s i b l e ,  he has d e f i n e d  a n o n -s te a d y  s t a t e  F ick  p r i n c i p l e  which 

may be employed p r o v id e d  the t r a n s i t  time o f  the m e t a b o l i t e  

through the  system i s  known, and p r o v id e d  a r t e r i a l  c o n c e n t r a t i o n  

i s  changing in  l i n e a r  f a s h i o n .  B r i e f l y ,  venous c o n c e n t r a t i o n  

should ,  under these  c i r c u m s ta n c e s ,  be compared not  w ith  the 

s im ultaneous ly  measured a r t e r i a l  c o n c e n t r a t i o n ,  but w ith  the 

a r t e r i a l  c o n c e n t r a t i o n  o b t a i n in g  a t  some e a r l i e r  moment i n  t im e,  

t h i s  time p e r i o d  c o r r e s p o n d in g  t o  the mean t r a n s i t  time through 

the system o f  the m e t a b o l i t e  under s tudy.

2 .  B lood  f l o w  must remain a c c e p t a b l y  c o n s ta n t .  During 

rapid changes in  b lood  f l o w ,  c a l c u l a t i o n  o f  Q v i a  the P ick  p r i n ­

c i p l e  i s  im proper ,  y i e l d i n g  v a lu e s  which are  toe  l a r g e ,  i f  mea­

sured as b lood  f l o w  i n c r e a s e s ,  and v a lu e s  which are too  sm all ,
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i f  measured as  b l o o d  f l o w  d e c r e a s e s .  In c o n t r a s t  to  l i n e a r  

a l t e r a t i o n s  i n  a r t e r i a l  c o n c e n t r a t i o n  o f  m e t a b o l i t e s ,  i t  i s  

Z i e r l e r ' s  v iew t h a t  no ap p rox im at ion  o f  true  uptake or  output 

i s  p o s s i b l e  in  the  p re se n ce  o f  r a p id  a l t e r a t i o n s  i n  b lo o d  f l o w .  

EXPERIMENTAL METHODS

Experiments were performed in  an a i r - c o n d i t i o n e d  room, the 

s u b j e c t s  r e c l i n i n g  c o m fo r ta b ly  on a couch ,  w ith  the arm w e l l  

sup ported .  A l l  s u b j e c t s  were s tu d ie d  during  the morning hours 

8 A.M. to  12 noon, some 12 -16  hours a f t e r  the l a s t  meal .  Great 

care  was e x e r c i s e d  i n  e x p l a in in g  the procedure  to  the s u b j e c t s ,  

and there  was u s u a l l y  l i t t l e  o v e r t  a n x i e t y .  An 18-gauge th in  

wal led  R i l e y  n e e d le  was threaded  upstream i n t o  the b r a c h i a l  a r t e r y .  

A 20-gauge t h in  w a l le d  need le  was then threaded through the R i l e y  

n ee d le ,  thus c o n v e r t i n g  i t  i n t o  a double  lumen n e e d le ,  w ith  the 

t ip  o f  the in ner  n e e d le  p r o j e c t i n g  5 cm beyond the t i p  o f  the 

outer  n e e d l e .  The lumen o f  the 20-gauge n eed le  was used f o r  the 

c o l l e c t i o n  o f  the a r t e r i a l  b lo o d  sample; c o n t in u ou s  i n j e c t i o n  o f  

Evans blue dye,  f o r  d e te rm in a t io n  o f  forearm  b lood  f l o w ,  was made 

through the  space between the two n e e d l e s .  Every p r e c a u t i o n  was 

taken to  in s u r e  th a t  a r t e r i a l  samples were c o l l e c t e d  w ithout  

imparting any m ot ion  to  the a r t e r i a l  n e e d l e ,  which may s t im u la te  

the a r t e r y  m e c h a n i c a l l y ,  and so a l t e r  b lood  f l o w ,  thereby  i n v a l i ­

dating the F ick  p r i n c i p l e  ( s ee  a b o v e ) .  P o ly e t h y le n e  c a t h e t e r s  

(9 in ch  l e n g t h s  o f  PE 90 tu b in g )  were i n s e r t e d  i n  r e t r o g r a d e
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fa s h lo n  { ’'downstream") in t o  two forearm v e i n s .  One c a t h e t e r  

was passed through  the deep communicating v e in  i n  the a n t e -  

c u b i t a l  f o s s a  u n t i l  i t s  t i p  was no l o n g e r  p a l p a b l e .  Blood 

obta ined  from t h i s  c a t h e t e r  i s  c a l l e d  "deep venous b l o o d " ,  and 

w i l l  be i d e n t i f i e d  by the symbol DV. A -  DV d i f f e r e n c e s  r e f l e c t  

metabolism o f  muscle i n  the main. A second c a t h e t e r  was p la ce d  

in the l a r g e s t  a c c e s s i b l e  s u p e r f i c i a l  v e i n  and i t s  t i p  remained 

palpable  th rou g h ou t .  Blood o b ta in e d  from t h i s  c a t h e t e r  i s  c a l l e d  

s u p e r f i c i a l  venous b l o o d ,  and i s  i d e n t i f i e d  by the symbol SV.

A -  SV c o n c e n t r a t i o n  d i f f e r e n c e s  r e f l e c t  metabolism o f  sk in  and 

subcutaneous a d ip o s e  t i s s u e  i n  the main. The ex p er im en ta l  t e c h ­

nique thus a l l o w s  o f  s im ultaneous  sampling from b r a c h i a l  a r t e r y  

and a d r a in in g  deep (muscular)  v e in  and d r a i n in g  s u p e r f i c i a l  

( sk in  and subcutaneous a d ip o s e  t i s s u e )  v e i n .  In a l l  exper im ents  

at l e a s t  two s e t s  o f  samples were o b ta in e d  under ba sa l  c o n d i t i o n s ,  

and va lues  f o r  b a s a l  m etabolism  are  e x p r e s s e d  as the means t h e r e o f .

In some e x p er im en ts ,  the  techn ique  was used to  examine the 

l o c a l  e f f e c t  o f  v a r i o u s  hormones, i n  p a r t i c u l a r  i n s u l i n  and human 

growth hormone. The hormone under study was added to  the s o l u t i o n  

T-1824, which i s  employed f o r  measurement o f  forearm b lo o d  f l o w ,  

and i n j e c t e d  i n t r a - a r t e r i a l l y  a t  c o n s ta n t  r a t e  i n  amounts so small  

that t h e i r  a r r i v a l  i n t o  the g e n e ra l  c i r c u l a t i o n  s t im u la te d  no 

measurable r e s p o n s e .  The observed  resp onse  t h e r e f o r e  c o n s t i t u t e s ,  

as fa r  as p o s s i b l e ,  the d i r e c t  e f f e c t s  o f  the hormone or  forearm

t is s u e s .
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AI1AXYTICAX METHODS

I t  i s  e s s e n t i a l  th a t  b lood  be handled e x p e d i t i o u s l y  in  

these exp er im ents .  The plugged s y r in g e s  were c a r r i e d  from the 

p a t i e n t  room to  the l a b o r a t o r y ,  a few s te p s  away, where a drop 

o f  mercury was drawn i n t o  each sy r in g e  and the b lood  was mixed 

by s w i r l i n g .  Blood was then d i s t r i b u t e d  from the syr inge  in to  

3 tubes ,  two o f  w hich  were i n  I c e  w ater ,  and one was at  room 

temperature .  B lood  In one o f  the c h i l l e d  tubes  was immediately  

laked and somagyi p r e c i p i t a t i n g  agents  were added. The sup er ­

natant was l a t e r  used f o r  g lu c o s e  and l a c t a t e  d e te r m in a t io n s .

The second c h i l l e d  tube was c e n t r i f u g e d  i n  the c o ld  and the 

plasma was h e ld  f o r  FFA ( f r e e  f a t t y  a c i d )  a n a l y s i s .  The t h i r d  

tube was c e n t r i f u g e d  a t  room tem perature .  Potassium was d e t e r ­

mined on t h i s  plasma. Haematocrit  d e te rm in a t io n s  were performed 

on a l l  samples to  Insure  that  there  had been no s a l i n e  contam i­

nation  o f  -venous sam ples .  When gas a n a ly s e s  were per form ed ,  p a rt  

o f  the b lood  was kept  i n  the capped syr inge  which was then p la ce d  

In i c e  water  w h i le  a w a it in g  a n a l y s i s .

Blood g lu c o s e  was determined by the g lu c o s e  o x id a s e  method 

(6) ;  l a c t i c  a c id  by the l a c t i c  dehydrogenase —  DPU method (7j ;  

plasma free  fa t ty  a c i d s  by the Dole  method (8) ;  potassium using 

Internal standard flame photometry; oxygen and carbon dioxide  

were determined by the method o f  Van Slyke and K elli  (9) .  While 

these methods show e s s e n tia lly  only minor m odifications from the
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AMLYTIGAX METHODS

I t  i s  e s s e n t i a l  th a t  b lood  be handled e x p e d i t i o u s l y  i n  

these exp er im ents .  The p lugged  s y r in g e s  were c a r r i e d  from the 

p a t ie n t  room to  the l a b o r a t o r y ,  a few s te p s  away, where a drop 

o f  mercury was drawn i n t o  each sy r in g e  and the b lo o d  was mixed 

by s w i r l i n g .  Blood was then d i s t r i b u t e d  from the syr inge  in t o  

3 tu b es ,  two o f  w hich  were i n  i c e  w ater ,  and one was a t  room 

temperature.  B lood  in  one o f  the c h i l l e d  tubes  was im m ediately  

laked and somogyi p r e c i p i t a t i n g  agents  were added.  The sup er ­

natant was l a t e r  used f o r  g lu c o s e  and l a c t a t e  d e t e r m in a t io n s .

The second c h i l l e d  tube was c e n t r i f u g e d  i n  the c o l d  and the 

plasma was h e ld  f o r  FFA ( f r e e  f a t t y  a c i d )  a n a l y s i s .  The t h i r d  

tube was c e n t r i f u g e d  a t  room tem perature .  Potassium was d e t e r ­

mined on t h i s  plasma. H aematocrit  d e term in a t ion s  were performed 

on a l l  samples t o  in sure  that  th ere  had been no s a l i n e  contam i­

nat ion  o f  venous samples.  'When gas a n a ly se s  were per form ed ,  p a r t  

o f  the b lo o d  was kept in  the capped s y r in g e  which was then p la c e d  

in i c e  water  w h i le  a w a it in g  a n a l y s i s .

Blood g lu c o s e  was determined by the g lu c o s e  o x id a s e  method 

(6 ) ;  l a c t i c  a c i d  by the l a c t i c  dehydrogenase —  DPN method ( 7 ) ;  

plasma f r e e  f a t t y  a c i d s  by the Bole  method ( 8 ) ;  potass ium  us ing  

in te r n a l  s tandard  flame photom etry ;  oxygen and carbon d i o x id e  

were determined by the method o f  Van Slyke and N e i l l  ( 9 ) .  While 

these methods show e s s e n t i a l l y  o n ly  minor m o d i f i c a t i o n s  from the
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o r i g i n a l  d e s c r i p t i o n s ,  they have been examined e x t e n s i v e l y ,  and 

v a l i d a t e d  th o r o u g h ly  i n  our l a b o r a t o r y .  Dead spaces  were mea­

sured f o r  a l l  s y r in g e s  employed f o r  c o l l e c t i o n  o f  b lo o d  samples.  

Dead spaces  o f  the  c o l l e c t i n g  s y r in g e s  were f i l l e d  w ith  h ep a r in  

in  i s o t o n i c  sodium c h l o r i d e .

Forearm volume was determined by water d isp lacem ent  o f  the 

segment between the  prox im al  margin o f  the sphygmomanometer c u f f  

at  the w r i s t ,  and the a n t e c u b i t a l  c r e a s e .

determination: of forearm elood flo.i

Blood f l o w  through  the b r a c h i a l  a r t e r y  was measured by the 

i n d i c a t o r - d i l u t i o n  te ch n iq u e ,  based on the con t in u ou s  i n j e c t i o n ,  

at c o n s ta n t  r a t e ,  o f  the dye T-1824 (Evans b lue)  ( 1 0 ) .  I n t r a ­

a r t e r i a l  i n j e c t i o n  o f  the dye was d e l i v e r e d  by a power d r iv e n  

s t e e l  s y r in g e ,  a t  a r a te  o f  a p p rox im a te ly  0.1 ml per m inute .  

C oncentra t ion  o f  the  dye i n  both DV and SV plasma was measured 

by r e c o r d i n g  o p t i c a l  d e n s i ty  a t  620 m i l l i m i c r o n s  on the Beckman 

DU s p e c t r o p h o to m e te r .

B r a c h ia l  a r t e r i a l  plasma f l o w  (E) i s  g iv e n  by the eq u a t ion

I  -  L_
Cm

I = r a t e  o f  i n t r a - a r t e r i a l  i n j e c t i o n  o f  T-1824 i n  mg per 

minute. During steady  s ta te  c o n d i t i o n s ,  the r a t e  a t  which the 

in d i c a t o r  l e a v e s  the l o c a l  hed i s  a l s o  I mg per  minute.

Cm = mean venous dye c o n c e n t r a t i o n  in  mg per  ml.  Cm i s  

obtained from the eq u a t io n



- 7 -

Cdv + Csv
Cm = 2

where Cdv and Csv are the dye c o n c e n t r a t i o n s  In Dv and Sv 

r e s p e c t i v e l y .  Measurement o f  b lo o d  f l o w  by i n d i c a t o r  d i l u t i o n  

methods i s  o n ly  a c c e p t a b l e  i f  the i n d i c a t o r  mixes s a t i s f a c t o r i l y  

w ith  a r t e r i a l  b lo o d  c l o s e  t o  the i n j e c t i o n  s i t e ,  and b e f o r e  any 

major a r t e r i a l  b i f u r c a t i o n .  A r t e r i a l  m ix ing  i s  c o n s id e r e d  a d e ­

quate i f  dye c o n c e n t r a t i o n  in  DV and SV plasma agree  c l o s e l y .

I f ,  on the o th e r  hand, the mean r e l a t i v e  d i f f e r e n c e  i n  dye con ­

c e n t r a t i o n  i n  the two v e in s  ex ceed s  20 per  c e n t ,  i t  i s  c o n s id e r e d  

that adequate m ixing  o f  dye and b lood  has not  o c c u r r e d ,  and a 

d e term in at ion  o f  b lo o d  f l o w  i s  i m p o s s i b l e .  This  i s ,  in  f a c t ,  a 

rather  r a re  o c c u r r e n c e .

Blood f l o w  i s  determined from the e q u a t io n

B lood  f l o w  = Plasma . f l o w
Haematocrlt

SHORTCOMINGS OF TSCKNIQUE

The human forearm  i s  h e te r o g e n e o u s .  tfe are t h e r e f o r e  unable 

to co m p le te ly  d i v o r c e  s k e l e t a l  muscle and a d ip ose  t i s s u e  from 

other s t r u c t u r e s  i n  the forearm , and co n se q u e n t ly  a number o f  

in a c c u r a c i e s  r e s u l t :

1 .  B lood  f l o w ,  as measured by i n d i c a t o r - d i l u t i o n  te ch n iq u e s  

represents  t o t a l  f l o w  through the b r a c h i a l  a r t e r y ,  th a t  i s ,  essen  

t i a l l y  t o t a l  forearm  b lo o d  f l o w .  Forearm s k e l e t a l  muscle b lo o d  

flow i s  t h e r e f o r e  o v e r e s t i m a te d .  Andres,  Cader and Z i e r l e r  (11) 

a f te r  r e v ie w in g  the  a v a i l a b l e  ev id en ce  conc lud ed  th a t  b lo o d  f l o w
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to  muscle p ro b a b ly  r e p r e s e n t e d  80-85 per  cen t  o f  t o t a l  forearm 

f l o w ;  w h i le  b lo o d  f l o w  through forearm  bone i s  p r o b a b ly  n e g l i ­

g i b l e ,  b lood  f l o w  through sh in  I s  c o n s i d e r a b l e ,  w i t h  f i g u r e s  in  

the l i t e r a t u r e  s u g g e s t in g  th a t  i t  may vary  from 8 to  30 per  c en t  

o f  t o t a l  forearm  f l o w .  The degree  to  which i n d i c a t o r  d i l u t i o n  

te ch n iq ues  o v e r e s t i m a te  muscle f l o w  i s  thus q u i te  v a r i a b l e ;  on 

the a v era g e ,  however,  t rue  muscle  f l o w  i s  about  80 per  cen t  o f  

t o t a l  forearm  f l o w .

2 .  On the  o t h e r  hand, uptake (and p r o d u c t i o n )  o f  m e t a b o l i t e s  

by forearm muscle i s  ex p ressed  i n  u n i t s  o f  mass per  100 ml o f  f o r e ­

arm, which t h e r e f o r e  u n d e re s t im a te s  uptake o f  s k e l e t a l  muscle i t ­

s e l f .  Data, based on the c a r e f u l  d i s s e c t i o n s  o f  Abramson and 

P e rr i s  ( 1 2 ) ,  and Cooper e t  a l  ( 1 3 ) ,  su g g es ts  that  forearm muscle  

mass may v a ry  between 50$ and 75$ o f  t o t a l  forearm volume. On the 

average,  forearm  m uscle  o c c u p ie d  58$ to 66$ o f  forearm volume;

the value  o f  0 , o b ta in e d  by our methods,  i s  t h e r e f o r e  about 60 
per cent o f  Q o f  s k e l e t a l  muscle p r o p e r .

3 . W hile ,  in  g e n e r a l ,  the m etabolism  o f  s k e l e t a l  muscle i s  

r e f l e c t e d  by A -  DV c o n c e n t r a t i o n  d i f f e r e n c e s  and the metabolism 

o f  sk in  and a d ip ose  t i s s u e  by A -  SV c o n c e n t r a t i o n  d i f f e r e n c e s ,  

there i s  un doub ted ly  a good dea l  o f  admixture between the two v e i n s .  

This i s  to  be a n t i c i p a t e d ,  p a r t l y  because a f  the lu x u r ia n t  i n t e r ­

communication between deep and s u p e r f i c i a l  v e i n s ,  and p a r t l y  because  

the i n s e r t i o n  o f  c a t h e t e r s  i s  an e n t i r e l y  b l in d  p r o c e d u r e .
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OUAHTITATIVE ASPECTS OF BASAL F05EAKM METABOLISM

1 .  B lood  f l o w . E st im a t ion s  o f  forearm b lo o d  f l o w  d e t e r ­

mined by a v a r i e t y  o f  te ch n iq u e s  show a good degree  o f  a g r e e ­

ment (Tab le  I ) .  For comparison  w ith  the data to  be r e p o r t e d

i n  t h i s  d i s s e r t a t i o n ,  p a r t i c u l a r  a t t e n t i o n  w i l l  be g iv en  to  the 

r e s u l t s  o b ta in e d  by Z l e r l e r  and c o l l e a g u e s ,  whose methods the 

author  has employed.  In a r e c e n t  a n a l y s i s  o f  s i i t y - o n e  s u b j e c t s  

by Z l e r l e r ' s  group ,  mean forearm b lo o d  f l o w  was found to  be 3 .7  

ml per  minute p er  100 ml o f  arm (17) .

2 .  Oxygen uptake (QOg). A r te r io v e n o u s  oxygen d i f f e r e n c e s  

and oxygen uptake by forearm t i s s u e s  as determined by v a r io u s  

authors  are  l i s t e d  i n  Table 2 .  In g e n e r a l ,  the c o n s i s t e n c y  o f  

the data i s  n o te w o r th y .  Mean A -  LV oxygen d i f f e r e n c e  o f  3 .0 2  

tM/m l  r e c o r d e d  by Z l e r l e r  e t  a l  i s  somewhat h ig h e r  than th a t  

rep or ted  by e a r l i e r  w orkers .  C o l l e c t i o n  o f  b l o o d  from a “ deep" 

muscular v e i n ,  and e x c l u s i o n  o f  b lo o d  f l o w  from the hand during 

p er iod s  o f  sam pling ,  p ro b a b ly  a c cou n ts  f o r  t h i s  d i f f e r e n c e .

3 .  Carbon d i o x i d e  p r o d u c t i o n . Table  2 l i s t s  n e g a t iv e  A -

DV CO2 d i f f e r e n c e s  and COg p r o d u c t i o n  by forearm  t i s s u e s  ap pear ing  

in  the l i t e r a t u r e .

4 .  Glucose uptake (QG). A summary o f  a r t e r i o v e n o u s  g lu c o s e  

c o n c e n t ra t i o n  d i f f e r e n c e s ,  and va lu es  f o r  g lu c o s e  uptake by the 

forearm, as r e c o r d e d  by v a r io u s  a u th o rs ,  i s  c o n ta in e d  in  Table  3. 

Since the mean A -  LV g lu c o s e  c o n c e n t r a t i o n  d i f f e r e n c e  in  Z l e r l e r ' s  

hands i s  o n ly  0 .14/ i .M/ml ( o r  2 . 5  mgm) (17)  • the need f o r  g r e a t
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t e c l m l c a l  a c c u r a c y  i s  u n d e r l in e d .  I t  la  c l e a r  th a t  spu r iou s  

n e g a t iv e  A -  V d i f f e r e n c e s  may be found,  p a r t i c u l a r l y  when 

a r t e r i a l  g lu c o s e  c o n c e n t r a t i o n s  a re  n o t  s t a b l e .

5.  Potassium o u t p u t . The o n ly  sy s te m a t ic  study o f  p o t a s ­

sium movement a c r o s s  forearm  muscle  appears  to  be t h a t  o f  Z l e r l e r  

and c o l l e a g u e s  (1 7 ,  3 0 ) .  C on tro l  s u b j e c t s  s tu d ie d  In  the morning 

hours 12-16 hours  a f t e r  the l a s t  meal ,  e x h i b i t  n e t  movement o f  

potass ium out  o f  forearm  muscle In to  venous plasma. During the 

n ig h t  th e r e  appears  to  be no n e t  movement o f  potass ium  between 

muscle and plasma. R e s t i t u t i o n  o f  muscle potass ium c l e a r l y  o c c u r s  

only  a f t e r  p a r ta k in g  a meal,  p o s s i b l y  under the I n f l u e n c e  o f  endo­

genous i n s u l i n .

6 .  l a c t a t e . Contrary t o  the p r e v i o u s l y  w idespread  b e l i e f  

that l a c t i c  a c i d  appears  i n  the b lo o d  o n ly  as  a consequence  o f  

anox ia ,  Z l e r l e r  e t  a l  have c o n c l u s i v e l y  demonstrated the c o n s i s ­

tent  p r o d u c t i o n  o f  l a c t a t e  by forearm muscle  under b a sa l  r e s t i n g  

c o n d i t i o n s ,  i n  the f a c e  o f  v ig o r o u s  oxygen consumption (11 ,  1 7 ) .

The f r a c t i o n  o f  g lu c o s e  uptake accounted  f o r  by l a c t a t e  

prod u ct ion  i s  g iv e n  by the f o l l o w i n g  e q u a t io n :

2 ( DV -  A) l a c t a t e  
(a  -  DVJ g lu c o s e

since p r o d u c t i o n  o f  2 moles  o f  l a c t a t e  im p l ie s  d i s s i m i l a t i o n  o f  

1 mole o f  g l u c o s e .  Under b a sa l  c o n d i t i o n s ,  the mean va lue  o f  

this  r a t i o  ( t h e  L / G  r a t i o )  i s  0 . 4 2  ( 1 7 ) .
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7.  The 1)05311316 nature  o f  s u b s t r a t e ( s ) o f  forearm  m u s c l e .

The f r a c t i o n  o f  O2 consumption a cco u n te d  f o r  by o x i d a t i o n  o f  

g lu c o s e  a b s t r a c t e d  from b lo o d  i s  o b ta in e d  from the f o l l o w i n g  

e q u a t io n :

6 j (A -  DV) g lu c o s e  -  £(PV -  A ) l a c t a t e ]
(A -DV) oxygen

Prom Z I e r l e r ' s  data  ( 1 7 ) ,  I t  i s  apparent  th a t  g lu c o s e  o x i d a t i o n  

accounts  f o r  l e s s  than 20% o f  O2 uptake by forearm t i s s u e s .  Mean 

value o f  O.76 f o r  R e s p i r a t o r y  Q uot ien t  (R .Q . )  o f  forearm muscle 

suggests  th a t  the m is s in g  s u b s t r a t e  i s  l i p i d  i n  n a tu re .  I t  has 

been suggested  th a t  the f r a c t i o n  o f  f a t t y  a c i d  t r a n s p o r te d  in  

Intimate a s s o c i a t i o n  w ith  serum albumin, the f r e e  f a t t y  a c i d  (PPA) 

f r a c t i o n ,  may p r o v id e  the  m is s in g  s u b s t r a te  ( 3 2 ) .  C i r c u l a t i n g  

FPA turns  over  w i th  e x t r a o r d in a r y  r a p i d i t y ,  i t s  h a l f  l i f e  in  

plasma b e in g  about  2 m inutes .

Over a 6 year  p e r i o d ,  Z i e r l e r ' s  group have been unable  to 

obta in  d i r e c t  e v id en ce  th a t  FPA i s  the  m is s in g  s u b s t r a te  f o r  f o r e ­

arm m u sc le .  I t  i s  p o s s i b l e  that  f a i l u r e  to  show a c o n s i s t e n t l y  

p o s i t i v e  A -  DV FFA c o n c e n t r a t i o n  d i f f e r e n c e  may be determined 

by anatom ica l  f a c t o r s ,  . fhile  s k e l e t a l  muscle  may a b s t r a c t  FPA 

from a r t e r i a l  plasma, a d ip ose  t i s s u e ,  i n  c l o s e  c o n t i g u i t y  to  

muscle,  s im u lta n e o u s ly  r e l e a s e s  FPA i n t o  venous plasma, th ereb y  

o b l i t e r a t i n g  e v id e n c e  o f  PFA uptake by forearm  t i s s u e s .  A t r u l y  

q u a n t i ta t iv e  e s t im a te  o f  the r o l e  o f  PPA i n  muscle m etabolism  

remains a c h a l l e n g i n g  problem f o r  the f u t u r e .
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THE HETEROGENEITY 0?  THE HUMAN FOREARM: METABOLISM OF THE SUPER­

FICIAL DRAINAGE BED

I t  has been p o i n t e d  out  th a t  the human forearm  la  composed 

o f  a number o f  t i s s u e s  o th e r  than s k e l e t a l  m usc le .  Furthermore,  

the work o f  Mottram e t  a l  (13)  I n d i c a t e s  th a t  about  20$ o f  forearm 

b lood  f l o w  p a sse s  through the sk in .  I t  Is  t h e r e f o r e  not  unexpected  

that  examination  o f  A -  DV and A -  SV c o n c e n t r a t i o n  d i f f e r e n c e s  o f  

a number o f  m e t a b o l i t e s  has r e v e a le d  a p a t te rn e d  h e t e r o g e n e i t y  in  

the human forearm . While we are unable  to  a c c u r a t e l y  e s t im a te  

e i t h e r  b lo o d  f l o w  through the subcutaneous a d ip o s e  t i s s u e  or  the 

mass o f  t h i s  a d ip o s e  t i s s u e ,  u s e f u l  I n fo r m a t io n  on a d ip o s e  t i s s u e  

metabolism i s  s t i l l  o b ta in e d  by comparing a r t e r i a l  and s u p e r f i c i a l  

venous c o n c e n t r a t i o n  d i f f e r e n c e s  o f  s e v e r a l  m e t a b o l i t e s :

1 .  In b lood  d r a in in g  s u p e r f i c i a l  forearm t i s s u e s ,  the con­

c e n t r a t i o n s  o f  g l u c o s e  and potass ium are low er ,  and the concen ­

t r a t i o n s  o f  l a c t a t e ,  FFA and oxygen are  h ig h e r  than i n  b lo o d  d r a in in g  

c h i e f l y  deep t i s s u e s  o f  the forearm .

2 .  There i s  no s i g n i f i c a n t  d i f f e r e n c e  between a r t e r i a l  and
+

s u p e r f i c i a l  venous plasma K c o n c e n t r a t i o n s .

3. FFA are d i s c h a rg e d  from s u p e r f i c i a l  t i s s u e s  In to  the venous 

b lood .  This  r e f l e c t s  p r o d u c t io n  o f  FFA by subcutaneous a d ip ose  

t i s s u e ,  and i t s  d i r e c t  r e l e a s e  i n t o  venous b l o o d .  S ince  t h i s  mechan­

ism i s  under e x q u i s i t e l y  s e n s i t i v e  e n d ocr in e  c o n t r o l ,  I t  a f f o r d s

an e x c e l l e n t  o p p o r t u n i t y  f o r  the study o f  the a c t i o n  o f  a v a r i e t y  

of hormones on a d ip o s e  t i s s u e  in  s i t u .
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Table  4 l i s t s  the v a lu e s  o b ta in e d  by Z i e r l e r  at  a l  in  t h e i r  

sy s te m a t ic  study o f  A -  SV c o n c e n t r a t i o n  d i f f e r e n c e s  o f  g l u c o s e ,  

l a c t a t e ,  potass ium  and FFA ( 1 7 ) .

THE EFFECT OF INSULIN QH FOREARM METABOLISM IK MAN

The te ch n iq u e  employed f o r  a p p r a i s a l  o f  forearm metabolism 

in  man i n  s i t u  l e n d s  i t s e l f  n i c e l y  ta the exam inat ion  o f  l o c a l  

e f f e c t s  o f  hormones. The hormone, I n s u l i n  i n  t h i s  i n s t a n c e ,  I s  

added to  the s o l u t i o n  o f  b lue dye used f o r  measuring forearm 

b lo o d  f l o w ,  and i n j e c t e d  by c l o s e  i n t r a - a r t e r i a l  i n j e c t i o n  at  

cons ta nt  r a t e  in  amounts l a r g e  enough to  e x e r t  measurable  l o c a l  

e f f e c t s ,  but so sm a l l  that  a r r i v a l  in t o  the g e n e ra l  c i r c u l a t i o n  

s t im u la te s  no sys tem ic  r e s p o n s e .  Thus one o b s e r v e s  as f a r  as 

p o s s i b l e  o n l y  the e f f e c t s  o f  the hormone on forearm t i s s u e s .

The resp onse  i s  n o t  c o m p l i ca te d  by any c o u n t e r - r e g u l a t o r y  mea­

sures the body may i n s t i t u t e .

In the s t u d i e s  o f  Z i e r l e r  e t  a l  ( 3 3 ) ,  g l u c a g o n - f r e e  i n s u l i n  

was i n j e c t e d  in  a dose o f  100 ^a in its  per  kg.  per minute f o r  26 
minutes. ./hen t h i s  dose i s  d i l u t e d  by b r a c h i a l  a r t e r i a l  plasma 

f low in g  by the i n j e c t o r  s i t e ,  a c o n c e n t r a t i o n  o f  i n s u l i n  o f  

approx im ate ly  300 /^ u n its  per ml i s  a c h ie v e d  i n  the  b r a c h i a l  a r t e r y .  

The t o t a l  dose o f  i n s u l i n  was always l e s s  than 0 .2  u n i t s .  By con ­

t ra s t  i n  the s tandard  in tra v en ou s  i n s u l i n  t o l e r a n c e  t e s t ,  the 

dose i s  about  7 u n i t s  or  g r e a t e r .

Table 5 l i s t s  the  mean resp onse  o f  forearm  muscle  to  a d m in is ­

t ra t i o n  o f  i n s u l i n  i n  t h i s  f a s h io n  to  ten  h e a l th y  young s u b j e c t s  

by Z i e r l e r ^  group .
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I n t r a - a r t e r i a l  a d m i n i s t r a t i o n  o f  i n s u l i n  had o f  cou rse  been 

f r e q u e n t l y  employed p r i o r  to  Z i e r l e r ' s  s tudy .  Improper use o f  

the F ick  p r i n c i p l e  r en d ers  much o f  t h i s  work u n i n t e r p r e t a b l e .

Host workers can be f a u l t e d  f o r  u s in g  t o o  l a r g e  a dose o f  i n s u l i n ,  

r a p i d l y  a d m in is te re d  (Tab le  6 ) .  By p r o v o k in g  sys tem ic  changes ,  

and thereby  c a u s in g  r a p i d  a l t e r a t i o n s  in  the  a r t e r i a l  c o n c e n t r a ­

t i o n s  o f  the m e t a b o l i t e s  under s tudy ,  the c h i e f  purpose  o f  g i v i n g  

i n s u l i n  v i a  the i n t r a - a r t e r i a l  ro u te  i s  n u l l i f i e d .  The procedure  

now mimics in t r a v e n o u s  i n j e c t i o n ,  and c a r r i e s  s i m i l a r  d i sa d v a n ta g e s .

This can be a v o id e d  by c h o o s in g  a s u f f i c i e n t l y  small  dose 

and a d m in is t e r in g  the i n s u l i n  by c on s ta n t  i n f u s i o n .  This  proced ure  

has been f a i t h f u l l y  f o l l o w e d  i n  the s t u d ie s  to be r e p o r t e d  in  t h i s  

d i s s e r t a t i o n .

The im porta nt  o b s e r v a t i o n s  emerging from Z i e r l e r ' s  a u t h o r i ­

t a t i v e  study on the l o c a l  e f f e c t s  o f  i n s u l i n  on forearm  m etabol ism  

i n c l u d e :

1 .  A c o n c e n t r a t i o n  o f  s e v e r a l  hundred m ic r o u n i t s  I n s u l i n  per 

ml b r a c h i a l  a r t e r i a l  plasma produ ces  a t e n f o l d  o r  g r e a t e r  In c re a se  

in g lu co s e  uptake by forearm muscle i n  c o n t r o l  s u b j e c t s .

2 . Only a minor f r a c t i o n  o f  the g lu c o s e  a b s t r a c t e d  from b lood  

under I n s u l i n  s t i m u l a t i o n  i s  a c co u n te d  f o r  by l a c t a t e  p r o d u c t i o n ,  

and none appears  t o  be o x i d i s e d .  I t  i s  p ro b a b le  th a t  most o f  I t

is  d ep o s i te d  i n  forearm m usc le ,  p ro b a b ly  as g ly c o g e n .

3. The R.Q. o f  forearm  muscle does not  r i s e  f o l l o w i n g  i n s u l i n

ad m in is tra t ion
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4.  I n s u l i n  p rov ok es  potass ium  uptake by forearm  m usc le ,  

as promptly  as I t  promotes g lu c o s e  e n t r y .  The peak e f f e c t  w ith
■f

r e s p e c t  to  K uptake i s  d e la y ed ,  compared to  th a t  o f  g l u c o s e ,  

and the d e c l i n e  i n  K+ uptake i s  much s low er  than th a t  o f  g l u ­

cose uptake .  Furthermore,  the r a t i o  o f  the i n s u l i n  e f f e c t  on 

g lu co se  uptake t o  the  i n s u l i n  e f f e c t  on K* uptake i s  i n c o n s t a n t .  

This makes un ten ab le  the c l a s s i c  h y p o t h e s i s  that  movement o f  K+ 

induced by i n s u l i n  i s  consequent  upon g lu c o s e  movement.
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Table  I

O b serv a t ion s  on Forearm B lood  Flow

Aut hor
Water  Bath 
Temperature

Ambient
Temperature

Blood  Flow
ml /mi n / l OO ml f o r e a r m  

Mean Range Method R e f e r e n c e

B a r c r o f t  
and

Edholm

1 8 . 5  C 3 . 1 2 . 6  - 3 . 6 A i r
p l e t h y s m o g r a p h 14

S l a u g h t e r  
e t  a l .

2 7 - 2 9  C 4 . 9 1 . 7  - 7 . 3 A i r
p l e th y sm og ra p h

15

B a r c r o f  t 
and

Edholm

33 C 15 -20  C 2 . 7 1 . 8  - 3 . 8 Water
p l e t h y s m o g r a p h

14,  16

Andres  
e t  a l .

2 5 - 2 7  C 4 . 7 2 . 7  - 7 . 1 Dye d i l u t i o n 10

B a l t z a n  
e t  a l .

2 5 - 2 7  C 3 . 7 1 +0 .173* Dye d i l u t i o n 17

Data p r e s e n t e d  as means +S.E.  o f  mean.



T able  I I

O b s e r v a t io n s  on Forearm Gas Exchange

Author

Oxygen

S t a d i e  ( 1 9 1 9 )

Harrop ( 1 9 1 9 )

Keys ( 1 9 3 8 )

H o l l i n g  ( 1 9 3 9 )

Mottram ( 1 9 5 5 )

Andres e t  a l .  
( 1 9 5 6 )

Mottram ( 1 9 5 8 )

Abramson e t  a l .  
( 1958)

B al tzan  e t  a l .  
( 19  62)

A-V D i f f e r e n c e  
mM/l

2 . 1 4

2 . 4 4

2 . 5 3

3 . 2 4 + 0 . 3 2 3 *

3 . 4

3 . 0 2 + 0 . 1 6 8 *

Uptake
g M / m i n / l 0 0  ml

8 . 5

1 0 . 7

1 1 . 7 + 1 . 3 4 *

12.0

9 . 4

1 1 . 6 + 0 . 9 6 8 *

R e f e r e n c e
arm

18

19

20 

21 

22 
11

23

24

17

Carbon d i o x i d e

Harrop ( 1 9 1 9 )  - 2 . 2 3

P e t e r s  e t  a l .  - 3 . 0 3
( 1920)

Andres e t  a l .  - 2 . 5  + 0 . 2 *  - 8 . 7 + 0 . 9 4 *
( 19 56 )

19

25

*
Values  e x p r e s s e d  as means +S.E.  o f  mean.

11



Table  I I I

O b se rv a t io n s  on Forearm Metabolism

M e ta b o l i t e Author A-V D i f f e r e n c e  
mM/l

Forearm Uptake 
îM/mi n /

100 ml arm

R eference Remarks

G lucose Somogyi 
( 1948)

0 .275 26

B e l l
(1952)

0.12 27 Femoral A-V 
c o n c e n t r a t i o n  
d i  f  f  e rences

Andres 
e t  a l .
(1956)

0 .0 9 3 + 0 .0 2 9 0 .3 8 + 0 .1 4 3 11

Brown
and

Mottram
(1959)

0 .8 2 28

B u t t e r f i e l d
and

H o l l in g
(1959)

0 .147 0 .4 4 29

B altzan  
et  a l .

0 .1 4  +0 .017 0 .5 2 + 0 .0 7 5 17

(1962)



Table III (continued1) 
O b s e r v a t i o n s  on Forearm M e t a b o l i s m

M e t a b o l i t e Author A-V D i f f e r e n c e  
mM/l

Forearm Uptake 
pM/rain/

100 ml arm

R e f e r e n c e Remarks

L a c t a t e Andres  
e t  a l . 
( 1 9 5 6 )

- 0 . 1 1 + 0 . 0 2 2 - 0 . 4 2 + 0 . 1 1 6 11

B a l t z a n  
e t  a l . 
( 1 9 6 2 )

- 0 . 1 2 + 0 . 0 1 2 - 0 . 4 4 + 0 . 0 6 0 17

P ot a s s i u m Andres  
e t  a l . 
( 1 9 5 7 )

- 0 . 2 3 + 0 . 0 5 5 - 0 . 6 6 + 0 . 2 3 3 30

B a l t z a n  
e t  a l .
( 1 9 6 2 )

- 0 . 1 9 + 0 . 0 2 7 - 0 . 4 3 + 0 . 0 7 6 17

FFA B u t t e r f i e l d
and

S c h l e  ss

+ 0 .5 2 + 3 . 6 31 E x tr em e ly  wide 
range  i n  a r t e r i a l  
FFA. Mean uptake  
su f  f i c i e n t  t o  
a c c o u n t  f o r  6 t imes  
f o r e a r m

B a l t z a n  
e t  a l .

+ 0 . 0 2 + 0 . 0 2 2 17 Mean uptake  o f  FFA 
by f o r e a r m  a p p a r e n t l y  
z e r o

When a p p l i c a b l e v a l u e s  are means +S ,E.  o f  mean.



Table  IV

A r t e r i o  S u p e r f i c i a l  Venous C o n c e n t r a t io n  D i f f e r e n c e s

M e t a b o l i t e  (A-SV) C o n c e n t r a t io n  D i f f e r e n c e
mM/l

G lucose

Potassium

l a c t a t e

FFA

+0 .19  + 0 .0 2 7  

- 0 . 0 3  ♦ 0 .021  

- 0 . 1 S  + 0 .0 15  

- 0 . 1 3  ♦ 0 .0 2 3

Data from B a l t z a n ,  Andres ,  Cader and Z i e r l e r  ( 1 7 ) .



Table  V

Mean E f f e c t  o f  I n s u l i n  on Forearm Metabolism

Time 
af  t e r  
i n s u l i n
s t a r t e d

min Plasma Flow
G l u c o s e

A-DV Q
L a c t a t e  

A- DV
P ot a s s i u m  

A-DV Q

0 2 . 1 + 0 . 1 4 0 . 1 6 + 0 . 0 3 8 0 . 5 9 + 0 . 1 7 8 - 0 . 1 4 + 0 . 0 2 6 - 0 . 2 9 + 0 . 0 9 3 - 0 . 6 5 + 0 . 2 5 5

12 2 . 7 + 0 . 3 2 0 . 6 0 + 0 . 1 5 0 2 . 7 0 + 0 . 8 1 1 - 0 . 1 6 + 0 . 0 3 5 - 0 . 0 1 + 0 . 0 6 6 - 0 . 0 3 + 0 . 2 4 2

18 2 . 6 + 0 . 2 6 1 . 1 1 + 0 . 1 8 5 4 . 7 1 + 1 . 0 2 6 - 0 . 1 6 + 0 . 0 2 6 + 0 . 1 2 + 0 . 0 3 7 + 0 . 4 1 + 0 . 2 1 6

26 3 . 1 + 0 . 2 3 1 . 2 9 + 0 . 1 4 5 6 . 7 8 + 1 . 2 5 0 - 0 . 2 2 + 0 . 0 3 4 + 0 . 1 7 + 0 . 0 4 7 + 0 . 5 9 + 0 . 1 5 3

40 2 . 7 + 0 . 2 4 1 . 3 6 + 0 . 1 6 5 6 . 0 7 + 0 . 9 9 8 - 0 . 2 4 + 0 . 0 4 2 + 0 . 3 5 + 0 . 0 3 4 + 0 . 9 5 + 0 . 1 6 1

60 2 . 6 + 0 . 3 2 0 . 8 6 + 0 . 1 7 6 3 . 5 2 + 0 . 6 4 5 - 0 . 2 4 + 0 . 3 4 0 + 0 . 3 2 + 0 . 0 6 7 + 0 . 7 9 + 0 . 2 2 1

90 2 . 9 + 0 . 4 2 0 . 5 5 + 0 . 1 4 7 2 . 4 1 + 0 . 5 2 7 - 0 . 2 2 + 0 . 0 4 0 + 0 . 2 3 + 0 . 0 2 4 + 0 . 6 3 + 0 . 1 6 3

Data f rom A n d r e s ,  B a l t z a n ,  Cader and Z i e r l e r  ( 3 3 ) .

I n s u l i n  a d m i n i s t e r e d  i n t r a - a r t e r i a l l y  f o r  26 m inut e s  b e g i n n i n g  at 

t ime z e r o .  V a l u e s  are means +S.E.  o f  means among t en  young 

s u b j e c t s  o f  normal  body w e i g h t .



Table  VI

E f f e c t s  o f  I n t r a - a r t e r i a l  I n s u l i n  on Forearm G l u c o s e  Uptake

C o n c e n t r a t i o n  o f
Maximal
CA-V)

E f f e c t  on G l u c o s e  •
, , Q RemarksA u t ho rs R e f e r e n c e  s I n s u l i n  I n j e c t e d pM/ml pM/min/100 ml arm

B e l l  and 
Burns

34 0 . 0 1 2 5  U/kg  i n t o  
the  f e m o r a l  a r ­
t e r y  o v e r  l / 2  
minute  p e r i o d

0 . 6 17 p e r  ce nt  i n  a r ­
t e r i a l  g l u c o s e  c o n -  
t r a t i o n

B u t t e r f i e l d  
e t  a l .

35 0 . 1  U i n j e c t e d  
i n t o  b r a c h i a l  
a r t e r y  o v e r  2 
minute p e r i o d

3 . 0 Wide v a r i a t i o n s  in  
b l o o d  f l o w  r e p o r t e d .  
A r t e r i a l  c o n c e n t r a ­
t i o n s  r e p o r t e d  as 
c o n s t a n t

G i n s b e r g  
e t  a l .

36 2 U i n j e c t e d  
r a p i d l y  i n t o  
b r a c h i a l  a r t e r y

1 .65 30 per  c e n t  f a l l  in  
mean a r t e r i a l  c o n ­
c e n t r a t i o n



ROLE OP PREE PATTY ACID S IE  FOREARM METABOLISM IE  MAE, 

QUANTITATED BY USE OP INSULIN

CHAPTER II



1 -

P re v io u s  s t u d i e s  (1 ,  2) have demonstrated that  g lu co s e  uptake 

"by muscle o f  the  forearm  o f  man i s  inadequate  to  a c co u n t  f o r  more 

than about 10 per  cent  o f  i t s  ob serv ed  oxygen consumption.  Because 

forearm r e s p i r a t o r y  q u o t i e n t  (RQ) 1 b a p p ro x im a te ly  0 . 7 ,  which sug­

g e s t s  combustion  o f  l o n g - c h a i n  f a t t y  a c i d s ,  i t  was p r e d i c t e d  that  

the f r a c t i o n  o f  plasma l i p i d  known as f r e e  f a t t y  a c i d s  (FFA) would 

prove to be the  m is s in g  s u b s t r a te  o f  forearm  m usc le .  E x ten s iv e  

examination o f  t h i s  problem has ,  however, f a i l e d  to  demonstrate 

c o n s i s t e n t l y  p o s i t i v e  a r t e r i o - d e e p  venous (A -  DV) FFA d i f f e r e n c e s  

across  the human forearm  ( 2 ) .  There i s  e v id e n c e ,  based on I s o t o p i c  

studies  by F r i e d b e r g ,  K le in ,  T ro u t ,  B o g d o n o f f ,  and E stes  ( 3 ) ,  that  

the human forearm  does remove FFA from a r t e r i a l  b l o o d ,  and the p o s ­

s ib l e  f a c t o r s  r e s p o n s i b l e  f o r  our  f a i l u r e  to  demonstrate  t h i s  by 

simple measurement o f  A -  DV c o n c e n t r a t i o n  d i f f e r e n c e s  have been 

treated in  d e t a i l  e lsew h ere  ( 2 ) .  In  b r i e f , w h i l e  FFA la  b e ing  ex ­

tracted  from plasma by forearm m u sc le ,  a d ip o s e  t i s s u e ,  i n t i m a t e l y  

surrounding m usc le ,  adds f a t t y  a c i d  t o  venous plasma. The net  A -  

DV FFA d i f f e r e n c e  i s  determined by the r e l a t i v e  r a t e s  o f  th e se  two 

p ro ce ss e s .

The v a l i d i t y  o f  t h i s  h y p o th e s i s  cou ld  be t e s t e d  i f  there  were 

an agent th a t  I n h i b i t e d  r e l e a s e  o f  FFA from a d ip o s e  t i s s u e  w ithou t  

also a f f e c t i n g  FFA uptake by p e r i p h e r a l  t i s s u e s .  I n s u l i n  may be 

such an a g e n t .



- 2 -

There i s  no doubt that  in su l in ,  i n h i b i t s  FFA r e l e a s e  from a d i ­

pose t i s s u e ,  a f a c t  demonstrated  b o th  Vivo by Gordon ( 4 ) ,  Estes  

and a s s o c i a t e s  ( 5 ) ,  and Bierman, Schwartz ,  and Dole ( 6 ) ,  and In 

v i t r o  (7 ,  8 ) .  There i s ,  however,  c o n f l i c t i n g  ev id ence  on whether 

or not  i n s u l i n  i n f l u e n c e s  PEA uptake by p e r i p h e r a l  t i s s u e s .  In 

e x c i s e d  a d ip ose  t i s s u e ,  in  the p resence  o f  both  g lu c o s e  and I n s u l i n ,

FFA i n c o r p o r a t i o n  i s  in c r e a s e d  ( 7 ) .  But th ere  i s  no such ev id ence  

from exper im ents  i n  v i v o . Indeed ,  i t  i s  unproven th a t  there  i s  

s u b s t a n t i a l  PFA uptake by a d ip ose  t i s s u e  ^  v iv o  under any c ir cu m ­

s ta n ces .  Bragdon and Gordon (9 )  found o n ly  1 to  2 per  cen t  o f  

i n j e c t e d  p a l m i t i c  a c i d - l - C  in  a d ipose  t i s s u e ,  a f i g u r e  not  in c r e a s e d  

by p r i o r  a d m i n i s t r a t i o n  o f  g l u c o s e ,  which s t im u la te s  i n s u l i n  s e c r e t i o n .  

I t  has been demonstrated by S p i t z e r  and H o h e n le i tn e r  in  the dog (10) 

and by Scow, R obert ,  and Chernick (11)  i n  i s o l a t e d  r a t  p a ra m e tr ia l  

adipose  t i s s u e  t h a t ,  while  net  p r o d u c t i o n  o f  FFA by a d ip o s e  t i s s u e  

was i n h i b i t e d  by i n s u l i n ,  s i g n i f i c a n t  net  uptake by a d ipose  t i s s u e  

was not  produced .  With r e s p e c t  t o  a p o s s i b l e  e f f e c t  o f  I n s u l i n  on 

FFA uptake by m u sc le ,  exper im ents  capa b le  o f  t e s t i n g  t h i s  c r u c i a l l y  

v iv o  have not  been done. Absence o f  any such a c t i o n ,  however,  i s  

suggested by the f a c t  that  tu r n o v e r  r a t e s  o f  FFA, measured by use

of i s o t o p e s  in  the dog,  are not  changed by i n s u l i n  ( 6 ,  1 2 ) .  F r i t z
14(13) showed that  o x i d a t i o n  o f  p a l m i t i c  a c l d - l - C  by e x c i s e d  ra t  

diaphragm was not  a l t e r e d  by i n s u l i n .
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Thus, while  I t  l a  not e s t a b l i s h e d  th a t  i n s u l i n  may not i n ­

f lu e n c e  FFA uptake by p e r i p h e r a l  t i s s u e s ,  moat of  the a v a i l a b l e  

data sugge st  t h a t  i t  does not do so In the I n t a c t  anim al.  In the 

l i g h t  of  p r e v io u s  s t u d i e s  showing t h a t  the human forearm l a  r e ­

markably s e n s i t i v e  to l o c a l  i n t r a - a r t e r i a l  i n f u s i o n  o f  small con­

c e n t r a t i o n s  o f  I n s u l i n  ( 1 4 ) ,  a technique was a v a i l a b l e  to e s t a b l i s h  

the e f f e c t s  of  i n s u l i n ,  i n j e c t e d  i n t r a - a r t e r i a l l y  a t  a f i n a l  con­

c e n t r a t i o n  o f  s e v e r a l  hundred m ic r o u n its  per m i l l i l i t e r  o f  b r a c h i a l  

a r t e r i a l  plasma, on FFA metabolism in  the human forearm. Informa­

tion was sought concerning the f o l l o w i n g  two problems,  l )  B a s a l  

a r t e r i o - s u p e r f i c i a l  venous (A -  SV) FFA c o n c e n t r a t i o n  d i f f e r e n c e s  

are almost i n v a r i a b l y  n e g a t i v e ,  th e r e b y  r e f l e c t i n g  d is c h a r g e  o f  

f a t t y  a c i d s  from forearm  adipose t i s s u e  in to  venous plasma. I n s o f a r  

as A -  SV c o n c e n t r a t i o n  d i f f e r e n c e s  r e f l e c t  metabolism o f  forearm  

adipose t i s s u e ,  does i n s u l i n ,  under the c o n d it io n s  to be employed,  

in f a c t  o b l i t e r a t e  n e g a t i v e  A -  SV FFA c o n c e n t r a t i o n  d i f f e r e n c e s ?

2 )  What e f f e c t ,  i f  a n y ,  does i n s u l i n  e x e r t  on A -  DV FFA c o n c e n tr a ­

tion d i f f e r e n c e s  and, i f  one assumes the complete o x i d a t i o n  o f  

a b stra c te d  f a t t y  a c i d s ,  i s  s u f f i c i e n t  FFA uptake unmasked to account  

for most o f  the oxygen consumption o f  s k e l e t a l  muscle? Of course  

glucose uptake under maximal i n s u l i n  s t i m u l a t i o n  i s  s u f f i c i e n t  to 

account e n t i r e l y  f o r  oxygen consumption by forearm muscle i f  a l l  

the glucose i s  o x i d i z e d .  P re v io u s  s t u d i e s ,  however, su g g e s t  th a t  

none of  the g lu c o s e  e n t e r i n g  muscle under the i n f l u e n c e  o f  i n s u l i n  

is o x id iz e d  during the time o f  the a c u te  experiment ( 1 4 )  A p r e l i ­

minary r e p o r t  of  some of  these o b s e r v a t i o n s  has appeared ( 1 5 ) .
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METHODS

F i v e  young a d u l t  s u b j e c t s  were s t u d ie d .  D i e t a r y  h i s t o r y  o f  

carbohydrate In ta k e  was normal. No food was taken a f t e r  8 p.m. on 

the eve nin g  pr e c e d in g  the experim ent.  S t u d i e s  were performed be­

tween the hours o f  9 a.m. and 1  p.m. A b r a c h i a l  a r t e r y ,  an l p s l -  

l a t e r a l  a n t e c u b i t a l  v e i n ,  d r a in in g  muscle but a l s o  undoubtedly  

contiguous adipose t i s s u e ,  and a s u p e r f i c i a l  v e i n ,  d r a in in g  m ostly  

tut not e x c l u s i v e l y  forearm adlpooe t i s s u e  and s k in ,  were cannulated  

by te c h niq ue s d e s c r i b e d  p r e v i o u s l y  ( 2 ) ,  Blood f l o w  was measured by 

the I n d i c a t o r - d i l u t i o n  method, based on continuous I n j e c t i o n  a t  

constant r a t e  o f  the dye T - 1 8 2 4  ( 1 ) .  Two simultaneous s e t s  o f  

a r t e r i a l ,  deep venous (DV), and s u p e r f i c i a l  venous (SV) samples  

were c o l l e c t e d  a t  1 5 - m in u te  i n t e r v a l s  b efo re  the i n f u s i o n  o f  i n s u l i n .

G lu c a g o n - f r e e  i n s u l i n ^  was then i n j e c t e d  i n t r a - a r t e r i a l l y  f o r  

26 minutes a t  a r a t e  d e l i v e r i n g  10 0  <AU o f  i n s u l i n  per minute per kg 

of tody w e i g h t .  Blood samples were drawn 1 2 ,  1 8 ,  26 minutes from 

commencement o f  the i n f u s i o n ,  and f o r  p e r io d s  up to an hour t h e r e ­

a f t e r .  C i r c u l a t i o n  to the w r i s t  and hand was excluded f o r  a t  l e a s t  

5 minutes p rec ed in g  c o l l e c t i o n  o f  blood sampleH and f o r  the e n t i r e  

period o f  i n s u l i n  a d m i n i s t r a t i o n .

Net uptake or output o f  a m e t a b o l i te  by forearm muscle was c a l -
• •

culatad from the eq u atio n  Q = F(A -  D 7 ) , where Q i s  uptake or o u t ­

put of the m e t a b o l i te  in  u n i t s  o f  mass per minute per ICO ml o f  

forearm f l o w ,  F i s  blood or plasma f l o w  through the forearm in

1 l o t  no. W 36 06 ,  E l i  L i l l y  and Company, I n d i a n a p o l i s ,  Ind,
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m i l l l l i t e r s  per minute p e r  100 ml o f  arm, and A and DV a r e  con­

c e n t r a t i o n s  o f  the m e t a b o l i t e  In a r t e r i a l  and deep venous blood  

or plasma, r e s p e c t i v e l y ,  i n  u n i t s  o f  mass per m i l l i l i t e r .  This  

equation o v e r e s t i m a t e s  Q, s in c e  i t  a s s i g n s  a l l  o f  forearm blood 

f low to m u scle .  The e r r o r s  have been d is c u s s e d  i n  d e t a i l  e l s e ­

where ( 1 ) .  Handling o f  blood and a n a l y t i c a l  methods were aB p r e ­

v i o u s l y  d e s c r i b e d  (2 ).

I n s u l i n  c o n c e n t r a t i o n  in  forearm plasm a. C a l c u l a t e d  b r a c h i a l  

a r t e r i a l  i n s u l i n  c o n c e n t r a t i o n  v a r i e d  from 300 to 700 per ml, 

l e v e l s  comparable to th o se  a c h ie v e d  i n  an e a r l i e r  study ( 1 4 ) .  

plasma f l o w . Except f o r  one s u b j e c t ,  L,  plasma f l o w  remained a c ­

ceptably  c o n s t a n t ;  t h i s  i s ,  i t  did not v a r y  by more than 20 per  

cent about the mean i n  any o f  the remaining f o u r  s u b j e c t s .

A r t e r i a l  c o n c e n t r a t i o n s . A r t e r i a l  c o n c e n tr a t i o n s  o f  g lu c o s e  and 

l a c t a t e  remained c o n s t a n t .  We have p r e v i o u s l y  shown t h a t  the 

a r t e r i a l  c o n c e n t r a t i o n  o f  FFA i s  l a b i l e  under b a s a l  p o s t a b a o r p t i v e  

conditions ( 2 ) .  Changes i n  a r t e r i a l  c o n c e n tr a t i o n  o f  FFA appear to 

be r e l a t e d  to the h e ig h t  o f  the i n i t i a l  v a l u e s :  low c o n c e n tr a t i o n s  

tend to r i s e  and h ig h  ones to f a l l .  In the l i g h t  o f  th ese  c o n s i ­

d e ration s,  the course of  a r t e r i a l  c o n c e n t r a t i o n  o f  FFA in  the 

present s e r i e s  may be co n sid e r e d  not to have v a r i e d  u n u s u a l l y  

(Figure 1 ) .  In  p a r t i c u l a r ,  no c o n s i s t e n t  a r t e r i a l  h y p o lip a cld e m ia  

was noted a f t e r  i n s u l i n  a d m i n i s t r a t i o n .  In one s u b j e c t ,  1 , there  

was a 50 per cent r i s e  i n  a r t e r i a l  FFA J u s t  b e fo re  c o n c lu s io n  

of the s t u d y .
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Glucose ( F ig u r e  2 ) . I n s u l i n  promptly i n c r e a s e d  both A -  IV  and 

A -  SV g lu c o s e  c o n c e n t r a t i o n  d i f f e r e n c e s ,  the former ten and the 

l a t t e r  f i v e  times the r e s t i n g  v a l u e .  Temporal events  in  the deep 

and the s u p e r f i c i a l  forearm beds p a r a l l e l e d  each o th er  c l o s e l y ,  

with the maximal e f f e c t  re a c h in g  a p l a t e a u  from a p p ro x im a te ly  1 8  

to 40 minutes and then d e cay ing  f a i r l y  r a p i d l y .

L a c t a t e . A small  but d e f i n i t e  i n c r e a s e  i n  n e g a t i v e  l a c t a t e  A -  DV 

and A -  SV c o n c e n t r a t i o n  d i f f e r e n c e s  occurred during and a f t e r  i n ­

s u l i n  a d m i n i s t r a t i o n .  Because g lu c o se  uptake i n c r e a s e d  more than 

l a c t a t e  p r o d u c tio n ,  the f r a c t i o n  o f  g lu c o s e  uptake accounted f o r  by 

l a c t a t e  pro d u c tio n  (L/G r a t i o )  d e crease d  from a b a s a l  v a lu e  of  

g r e a t e r  than 0 . 4  to l e e s  than 0 . 2  i n  both forearm beds a f t e r  i n ­

s u l in  a d m i n i s t r a t i o n .

A -  SV FFA d i f f e r e n c e s  ( F ig u r e  3 ) . Under b a sa l  c o n d i t i o n s ,  n e g a t i v e  

A -  SV FFA d i f f e r e n c e s  were p r e s e n t  In  a l l  f i v e  s u b j e c t s ,  r e f l e c t i n g  

discharge o f  f a t t y  a c i d s  from forearm adip ose t i s s u e  in to  venous 

plasma. In  each o f  the f i v e  s u b j e c t s ,  n e g a t i v e  A -  SV FFA d i f f e r ­

ences were reduced 12  minutes a f t e r  s t a r t  of  the I n s u l i n  I n f u s i o n .  

Samples taken 1 8 ,  2 6 ,  and 40 minutes from the beginning o f  i n s u l i n  

In fusion showed complete i n h i b i t i o n  o f  FFA r e l e a s e  from the su p er­

f i c i a l  bed. T h e r e a f t e r ,  the e f f e c t  decayed r a p i d l y  and n e g a t iv e  

A - SV FFA d i f f e r e n c e s  were r e s t o r e d  by the 90-minute sample. S ince  

blood f lo w  through the s u p e r f i c i a l  bed c o n s t i t u t e s  only about 10  

per cent o f  forearm blood f lo w  ( 1 ) ,  the p o s i t i v e  A -  SV FFA d i f ­

ference uncovered a t  peak i n s u l i n  e f f e c t  l a  q u a n t i t a t i v e l y  small
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and probably  r e p r e s e n t s  uptake of  FFA by nonadlpose t i s s u e  drained  

by the s u p e r f i c i a l  venous e f f l u e n t ,  p r i n c i p a l l y  s k in .

A - DV FFA d i f f e r e n c e s  (F ig u re  4 ) . While v a l u e s  f o r  b a s a l  A -  IV 

FFA c o n c e n tr a t io n  d i f f e r e n c e s  showed wide v a r i a t i o n ,  the mean v a lu e  

did not d i f f e r  s i g n i f i c a n t l y  from zero,  i n  agreement w it h  the l a r g e r  

body o f  evidence c o l l e c t e d  from t h i s  l a b o r a t o r y  ( 2 ) .  A f t e r  i n s u l i n  

a d m in is t r a t io n ,  A -  DV FFA d i f f e r e n c e s  became p o s i t i v e  or more p o s i ­

t iv e  i n  a l l  s u b j e c t s .  The magnitude o f  the response was r e l a t e d  to 

the value  o f  the b a s a l  A -  IV d i f f e r e n c e ;  the l a r g e s t  i n c r e a s e  o c ­

curred i n  the one s u b j e c t ,  E, w i t h  a n e g a t i v e  b a s a l  A -  IV d i f f e r e n c e ,  

in d i c a t i n g  c o n s i d e r a b l e  admixture o f  IV by e f f l u e n t  from adip ose t i s ­

sue. S u b j e c t s  e x h i b i t i n g  s i g n i f i c a n t l y  p o s i t i v e  b a s a l  A -  DV d i f ­

ferences i n  the neighborhood o f  0 . 1  ^mole per ml, and t h e r e f o r e ,  by 

in fe re n c e ,  l i t t l e  contamination o f  IV by e f f l u e n t  from adipose t i s s u e ,  

showed only  small i n c r e a s e s  w i t h  I n s u l i n .  In a l l  s u b j e c t s ,  a p o s i t i v e  

A -  IV d i f f e r e n c e  o f  0 . 0 7 / m o l e  per ml or g r e a t e r  was uncovered under 

maximal i n s u l i n  s t i m u l a t i o n .  The mean maximal A -  IV d i f f e r e n c e

achieved was 0 .0 9  pinole per ml.
• •
Qr, , Qn , and RQ.

2 No s i g n i f i c a n t  changes in  02 consumption, 002

production, or RQ were observed a f t e r  i n s u l i n  a d m i n i s t r a t i o n .  This  

confirms e a r l i e r  o b s e r v a t i o n s  from t h i s  l a b o r a t o r y  ( 1 4 ) .

G -  L/02 I f  g lu c o se  removed from a r t e r i a l  blood by forearm t i s s u e s  

but not accounted f o r  by l a c t a t e  pro d u c tio n  (G -  L) were a l l  o x i d i z e d ,  

the f r a c t i o n  o f  observed 02 consumption accounted f o r  by g lu c o s e  

oxidation, G -  L / o2 , was w e l l  above u n i t y  during I n s u l i n  i n f u s i o n ;
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thflt I s ,  more than, enough g lu c o se  was a b s t r a c t e d  by muscle to  

account f o r  a l l  I t s  02 consumption. Evidence p o i n t i n g  to most o f  

the Increm ental  g l u c o s e  being sto re d  r a t h e r  than o x i d i z e d  under 

these c o n d it io n s  has been pre s e n te d  i n  d e t a i l  elsewhere ( 1 4 ) .  In  

b r i e f ,  f a i l u r e  o f  e i t h e r  Qq 2  or RQ to r i s e  under I n s u l i n  s t i m u l a t i o n  

fa v o r s  the n o tio n  th a t  the g lu c o s e  taken up by muscle I s  d i v e r t e d  

toward g ly c o g e n  s y n t h e s i s .  C a l c u l a t i o n  o f  G -  L / 0 2 r a t i o  under these  

con d it io ns i s  t h e r e f o r e  m ea n in g le s s .

FFA/02 , S in ce  1  mole o f  FFA r e q u i r e s  2 5  moles o f  oxygen f o r  complete 

o x id a t io n ,  the f r a c t i o n  o f  02 uptake accounted f o r  by o x i d a t i o n  o f  

FFA a b s t r a c t e d  from plasma, FFA/C^, can be c a l c u l a t e d  from the f o l ­

lowing e q u a tio n :  FFA /02 = | (A -  DV) FFA i  2 5  i  p l a s m a c r l t  /  (A -  DV)q^« 

FFA/Og i n c r e a s e d  from an apparent mean b a s a l  r a t i o  of  0 . 1 2  to a value  

of 0 . 4 2  or g r e a t e r  i n  each o f  the f i v e  s u b j e c t s  (Table  I I ) ;  t h a t  i s ,  

enough FFA was a b s t r a c t e d  by muscle to account f o r  about h a l f  i t s  

oxygen consumption under maximal i n s u l i n  s t i m u l a t i o n .  S u b j e c t s  L 

and S,  w i t h  b a s a l  FFA/02 i n  the neighborhood of  0 . 5 ,  s u g g e s t i n g  only  

s l i g h t  adip ose t i s s u e  contamination of  DV e f f l u e n t ,  showed, as  a n t i ­

c ipated,  l i t t l e  or no i n c r e a s e  in  FFA/O2 w ith  i n s u l i n ;  c o n v e r s e l y ,  

Subjects B, Y, and E ,  w ith  e i t h e r  low or n e g a t i v e  FFA/02 , s u g g e s t in g  

app reciable  adipose t i s s u e  contamination of  DV e f f l u e n t ,  showed, 

again as a n t i c i p a t e d ,  c o n s id e r a b l e  i n c r e a s e  i n  FFA/02 w ith  I n s u l i n .
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PISCUSSIQN

There have been a number of  r e p o r t s  on e f f e c t s  o f  i n s u l i n  on 

plasma FFA c o n c e n t r a t i o n s  and on a r t e r i o v e n o u s  FFA c o n c e n t r a t i o n  

d i f f e r e n c e s  (4 ,  5 , 1 6 , 1 7 ) .  In  most I n s t a n c e s  i n s u l i n  was g iv e n  

i n t r a v e n o u s l y ,  but even when a d m in is te r e d  i n t r a - a r t e r i a l l y ,  the 

dose was u s u a l l y  so l a r g e , — u s u a l l y  1  U or g r e a t e r — th a t  the e f f e c t  

was l i k e  t h a t  o f  an in tr a v e n o u s  d ose.  The c o n c e n tr a t i o n  o f  i n s u l i n  

in r e c i r c u l a t i n g  blood a f f e c t i n g  t o t a l  body response was g e n e r a l l y  

as g r e a t  a s  t h a t  a f f e c t i n g  the forearm a lo n e  i n  the p r e s e n t  study  

and, by provoking r a p i d  changes i n  a r t e r i a l  c o n c e n tr a t i o n  o f  g lu c o s e  

and FFA, made q u a n t i f i c a t i o n  o f  i n s u l i n  a c t i o n  d i f f i c u l t .

I n s u l i n - i n d u c e d  i n h i b i t i o n  o f  FFA r e l e a s e  h as,  however,  been 

u n e q u iv o c a lly  shown a c r o s s  the fem oral  a r t e r i a l - B a p h e n o u s  venous 

drainage bed ( 4 ,  5)  and, i n s o f a r  as  A -  SV c o n c e n t r a t i o n  d i f f e r e n c e s  

r e f l e c t  metabolism o f  forearm adipose t i s s u e ,  app ears  to be confirmed  

by our own d a ta .  At the same tim e, i n  each o f  the f i v e  s u b j e c t s  a 

p o s it iv e  A -  DV FFA c o n c e n t r a t i o n  d i f f e r e n c e  of  0 . 0 7  Ainole Per  

or g r e a t e r  was unmasked, a lth o u gh  i n s u l i n  app ears  to be w ithout  

d ir e c t  i n f l u e n c e  on FFA uptake hy p e r i p h e r a l  t i s s u e s .  The I n c r e a s e  

in A -  EV FFA and FFA/02 v a r i e d  i n v e r s e l y  w ith  the magnitude o f  

basal v a lu e s  f o r  th e s e  i n d i c e s .  This i s  c o n s i s t e n t  w it h  the n otion  

that i n s u l i n - i n d u c e d  p o s i t i v e  A -  DV FFA c o n c e n t r a t i o n  d i f f e r e n c e  

r e s u l ts  from I n h i b i t i o n  o f  FFA r e l e a s e  from forearm adip ose t i s s u e ,  

elnce the l a r g e s t  i n s u l i n  e f f e c t  i s  seen in  the s u b j e c t s  w i t h  the 

l a r g e s t  adipose t i s s u e  contamination of  EV e f f l u e n t  and hence low
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or n e g a t iv e  A -  DV FFA and FFA/O2 . I n s u l i n ,  t h e r e f o r e ,  m erely  

unmasks PPA uptake by forearm m uscle.  In the l i g h t  o f  th e s e  ob­

s e r v a t io n s ,  the s i g n i f i c a n c e  o f  an FFA/o2 r a t i o  o f  0 . 5  under maximal 

in s u lin  s t i m u l a t i o n  i s  th a t  I t  im p l i e s  t h a t  t h i s  may a l s o  be the  

amount o f  Qq2 accounted f o r  by PPA o x i d a t i o n  In  the b a s a l  s t a t e .

Uptake o f  PPA by the forearm a t  peak response to i n s u l i n  i s

0.27 i. mole PPA per minute per 10 0  ml forearm, or ro u gh ly  0 . 36^111010  

FFA per minute p e r  10 0  g forearm s k e l e t a l  muscle.  PPA uptake by 

t o ta l  s k e l e t a l  muscle ,  which comprises 40 p e r  cent o f  body w e ig h t ,  

or a p p ro xim ately  25  kg,  I s  thus a p p ro x im a te ly  0 . 1  mmole p e r  minute.

This f i g u r e  corresponds v e r y  c l o s e l y  to the e s tim a te  of  b a s a l  

e z trah e p atic  FPA o x i d a t i o n  g iv e n  by P r i t z  i n  h i s  comprehensive r e ­

view o f  l o n g - c h a i n  f a t t y  a c i d  o x i d a t i o n  ( 1 8 ) .

Why FPA/Og r a t i o ,  even under maximal I n s u l i n  s t i m u l a t l a n ,  i s  

closer to 0 .5  than to the p r e d i c t e d  0 .8  to 0 .9  con tinu e s to pose a 

problem. One p o s s i b i l i t y  a r i s e s  frcm the s u g g e s t io n  t h a t  i n s u l i n  

may decrease  the uptake of  FPA by p e r i p h e r a l  t i s s u e s  ( 4 ) .  These 

o b se r v a tio n s, however, were made a f t e r  g lu c o se  plu s  i n s u l i n  admini­

stration  i n  doses s u f f i c i e n t  to cause a f a l l  o f  50 per  cent or 

more in  a r t e r i a l  PPA l e v e l s ;  under n o n s t e a d y - s t a t e  c o n d i t i o n s ,  A -  

V c o n c e n tr a tio n  d i f f e r e n c e s  o f  zero do not n e c e s s a r i l y  imply absence  

of net movement o f  m e t a b o l i t e s .  (1 9 ) .

A second e x p l a n a t i o n  f o r  PPA/02 being i n  th e  neighborhood o f

0.5 i s  the p o s s i b i l i t y  t h a t  the m is s in g  f r a c t i o n  o f  0 . 4  i s  provided  

by the d i f f u s i o n  o f  PPA from d e e p - l y i n g  adipose t i s s u e  in to  contiguous  

muscle through the i n t e r s t i t i a l  f l u i d  w ithout  t r a v e r s i n g  any v a s c u l a r
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bed. These a d ip ose  t i s s u e  d ep ots  are  p r o b a b ly  r e p le n i s h e d  In the 

hours Immediately  a f t e r  the I n g e s t i o n  o f  a mixed meal .  S tu d ies  In 

the r a t ,  based on d i s t r i b u t i o n  o f  I n j e c t e d ,  l s a t o p i c a l l y  l a b e l e d  

chy lom icron  p a r t i c l e s ,  support  the n o t i o n  th a t  a s i g n i f i c a n t  p e r ­

centage i s  d e p o s i t e d  between or  i n  f i b e r s  o f  s k e l e t a l  muscle  ( 9 ) .

SUMMARY

The q u a n t i t a t i v e  r o l e  o f  f r e e  f a t t y  a c i d s  (FFA) i n  metabolism  

of forearm muscle i n  man was a s s e s s e d  by i n t r a - a r t e r i a l  a d m i n i s t r a ­

tion o f  i n s u l i n  to f i v e  h e a l th y  young men: i n s u l i n - i n d u c e d  i n h i b i t i o n  

of FFA r e l e a s e  from forearm ad ip ose  t i s s u e  unmasks an uptake o f  FFA 

by forearm muscle s u f f i c i e n t  to account f o r  about 50 per  cent of  

i t s  oxygen consumption. I f  i n s u l i n  i s  without  d i r e c t  i n f l u e n c e  on 

the net  uptake o f  FFA by muscle and adipose t i s s u e ,  then t h i s  f i g u r e  

represents  the q u a n t i t a t i v e  r o l e  o f  plasma FFA i n  forearm metabolism  

under b a s a l  c o n d i t i o n s  a s  w e l l .
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T a b l e  I

Mean E f f e c t  o f  I n s u l i n  on Forearm Metabo l i sm*
A f t e r

I n s u l i n
S t a r t e d

min

Plasma 
Flow 

ml /mi  n /  
100 ml arm

G l u c o s e
liM/ml

A-DV A-SV

L a c t a t e
jiM/ml

A-DV A-SV

FF A 
|j.M/ ml

A-DV A-SV

0 2 . 0 + 0 . 1 8 0 . 1 2 + 0 . 0 1 6 0 . 1 7 + 0 . 0 1 3 - 0 . 0 9 + 0 . 0 1 0 - 0 . 1 5 + 0 . 0 1 5 + 0 . 0 2 + 0 . 0 3 8 - 0 . 1 6 + 0 . 0 3 3

12 2 . 3 + 0 . 2 2 0 . 4 8 + 0 . 0 7 9 0 . 4 3 + 0 . 0 4 8 - 0 . 1 1 + 0 . 0 1 0 - 0 . 1 2 + 0 . 0 1 1 + 0 . 0 2 + 0 . 0 2 2 + 0 . 0 2 + 0 . 0 5 4

18 2 . 4 + 0 . 1 7 0 . 8 8 + 0 . 0 8 6 0 . 6 5 + 0 . 0 6 1 - 0 . 1 4 + 0 . 0 2 0 - 0 . 1 7 + 0 . 0 2 9 + 0 . 0 6 + 0 . 0 2 1 + 0 . 0 6 + 0 . 0 1 6

26 2 . 8 + 0 . 7 9 1 . 3 9 + 0 . 1 2 8 0 . 8 3 + 0 . 0 3 8 - 0 . 1 8 + 0 . 0 1 0 - 0 . 2 3 + 0 . 0 3 0 + 0 . 0 8 + 0 . 0 1 4 + 0 . 0 6 + 0 . 0 2 0

40 2 . 3 + 0 . 2 9 1 . 2 8 + 0 . 0 6 0 0 . 8 0 + 0 . 0 3 2 - 0 . 2 2 + 0 . 0 1 0 - 0 . 2 1 + 0 . 0 3 5 + 0 . 0 9 + 0 . 0 3 3 + 0 . 0 9 + 0 . 0 2 3

60 2 . 0 + 0 . 4 0 0 . 6 5 + 0 . 0 8 4 0 . 5 0 + 0 . 0 4 4 - 0 . 2 1 + 0 . 0 2 0 - 0 . 2 4 + 0 . 0 3 7 + 0 . 0 2 + 0 . 0 4 1 - 0 . 0 3 + 0 . 0 1 3

90 1 . 7 + 0 . 2 5 0 . 5 4 + 0 . 1 3 8 0 . 4 7 + 0 . 0 5 7 - 0 . 2 0 + 0 . 0 3 0 - 0 . 2 6 + 0 . 0 4 1 - 0 . 0 7 + 0 . 0 5 1 - 0 . 0 6 + 0 . 0 4 2

'Jr
I n s u l i n  a d m i n i s t e r e d  i n t r a - a r t e r i a l l y  f o r  26 minut es  b e g i n n i n g  at t ime z e r o .  

V a l u e s  g i v e n  at t ime z e r o  are means o f  a l l  c o n t r o l  measurements taken ' be f o r e  

i n s u l i n  i n f u s i o n  s t a r t e d .  Data f o r  A-DV and A-SV c o n c e n t r a t i o n  d i f f e r e n c e s  

are  means o f  v a l u e s  o b t a i n e d  i n  5 s u b j e c t s  e x c e p t  f o r  A-SV c o n c e n t r a t i o n  

d i f f e r e n c e s  o b t a i n e d  at 12 m i n u t e s ,  which are means o f  v a l u e s  i n  4 s u b j e c t s ,  

and A - DV and A-SV c o n c e n t r a t i o n  d i f f e r e n c e s  o b t a i n e d  at 90 m i n u t e s ,  wh ich  are 

means o f  v a l u e s  i n  3 s u b j e c t s .  A l l  v a l u e s  are means j^S.E. o f  means.



Table  II

E f f e c t  o f  I n s u l i n  on R . Q . ,  *Vo anc* FFA/Q2
2 2

o f  Forearm Musc le

^ 2
^iM/rain/lOQ ml arm

B a s a l  Peak I n s u l i n  E f f e c t  

9 . 3 6  + 1 . 2 7  9 . 2  + 1 . 1 5

^ c ° 2
gM/min/ 100  ml arm 6 . 3 2  + 1 . 0 2  6 . 2 7  + 0 . 7 8

R.Q. 0 . 7 0  + 0 . 0 4  0 . 7 0  + 0 . 0 6

f f a / o 2

S u b j e c t  S 0 . 6 5  0 . 6 5

L 0 . 4 8  0 . 6 0

B 0 . 1 7  0 . 6 2

Y 0 . 0 9  0 . 4 2

E - 0 . 7 7  0 . 6 9

iMean 0 . 1 2 + 0 . 2 4  0 . 5 6 + 0 . 0 9

FFA/O2 = f r a c t i o n o f  o x yg en  c o ns u mp t i on  a c c o u n t e d  f o r

by FFA o x i d a t i o n . For c a l c u l a t i o n  see  t e x t .  Each o f

the 5 s u b j e c t s  i s  i d e n t i f i e d  by an i n i t i a l .  Ot her  

v a l u e s  are means +S.E.  o f  means.



G
LU

CO
SE

 (
A

-V
) 

CO
N

CE
NT

RA
TI

O
N

 
D

IF
FE

R
EN

C
E,

 
p

M
/V

M IN UTES A FT E R  STAR T OF IN T R A -A R T E R IA L  IN S U L IN

ftG. 1  •

MINUTES AFTER START OF INTRA-ARTERIAL INSULIN

f i s .  2



(A
-S

V
) 

FF
A 

C
O

N
C

EN
TR

A
TI

O
N

 
D

IF
FE

R
E

N
C

E
, 

jiM
/m

l

FIG. 3

FIG. 4-.



THE AUGMENTED INSULIN TOLERANCE TEST FOR 

DETECTING INSULIN RESISTANCE

CHAPTER I I I
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Acromegaly and C ush ing 's  syndrome have lon g  been known to  be 

c h a r a c t e r i s e d  by I n s u l i n  r e s i s t a n c e  (F r a s e r ,  I 9 6 0 ) ,  a f e a t u r e  u s u a l l y  

demonstrable  by the standard i n s u l i n  t o l e r a n c e  t e s t  ( I . T . T . )  as 

o r i g i n a l l y  in t r o d u c e d  to demonstrate  i n s u l i n  s e n s i t i v i t y  i n  pan­

h y p o p i tu i ta r i s m  (F ra ser  e t  a l . ,  1 9 4 1 ) .  The subsequent re f in em en t  

of  o th e r  t e s t s  such as t h y r o id  f u n c t i o n  t e s t s ,  u r in a r y  g o n a d o t ro ­

phin measurements and the water l o a d in g  t e s t ,  has l a r g e l y  sup er ­

seded the use o f  I . T . T .  in  the d i a g n o s i s  o f  p a n h y p o p i tu i ta r i s m ,  

while s t e r o i d  measurements are now used t o  d e l i n e a t e  the m e t a b o l i c  

abnormality o f  C ush ing 's  syndrome. We do,  however, s t i l l  l a c k  

su i ta b le  methods f o r  the  c l i n i c a l  dem onstra t ion  o f  growth hormone 

o v e rp ro d u c t io n .  Immunoassay o f  serum growth hormone l e v e l s  may 

u l t im a te ly  be o f  d i a g n o s t i c  va lue  (Read and Bryan, I 9 6 0 ) ,  once the 

serious  p r a c t i c a l  d i f f i c u l t i e s  o f  the t e s t  have been overcome 

(Clba Colloquium, 1 9 6 1 ) .  In  the meantime, the need f o r  an o b j e c ­

tive measure o f  " a c t i v i t y "  in  acrom egaly  has been in c r e a s e d  by 

recent developments  i n  the  treatment  o f  t h i s  d ise a se  ( J o p l i n  e t  a l . ,  

1961). In t h i s  paper we r e p o r t  the r e s u l t s  o b ta in e d  with an aug­

mented i n s u l i n  t o l e r a n c e  t e s t ,  u s ing  1 1 .1  u n i t s  per  square metre 

of body s u r fa c e  ( th r e e  t imes the standard d o s e ) .  The normal response 

to t h i s  t e s t  has been d e f in e d .  R esu lts  o b ta in e d  in  " s im p le "  obese 

subjects  and In groups o f  a c r o m e g a l i c s  o f  d i f f e r e n t  c l i n i c a l  

" a c t i v i t y "  sugg ested  th a t  the t e s t  i s  u s e f u l  f o r  the assessment o f  

acromegaly and i t s  resp onse  to t rea tm ent ,  p rov id ed  that  such cases  

have a normal f a s t i n g  b lood  sugar and are not  g r o s s l y  o b e se .



METHODS

S u b je c t s  t e s t e d .

(a)  Normal s u b j e c t s . Nineteen s u b j e c t s  were t e s t e d ,  be ing  

v o l u n t e e r s  from the m ed ica l  s t a f f ,  t e c h n i c i a n s  and ambulant 

p a t i e n t s  h o s p i t a l i s e d  f o r  n o n -e n d o cr in e  and n o n -m e ta b o l i c  

d i s e a s e s .  Most s u b j e c t s  were in  t h e i r  tw e n t ie s  o r  e a r l y  

t h i r t i e s ,  the age range being  n in e te e n  to  f i f t y - f o u r .  There 

were twelve  males  and seven fe m a le s .  A l l  were judged to be 

w i t h in  10 l b s .  o f  t h e i r  i d e a l  body w eight .

(b)  "U ntreated"  a c r o m e g a l i c s . This  group comprised  tw elve  

n o n - d i a b e t i c  e u th y ro id  s u b j e c t s  w ith  ob v iou s  acrom ega ly ,  

e i t h e r  u n tre a te d  or p r e v i o u s l y  i n c o m p l e t e ly  t r e a t e d .  Of the 

s i x  s u b j e c t s  p r e v i o u s l y  t r e a t e d  by deep x - r a y  therapy ,  a l l  

s t i l l  had headache,  p a r a e s th e s ia e  or o t h e r  f e a t u r e s  o f  a c r o ­

megaly which c a l l e d  f o r  f u r t h e r  t rea tm en t ;  the dosage o f  

t h i s  p r e v io u s  therapy v a r i e d  w id e ly .  These t e s t s  were done 

p r e c e d in g  n e e d le  im p la n ta t io n  o f  the p i t u i t a r y  w ith  r a d i o ­

a c t i v e  seeds o f  Au-198 or  Y-90 (F ra se r  and J o p l i n ,  1 9 6 1 ) .  

Only one p a t i e n t  (G .S . )  was g r o s s l y  o b e s e .

( c )  Au-198 or  Y -9 Q -t r e a te d  a c ro m e g a ly . T h ir te e n  s u b je c t s  

(14 t e s t s )  were t e s t e d  f o l l o w i n g  p i t u i t a r y  im p la n ta t io n  with 

Au-198 o r  Y -90 ;  f i v e  o f  the s u b j e c t s  were c o n s id e r e d  to  be 

a d e q u a te ly  t r e a t e d ,  and nine  o th e rs  were not  in  complete  r e ­

m is s io n  ( f o r  c r i t e r i a  and these  methods o f  t rea tm ent ,  see 

J o p l i n  et  a l . ,  1961) .
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( d) "S im ple"  o r  uncom p l ica ted  o b e s i t y .

These were tw elve  s u b j e c t s  w i th  gro ss  o b e s i t y  ( i . e . p 

a t  l e a s t  25/6 overw eight  In terms o f  t h e i r  c l i n i c a l l y  e s t im a ted  

i d e a l  w e i g h t ) ,  but o th erw ise  h e a l t h y .  The h e a v i e s t  was K.Me.,  

whose h e ig h t  was 5 ' 3 "  and weight  19 s t o n e .  Four were male and 

e ig h t  fem a le ,  most being in  the l a t e  teens  and e a r l y  t w e n t ie s ,  

the ages  b e in g  from t h i r t e e n  to f o r t y - n i n e  y e a r s .  A l l  were 

chosen a t  random from the l a r g e  numbers r e f e r r e d  to  the h o s p i ­

t a l  f o r  w eight  r e d u c t i o n ,  a f t e r  c l i n i c a l  examination  and o th er  

t e s t s  had ex c lu d e d  s u b j e c t s  with Cush ing 's  syndrome o r  o th er  

a s s o c i a t e d  d i s e a s e .  None had a known fa m i ly  h i s t o r y  o f  d i a ­

be tes  m e l l i t u s .

2. Standard t e s t  p r o c e d u r e .

For the th ree  days p r e c e d in g  the t e s t ,  the s u b j e c t s  r e c e i v e d  

a d ie t  c o n t a in in g  300 G c a rb o h y d ra te .  Freedom from o th e r  l n t e r c u r -  

rent c o n d i t i o n s  was checked ,  and then the s u b j e c t  f a s t e d  from 8 p.m. 

the p re v io u s  e v e n in g .  The t e s t s  were performed in  h o s p i t a l  between 

6 a.m. and 11 a .m . ,  i . e . ,  from the t w e l f t h  to  f o u r t e e n t h  p o s t -  

absorptive hou rs ,  w ith  the s u b j e c t  s e c lu d ed  and r e c l i n i n g  on a couch 

or bed. A f t e r  c o n t r o l  b lood  samples ,  taken f o r  c a p i l l a r y  b lo o d  

BUgar ( o b ta in e d  by making a sm all  s tab  i n c i s i o n  w ith  a B-F b lade 

into a d i g i t a l  p a d ) ,  s o l u b l e  i n s u l i n  was g iv e n  i n t r a v e n o u s ly  i n  a 

dose o f  1 1 .1  u n i t s  per  square meter o f  body s u r f a c e .  Subsequent ly ,  

cap i l la ry  b lo o d  sugars  were taken h a l f - h o u r l y  f o r  two hours w ith  

addit ional samples a l s o  at  twenty and f o r t y  m inutes .  In a l l  ca ses



d u p l i c a t e  specimens were o b ta in e d  f o r  the f a s t i n g ,  60, 90 and 

120 minute l e v e l s .  The normal s u b j e c t s  e x p e r ie n ce d  hypog lycem ic  

symptoms o v e r  the twenty to  s i x t y  minute p e r i o d .  A l l  s u b j e c t s  

were q u e s t io n e d  at  e a ch  b lood  sugar sampling to  check that  speech 

was normal and no shock  p r e s e n t .  Immediately  a f t e r  the t e s t s ,  a 

meal was g iv e n  and the  subsequent  meals a t  f o u r - h o u r l y  i n t e r v a l s  

throughout t h i s  day had to be com p le ted .  Ho untoward symptoms 

a f t e r  c o n c l u s i o n  o f  the t e s t s  were noted  by any s u b j e c t s .

RESULTS

1. Response i n  normal s u b j e c t s .

F igure  1 shows the range o f  the b lood  sugar curve  in  mg# 

(abso lute  v a lu e s )  during  t h i s  augmented t e s t  (1 1 .1  u n i t s  per  square 

meter o f  body s u r f a c e )  i n  comparison w ith  the mean curve o f  the 

standard I . T . T .  ( g i v i n g  o n e - t h i r d  o f  t h i s  dose )  ex pressed  as % 

of f a s t i n g  l e v e l  ( F . L . ) .  The i n i t i a l  f a l l  or  f i r s t  phase,  was s im i ­

lar a f t e r  both d o s e s ,  u s u a l l y  r e a c h in g  a t rou gh  a t  twenty or  t h i r t y  

minutes o f  under  50# o f  the f a s t i n g  b lood  sugar l e v e l .  However, 

the subsequent curve  was d i f f e r e n t ;  th a t  a f t e r  the standard dose 

Immediately r i s i n g  towards the f a s t i n g  l e v e l  and p a ss in g  i t  b e f o r e  

120 minutes ,  w h i le  th a t  o f  the augmented dose r o s e  on ly  s l i g h t l y  

during t h i s  second phase from 30 to  120 m inutes .

A good summary o f  the measure o f  i n s u l i n  r e s i s t a n c e  by the 

test, was found to be the sum o f  the 60, 90 and 120 minute b lood  

sugar v a lu e s  as  mg/lCO ml.  Normal v a lu e s  o f  t h i s  " I n s u l i n  r e s i s ­

tance in d e x "  were mean 92, range 62 -14 2 ,  mean +2SD = 4 8 -13 6 .
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2 . "U ntreated1 a c r o m e g a l i c s .  ( F i g .  2)

The c h a r a c t e r i s t i c  a b n o r m a l i t i e s  o f  the a c r o m e g a l i c  curve  

were the s low i n i t i a l  f a l l  which reached  i t s  t rou gh  u s u a l l y  at  

the 40 minute sample,  and the subsequent  r e tu rn  which was mere 

c l e a r l y  abnormal in  i t s  ra p id  r i s e ,  as ex p ressed  in  the h igh  

values  o f  the i n s u l i n  r e s i s t a n c e  i n d e x .  A l l  curves  were abnormal.  

The mean i n s u l i n  r e s i s t a n c e  in dex  in  th e se  tw elve  "u n t r e a te d "  

a crom ega l ics  was 170,  range 1 4 5 -2 28 ,  (mean + 2 SE = 1 1 6 -2 2 4 ) .

3. Treated  a c r o m e g a l i c s .  (Table  I )

The augmented I . T . T .  had re tu rn ed  to  the normal range in  

e ight  n o n - d i a b e t i c  t r e a t e d  a c r o m e g a l i c s ,  f i v e  o f  wham were a l l  

those Judged in  c l i n i c a l  r e m i s s i o n  o f  the d i s e a s e .  In n ine  a c r o ­

megalics  w ith  on ly  p a r t i a l  c l i n i c a l  r e m i s s i o n ,  the t e s t  was abnormal 

in s ix ,

4. "S im ple"  o b e s i t y .  (F ig u re s  3 and 4 )

The i n s u l i n  r e s i s t a n c e  shown in  " s im p le "  o b e s i t y  was comparable 

to that  found in  u n tr e a te d  a c r o m e g a l i c s .  The mean i n s u l i n  r e s i s ­

tance in d ex  was 159 and the range 1 1 9 -2 2 1 ,  (mean + 2 SB = 8 9 - 2 2 9 ) .

Discussion
The e a r l i e s t  I n s u l i n  t o l e r a n c e  t e s t s  were done on d i a b e t e s  in  

the hope o f  e s t a b l i s h i n g  methods f o r  d e f i n i n g  the i n s u l i n  needs o f  

the d i a b e t i c ,  but s i n c e  the e f f e c t  o f  i n s u l i n  in  t h i s  t e s t  v a r i e s  

also with the l e v e l  o f  f a s t i n g  b lood  sugar,  such t e s t s  have been 

supplanted f o r  t h i s  purpose by v a r i o u s  combined g lu c o s e  and i n s u l i n



t o l e r a n c e  t e s t s  (Himsworth and Kerr ,  1 9 3 9 ) .  These l a t t e r  t e s t s  

have overcome the problem o f  I n t e r p r e t i n g  the resp onse  w ith  ab­

normal f a s t i n g  b lo o d  su g a rs ,  and have been a b le  t o  s u b -d iv id e  

d i a b e t i c s  b r o a d ly  i n t o  i n s u l i n - r e s i s t a n t  and i n s u l i n - s e n s i t i v e  

types .  However, the p r e s e n t  augmented I . l . T .  has been deve loped  

not f o r  c l a s s i f y i n g  d i a b e t i c s  i n t o  t y p e s ,  hut in  o r d e r  to  enable  

the dem onstra t ion  o f  moderate or  severe  i n s u l i n  r e s i s t a n c e  among 

su b je c t s  w ith  normal f a s t i n g  b lood  su g a rs .  Indeed an im portant  

p recaut ion  to  be ob serv ed  i n  i t s  u s e ,  i s  that  comparison w ith  the 

normal resp o n se  I s  o n l y  v a l i d  when the t e s t  s t a r t s  from a normal 

fa s t in g  b lo o d  sugar.  The need f o r  a c l i n i c a l  t e s t  o f  the m e ta b o l i c  

abnormality o f  the n o n - d i a b e t i c  a c r o m e g a l i c s ,  i n  o rd e r  to  a s s e s s  

the e f f e c t i v e n e s s  o f  Au-198 and Y-90 Implants in  t h i s  d i s e a s e ,  

has lea d  us to d e f i n e  the normal resp onse  o f  t h i s  augmented I . T . T .  

Such a t e s t  might have o th e r  u s e f u l  c l i n i c a l  a p p l i c a t i o n s ,  e s p e ­

c i a l l y  now th a t  the a t t e n t i o n  o f  d i a b e t i c  r e s e a r c h  i s  be ing  f o c u s s e d  

on p r e - d i a b e t e s ,  and on the problem o f  i n s u l i n  a n t a g o n i s t s  (Anno­

ta t io n ,  B r i t .  Med. J . ,  1 9 6 1 ) .

I t  seems c l e a r  that  f o r  t h i s  purpose more i n s u l i n  should be 

given than was used in  the standard t e s t  e v o lv e d  f o r  the demonstra­

tion o f  p a n h y p o p i tu i ta r i s m .  The chosen dose o f  t h r i c e  the standard 

dose, or 1 1 .1  u n i t s  o f  s o lu b le  i n s u l i n  per  square meter  o f  body 

surface ,  was found t o  be f r e e  from untoward e f f e c t s  in  any o f  our 

s u b je c t s ,  but should not  be used i n  s u b j e c t s  w ith  subnormal i n s u l i n  

r e s i s ta n c e .  I f  the normal range which we have d e f in e d  i s  to be



used e lse w h e re ,  the s ta n d a rd ise d  c o n d i t i o n s  o f  the t e s t  must be 

c a r e f u l l y  f o l l o w e d :  c a r e f u l  p r e l im in a r y  e x c l u s i o n  o f  o th e r  i n t e r -  

current  d i s e a s e ,  the d i e t a r y  p r e p a r a t i o n ,  the exa ct  l e n g t h  o f  the 

p re l im in a ry  f a s t  and n e a r l y  ba sa l  c o n d i t i o n s  throughout  the t e s t .

Our r e s u l t s  have shown the g re a t  importance  o f  a s s e s s i n g  the p r e ­

sence o f  o b e s i t y ,  f o r  a marked ab norm a l i ty  may be found in  g ro ss  

"s im ple"  o b e s i t y .

The m ajor  p r a c t i c a l  c l i n i c a l  a p p l i c a t i o n  o f  the augmented I . T . T .  

i s  to  a s s e s s  the " a c t i v i t y "  o f  u n t r e a t e d  a c r o m e g a l i c  c a s e s ,  and 

t h e i r  resp onse  to a p p r o p r ia t e  t rea tm en t .  The u s e f u l n e s s  o f  t h i s  

t e s t  as an i n d i r e c t  measure o f  growth hormone a c t i v i t y  i s  s t r e s s e d  

by the absence  c f  any o th e r  e q u iv a le n t  t e s t  o f  growth hormone 

a c t i v i t y  ( J o p l i n  e t  a l . ,  1 9 6 1 ) .

To e x p r e s s  i n  p h y s i o l o g i c a l  terms what the t e s t  measures i s  a 

much more complex problem. Many n o n -e n d o cr ln e  f a c t o r s ,  in c l u d i n g  

the n u t r i t i o n a l  s t a t e  and the l i v e r  f u n c t i o n ,  a f f e c t  t h i s  resp onse  

to i n s u l i n ,  and hence the im portance  o f  a c a r e f u l  p r e p a r a t i o n  o f  

the p a t i e n t  f o r  the  t e s t .  Only the f i r s t  few minutes o f  the i n i ­

t i a l  f a l l  o f  the b l o o d  sugar curve r e f l e c t  the unantagon ised  e f f e c t  

of i n s u l i n  in  enhancing p e r i p h e r a l  g lu c o s e  u t i l i s a t i o n  (Monaco e t  

a l . ,  1 9 5 9 ) .  The speed o f  the subsequent r e tu r n  o f  the curve t o ­

wards the f a s t i n g  b lo o d  sugar r e f l e c t s  m ainly  the adequacy o f  the 

s u b je c t 1 s i n s u l i n  a n t a g o n i s t s ,  and i n v o l v e s  i n c r e a s e d  h e p a t i c  

glucose output  as much as p e r ip h e r a l  antagonism o f  the a c t i o n  o f  

the i n s u l i n .  I t  i s  thus r a t h e r  l o o s e  usage t o  c a l l  the a b n orm a l i ty



demonstrated by t h i s  t e s t ,  i n s u l i n  r e s i s t a n c e ,  but th ere  i s  no 

convenient a l t e r n a t i v e  term. The main hormones a n t a g o n i s t i c  to 

the a c t i o n  o f  i n s u l i n  on carbohy drate  m etabol ism  are  the a n t e r i o r  

p i t u i t a r y  growth hormone and c o r t i s o l  or s i m i l a r  a d ren a l  s t e r o i d s  

(Houssay, 1936; de Bode and A l t s z u l e r ,  1936; F ra s e r ,  I 9 6 0 ) .  The 

in s u l in  s e n s i t i v i t y  o f  the hypophysectom ised  animal depends mainly  

on growth hormone l a c k ,  though c o r t i s o l  l a c k  a l s o  c o n t r i b u t e s  (de 

Bodo and A l t s z u l e r ,  1 9 5 8 ) .  We may, t h e r e f o r e ,  a n t i c i p a t e  th a t  

excess o f  growth hormone, or acrom ega ly ,  might be one o f  the most 

potent f a c t o r s  l i k e l y  to  l e a d  to e x c e s s  i n s u l i n  r e s i s t a n c e .  I t  has 

indeed been shown that  a c r o m e g a l i c s  show a d e crea sed  resp onse  i n  

p er ip hera l  uptake o f  g lu c o s e  on i n j e c t i o n  o f  I n s u l i n  ( B u t t e r f i e l d  

et a l . ,  1961; Habinowitz  and Z i e r l e r ,  1 9 6 1 a ) .  The form er  showed 

that t i l l s  a l s o  i n v o l v e d  the d ecrea sed  f i x a t i o n  o f  r a d i o a c t i v e  i n ­

sul in  in the fo rearm  a f t e r  b r a c h i a l  a r t e r y  i n j e c t i o n .  Other meta­

b o l i c  a b n o r m a l i t i e s  i n  acrom egaly  p ro b a b ly  a l s o  c o n t r i b u t e  to  the 

in s u l in  r e s i s t a n c e  w hich  they  show.

I n s u l i n  r e s i s t a n c e  in  obese  s u b j e c t s  has p r e v i o u s l y  been 

demonstrated (Arendt  and P a t te e ,  1 9 5 6 ) ,  but i t  was im portant  to 

assess the e x t e n t  o f  t h i s  a b norm a lity  on the standard t e s t .  O bes i ty  

is a s s o c i a t e d  w ith  e x c e s s i v e  hormonal a c t i v i t y ,  as has been shown 

by Habinowitz and Z i e r l e r  (1 9 6 1 b ) ,  who found e v id en ce  s u g g e s t in g  

hyperinsulinism from measurements o f  the b a s a l  forearm m etabol ism ,  

while o th e r s  have found e v id en ce  o f  c o r t i s o l  o v e r p r o d u c t i o n  by 

steroid  measurements (Cohen, 1958; E ck e r t ,  Green and K ig e o n , 1 9 6 1 ) .
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Whether o v e r - p r o d u c t i o n  o f  these and o th e r  hormones In o b e s i t y  

i s  s u f f i c i e n t  to e x p l a i n  the e x c e s s i v e  I n s u l i n  r e s i s t a n c e  shown 

in t h i s  c o n d i t i o n  remains a problem.
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StrMMARY

1 .  An augmented i n s u l i n  t o l e r a n c e  t e s t  and i t s  normal response  

i s  d e s c r i b e d ;  a f t e r  a standard p r e p a r a t i o n ,  1 1 . 1  u n i t s  o f  

s o lu b le  i n s u l i n  per square meter o f  body s u r f a c e  i s  i n j e c t e d  

i n t r a v e n o u s l y ,  and the blood sugar f o l lo w e d  f o r  two hours.

2. In such s t a t e s  a s  acromegaly  the t e s t  can demonstrate i n s u l i n  

r e s i s t a n c e  by an abnorm ally  r a p i d  r e t u r n  o f  the blood sugar  

curve to normal.  The curve can be summarised by an " i n s u l i n  

r e s i s t a n c e  i n d e x " ,  the sum o f  the blood sugar v a l u e s  were mean 

92 and range 6 2 - 1 4 2 .  The t e s t  i s  only v a l i d  I f  the f a s t i n g  

blood sugar i s  normal.

3. T est  r e s u l t s  a re  re p o r te d  i n  (a)  tw e lv e  " u n t r e a t e d "  a c r o m e g a l ic s  

in  a l l  o f  whom the t e s t  showed an abnormal I n s u l i n  r e s i s t a n c e  

index (mean 1 7 3  and range 1 4 4 - 2 2 8 ) ;  (b) f o u r t e e n  t r e a t e d  a c r o ­

m e g a lic s  ( a f t e r  A u -19 8  or Y-90 i m p l a n t s ) ,  in  whom e i g h t  t e s t s  

were normal, f i v e  being a l l  the c a s e s  Judged to be in  c l i n i c a l  

re m iss io n ;  (c)  t w e lv e  s u b j e c t s  w i t h  g r o s s  but " s i m p l e '1 o b e s i t y  

in  whom the t e s t  r e s u l t s  were n e a r l y  as abnormal a s  those o f

the " u n t r e a t e d "  a c r o m e g a l i c s  (mean i n s u l i n  r e s i s t a n c e  index  

1 5 9  and range 1 1 9 - 2 2 1 ) .

4. The t e B t  can be used to a s s e s s  the " a c t i v i t y "  o f  acromegaly  

and i t s  response to treatm ent,  provided the s u b j e c t  i s  not  

also  g r o s s l y  o b e se .
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Table I

The augmented I . T . T .  in  .A u -19 8  or Y -9 0 t r e a t e d  acrome g a l i c s .

S u b je c t C a p i l l a r y  blood sugars  (mgm/100 ml) 
time in minutes a f t e r  i n s u l i n  i n j e c t e d

I n s u l i n
R e s is t a n c e

Index
(=A+B+C)60 (A) 90 (B) 1 2 0  (C)

(a) C l i n i c a l l y
re m itte  d

C . S .  (3) 2 4 33 46 10 2

J . F . 3 3 38 46 1 1 7

S .R . 20 2 4 24 68

K. B. 3 7 4 1 48 1 2 6

S .C . 2 9 3 4 38 1 0 1

(b) P a r t i a l l y
re m itted

C . S .  (2) 4 1 60 72 1 7 3

F . E . 5 3 7 3 7 3 1 9 9

M.W. 3 7 54 76 1 6 7

H.L« 50 59 76 1 8 5

A. B. 36 59 66 1 6 1

M.S. 30 43 5 3 1 3 1

R. S* 45 58 64 1 6 7

M.F. 3 3 42 61 13 6
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M.F. 3 3 42 6 1 13 6
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CHAPTER IV

FOREARM METABOLISM IN OBESITY AND ITS RESPONSE TO INTRA-ARTERIAL 

INSULIN. CHARACTERIZATION OF INSULIN RESISTANCE AND 

EVIDENCE FOR ADAPTIVE HYPERINSU1INISM*

*  Some a s p e c t s  o f  t h i s  work have been publish e d ( 1 , 2 ) .
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O besity  i s  c o n s id e r e d  o r d i n a r i l y  to be a consequence o f  o v e r ­

e ating  by an o th e rw is e  normal person,  but the n o tio n  p e r s i s t s  th a t  

there may be some u n d e r l y i n g  m e ta b o lic  d e f e c t .  The man o f  70 kg,  

on becoming 20 per c e n t  o v e r w e ig h t ,  doubles h i s  adip ose organ  

mass ( 3 ) .  I f  o b e s i t y  i s  viewed as a s t a t e  o f  c h r o n ic  s u b s t r a t e  ex­

cess n e c e s s i t a t i n g  i n c r e a s e  In  f a t  s t o r a g e  o f  t h i s  magnitude,  one 

might indeed p r e d i c t  t h a t  c e r t a i n  m e ta b o lic  adjustments would o cc u r,  

r e s u l t i n g  i n  a l t e r a t i o n s  i n ,  but not Implying a prim ary d is tu r b a n c e  

of,  in te r m e d ia r y  metabolism.

Metabolism o f  obese s u b j e c t s  has been examined by measuring  

metabolic e v e n ts  i n  the forearm, which i s  predominantly  s k e l e t a l  

muscle and ad ip ose  t i s s u e ,  i n  the s e a r c h  f o r  answers to the f o l l o w ­

ing q u e s t i o n s .  1 )  What d e p a r tu r e s  from normal talre p l a c e  in  b a s a l  

forearm metabolism o f  obese s u b j e c t s  and what l i g h t  do th e s e  d i f ­

ferences shed on a d a p t a t i o n  to ch ro n ic  s u b s t r a t e  e x c e s s ?  2 )  I s  

"simple" o b e s i t y  r e l a t e d  to m a t u r i t y  onset  d i a b e t e s  m e l l i t u s ,  i n  

which o b e s i t y  i s  common? Because r e s i s t a n c e  to exogenous I n s u l i n  

occurs i n  u n tr e a t e d  m a t u r i t y  onset  d i a b e t e s  { 4 ) ,  response to i n t r a ­

a r t e r i a l  i n s u l i n  was examined in  simple o b e s i t y .  Prom the o b s e r v a ­

tions i t  became c l e a r  th at  there are a number o f  s i m i l a r i t i e s  in  

metabolism between p a t i e n t s  w it h  simple o b e s i t y  and those w ith  

diabetes m e l l i t u s .

METHODS

S ix  young s u b j e c t s  were s t u d ie d ,  f o u r  men and two women, a l l  

approrimately 20 per c e n t  o ve rw e ig h t  hut o th e r w is e  h e a l t h y .  A l l
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had been a c t i v e l y  g a i n i n g  weight in  the 6 to 12  months p rec ed in g  

the t e a t  and i n  none was there a f a m i l y  h i s t o r y  o f  d i a b e t e s .  

Results o f  o r a l  g l u c o s e  t o l e r a n c e  t e s t a  w ith  10 0  g g l u c o s e ,  p e r ­

formed i n  f i v e  o f  the s i x  s u b j e c t s ,  were normal.  S u b j e c t s  were 

given a 200- g  carb o h yd rate  d i e t  f o r  the 3 days before  the t e s t .

So food was pe rm itted a f t e r  8 : 0 0  p.m. the p r e v io u s  n i g h t .  The 

teat was performed between 9 :0 0  a.m. and 1 :0 0  p .m . ,  t h a t  i s ,  1 3  

to 1 7  hours a f t e r  the l a s t  meal.

A b r a c h i a l  a r t e r y ,  an i p s i l a t e r a l  a n t e c u b l t a l  v e i n  d r a in in g  

mostly muscle ,  and a s u p e r f i c i a l  v e i n  d r a i n i n g  m o stly  forearm a d i ­

pose t i s s u e  and sk in  were can n ulated by te c h niq ue s d e s c r ib e d  p r e ­

viously  ( 5 ) .  Blood f l o w  waB measured by the i n d i c a t o r - d i l u t i o n  

method, based on continuous i n j e c t i o n  o f  T - 1 8 2 4  (E va n s '  blue)  dye 

at constant  r a t e .  C i r c u l a t i o n  to the w r i s t  and hand was excluded  

during experim en tal  p e r io d s  by a sphygmomanometer c u f f  i n f l a t e d  to 

at l e a s t  10 0  mm Hg beyond s y s t o l i c  p r e s s u r e .

Uptake or p r o d u c tio n  o f  a m e t a b o l i te  by the forearm i s  g iv e n  

by the equation Q = F(A -  B V ) , where F i s  blood or plasma f low  in  

m i l l i l i t e r s  per  minute per 10 0  ml o f  forearm , A i s  c o n c e n tr a t io n  

of m etab olite  in  a r t e r i a l  blood or plasma, and DV I s  i t s  concen­

tration i n  deep venous blood. T h is  Q w i l l  be r e f e r r e d  to as  

"forearm muscle m e ta b o l ic  r a t e "  even though i t  u n d e r e s tim a te s  true  

muscle metabolism. To o b ta in  0 p e r  10 0  g o f  m u scle ,  i t  i s  n e c e s ­

sary to know the f r a c t i o n  o f  t o t a l  f lo w  t h a t  p e r f u s e s  muscle and 

the f r a c t i o n  o f  t o t a l  forearm t h a t  i s  muscle mass.  With r e p r e s e n ­

tative f i g u r e s  o f  0 .8 2  and 0 . 6 , r e s p e c t i v e l y ,  f o r  th e s e  f r a c t i o n s
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ln normal s u b j e c t s  ( 5 ) ,  Q per 100  g o f  muscle l e  o b tain ed  by

m u lt ip l y in g  the ex p erim en tal  v a lu e  o f  Q (shown l a t e r  i n  T a b l e s  I

and I I )  by a f a c t o r ,  f ,  o f  1 . 3 7 .  The g r e a t e r  p r o p o r t i o n  of  adipose

t i s s u e  i n  the forearm o f  s u b j e c t s  who a re  20 per cent  overw e igh t

may reduce the f r a c t i o n  o f  t o t a l  forearm volume occupied by muscle

to about 0 . 5 .  The f r a c t i o n  o f  t o t a l  f lo w  t h a t  p e r f u s e s  muscle in

the obese forearm i s  p ro b ab ly  l e s s  than 0 . 8 2 ,  but probably  now as

low as 0 . 6 7 , f o r  t h i s  l a  the f i g u r e  a t  which f  i n  obese s u b j e c t s

is  equal to th a t  f o r  c o n t r o l s .  For v a l u e s  o f  forearm muscle f lo w

between 0 .6 7  and 0 . 8 2  o f  t o t a l  forearm f l o w ,  f ,  v a r i e s  between

1 .3 7  and 1 . 6  i n  s u b j e c t s  who a re  20 per  cent o v e r w e ig h t ;  th a t  i s ,

f  is  g r e a t e r  i n  obese s u b j e c t s  than i n  c o n t r o l s .  T h e r e f o r e ,  wherever

experimental v a l u e s  f o r  forearm metabolism are  g r e a t e r  in  obese sub-
#

Jects  than i n  c o n t r o l s  ( f o r  example, Q g l u c o s e ,  Table I ) ,  the d i f ­

ferences from c o n t r o l s  ought to be r e v i s e d  upward.

At l e a s t  two s e t s  o f  a r t e r i a l ,  deep venous, and s u p e r f i c i a l  

venous blood samples were c o l l e c t e d  under b a s a l  c o n d i t i o n s ,  and a l l  

values f a r  b a s a l  metabolism have been expressed as t h e i r  means.

To shed f u r t h e r  l i g h t  on p r e v io u s  o b s e r v a t i o n s  ( 6 ) t h a t  obese sub­

jects show r e s i s t a n c e  to the hypoglycemic  e f f e c t s  o f  i n t r a v e n o u s l y  

administered i n s u l i n ,  we have examined the response o f  the forearm  

of these 6 obese s u b j e c t s  to a dose o f  i n t r a - a r t e r i a l  i n s u l i n ,  

standardized p r e v i o u s l y  i n  normal s u b j e c t s  ( 7 ) .  G lu c a g o n -fr e e  

Insulin was i n j e c t e d ,  along w ith  E van s '  blue dye,  i n t o  the b r a c h i a l  

artery i n  a dose o f  10 0  />U per kg body weight per  minute f o r  26 

minutes. When t h i s  dose i s  d i l u t e d  by b r a c h i a l  a r t e r i a l  plasma
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flowlng by the i n j e c t i o n  s i t e ,  the c o n c e n t r a t i o n  o f  I n s u l i n  In  

forearm a r t e r i a l  plasma I s  a p p ro x im a te ly  300 wU per ml,  the e x a c t  

concentration depending upon forearm blood f l o w  during the e x p e r i ­

mental p e r i o d .  C i r c u l a t i o n  to the w r i s t  and hand was occluded  

during the f u l l  p e rio d  o f  i n s u l i n  a d m i n i s t r a t i o n .  Blood samples  

were drawn 1 2 , 1 8 , and 26 minutes from commencement o f  the I n s u l i n  

in fusio n,  and f o r  p e r io d s  up to an hour t h e r e a f t e r .

The technique le n d s  I t s e l f  n i c e l y  to examination c f  l o c a l  

e f f e c t s  of  hormones, s in c e  the hormone— i n s u l i n  i n  the p r e s e n t

ezperiments— can be i n j e c t e d  i n t o  the l p s l l a t e r a l  b r a c h i a l  a r t e r y
#

at c on stan t  r a t e  i n  amounts l a r g e  enough to g i v e  measurable  e f f e c t s  

on the forearm , but sm all  enough to g i v e  none i n  the g e n e r a l  c i r ­

c u la tio n .  Thus, one o b s e r v e s  a s  f a r  as  p o s s i b l e  only  the e f f e c t s  

of the hormone on forearm  t i s s u e s ;  the response i s  n o t ,  as  In the 

case o f  the more c o n v e n t io n a l  in tr a v e n o u s  i n s u l i n  t o l e r a n c e  t e s t s ,  

complicated by c o u n t e r - r e g u l a t o r y  measures the body may I n s t i t u t e .

RESUITS AND DISCUSSION 

Basal forearm muscle m e tab olism .

R e s u lt s  appear i n  T ab le s  I and I I .  C o n trol  v a l u e s ,  which 

represent mean v a l u e s  o f  more than 60 e x p erim en ts ,  are listed f o r  

comparison ( 8 ) .

A r te r ia l  c o n c e n t r a t i o n s .

There were no s i g n i f i c a n t  d i f f e r e n c e s  i n  the mean a r t e r i a l  

concentrations o f  the m e t a b o l i t e s  stu d ie d  i n  the obese group com­

pared to the c o n t r o l  v a l u e s .  The mean a r t e r i a l  c o n c e n t r a t i o n s  o f
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FRA was 0 . 7 9  mEq per I  i n  the obese s u b j e c t s ;  while th e r e  have been 

reports o f  in c r e a s e d  venous RFA l e v e l s  in  obese s u b j e c t s  (9 ) ,  we 

have n o t ,  in  a small s e r i e s ,  demonstrated c o n s i s t e n t  a r t e r i a l  h y p e r-  

l ip a c id e m ia .

Blood f l o w .

T o t a l  forearm blood f l o w  in  obese s u b j e c t s  did not d i f f e r  from 

control  s u b j e c t s .  We are  unable to e s tim ate  what the f r a c t i o n a l  

flow i s  through muscle and through subcutaneous adipose t i s s u e  and 

skin.

Potassium u p t a k e .

Net movement o f  potassium out o f  r e s t i n g  muscle in to  plasma,  

c h a r a c t e r i s t i c  in  c o n t r o l  s u b j e c t s  under the c o n d it io n s  o f  these  

experiments (6 , 1 0 ), was absent in the obese s u b j e c t s ,  who had no 

net movement o f  potassium.

Slucose u p t a k e .

Mean g lu c o se  A -  DV c o n c e n tr a t i o n  d i f f e r e n c e  and mean g lu c o se  

uptake by forearm muscle were both s i g n i f i c a n t l y  g r e a t e r  than those  

of c o n t r o l s .

Og uptake, CO2 p r o d u c tio n ,  and r e s p i r a t o r y  q u o tie n t  (R.Q .)

No d i f f e r e n c e s  from c o n t r o l s  were apparent i n  02 consumption 

or C02 p ro d u c tio n  by forearm muscle in  obese s u b j e c t s .  The RQ of

0. 7 , as in  normal m uscle ,  i s  compatible w ith  l i p i d  o x i d a t i o n .

L -  DV FFA d i f f e r e n c e .

Mean J?1A A -  DV c o n c e n tr a t i o n  d i f f e r e n c e  i n  obese s u b j e c t s  

was + 0 .0 2  ^.Eq per ml, which does not d i f f e r  from the mean value  

In control s u b j e c t s  (8 ) .  D i r e c t  demonstration t h a t  t h i s  f r a c t i o n
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ef  plasma l i p i d  s e r v e s  as  a major s u b s t r a t e  f o r  forearm muscle i n  

obese s u b j e c t s  has n ot  been p o s s i b l e .  The an atom ical  f a c t o r s  be­

l i e v e d  to u n d e r ly  t h i s  have been d is c u s s e d  i n  d e t a i l  elsew here ( 8 ) .  

In b r i e f ,  i t  i s  p ro b ab le  t h a t  r e l e a s e  i n t o  deep venous blood of  

FFA from ad ip ose  t i s s u e  surrounding muscle masks the p o s i t i v e  A -  V 

FFA c o n c e n t r a t i o n  d i f f e r e n c e  a c r o s s  forearm muscle p r o p e r .  Since  

there i s  undoubtedly a  g r e a t e r  mass o f  adipose t i s s u e  i n  the obese 

forearm, i t  i s  o f  some i n t e r e s t  th a t  A -  DV FFA d i f f e r e n c e s  were not  

more n e g a t iv e  i n  the obese s u b j e c t  than i n  c o n t r o l s .

The probable m e t a b o l ic  f a t e  o f  g l u c o s e .

The l / G  r a t i o — which,  as e x p l a in e d  i n  a fo o t n o t e  to Table I I ,  

defines the f r a c t i o n  o f  g lu c o s e  uptake accounted f o r  by l a c t a t e  p ro ­

duction— was s i g n i f i c a n t l y  lo wer i n  forearm muscle o f  obese s u b j e c t s  

(0.24)  than i n  c o n t r o l s  ( 0 . 4 2 ) .  S e v e n t y - f i v e  p e r  cent  o f  g lu c o s e  

a b stra c te d  from blood, t h e r e f o r e ,  remains unaccounted f o r  and theo­

r e t i c a l l y  a v a i l a b l e  f o r  complete o x i d a t i o n .  ThiB y i e l d s  a G -  L / 0 2 

ratio  (see fo o t n o t e  to Table I I ) — which d e f i n e s  the f r a c t i o n  of  

oiygen uptake t h e o r e t i c a l l y  a cc o u n ta b le  f o r  by g l u c o s e  o x i d a t i o n  

of 0 . 3 4 ,  or a p p ro x im a te ly  tw ic e  th a t  o f  c o n t r o l s .

S i n c e ,  however, forearm muscle i n  obese s u b j e c t s  t a k e s  up more 

glucose than c o n t r o l s  w ith ou t  any r iB e  i n  RQ, i t  i s  probable  t h a t  

the g lu c o se  taken up In  e x c e s s  o f  t h a t  a b s t r a c t e d  by c o n t r o l s  i s  

not o x id iz e d  but s t o r e d ,  presumably l a r g e l y  a s  muscle g l y c o g e n .  

Forearm sk in  and subcutaneous t i s s u e  metabolism .

Mean v a l u e s  f o r  b a s a l  a r t e r l o - s u p e r f i c i a l  venous (A -  SV) 

concentration d i f f e r e n c e s  o f  g l u c o s e ,  l a c t a t e ,  potassium , and FFA
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in the s i x  ohese s u b j e c t s  appear i n  Table I I I ,  a lo n g  w i t h  c o n t r o l  

values ( 8 ) .  Although mean A -  SV c o n c e n tr a t i o n  d i f f e r e n c e s  f o r  

potassium, g l u c o s e ,  and l a c t a t e  were changed in  a d i r e c t i o n  s i m i l a r  

to changes i n  A -  DV, t  t e s t s  o f  th ese  changes su g g e ste d  ( p > 0 . 0 5 )  

that they occu rred by chance. Mean A -  SV d i f f e r e n c e  f o r  VFA was,  

however, s i g n i f i c a n t l y  l e s s  n e g a t i v e  than i n  c o n t r o l s .

Evidence fo r  endogenous hyperlnBullnlam.

In  c o n t r o l  s u b j e c t s ,  A -  DV c o n c e n t r a t i o n  d i f f e r e n c e s  r e f l e c t  

c h i e f l y  metabolism o f  muscle and A -  SV, c h i e f l y  metabolism of  sk in  

and subcutaneous ad ip os e  t i s s u e .  A -  SV g lu c o s e  d i f f e r e n c e s  are  

greater  (more p o s i t i v e )  and A -  SV 02 d i f f e r e n c e s  a r e  sm a l le r  ( l e s s  

p o s i t i v e )  than the r e s p e c t i v e  A -  DV d i f f e r e n c e s ,  l a c t a t e  and FFA 

SV -  A d i f f e r e n c e s  a r e  g r e a t e r  (more n e g a t i v e ) ,  whereas potassium  

SV -  A d i f f e r e n c e s  a r e  s m a l le r  ( l e s s  n e g a t i v e )  than the r e s p e c t i v e  

DV -  A d i f f e r e n c e s  ( 8 ) .

I t  i s  c o n c e i v a b l e  but u n l i k e l y  t h a t  d i f f e r e n c e s  between c o n t r o l  

and obese s u b j e c t s  w i t h  r e s p e c t  to A -  I V  c o n c e n t r a t i o n s  and v a lu e s  

for r e p r e s e n t  noth in g  more than the i n c r e a s e d  c o n t r i b u t i o n  to 

DV e f f l u e n t  of  blood d r a i n i n g  the l a r g e r  mass o f  ad ip ose  t i s s u e  in  

the obese forearm . I f  t h i s  e f f e c t  were r e s p o n s i b l e  f o r  the i n c r e a s e  

in Q o f  g l u c o s e  and absence o f  n e g a t i v e  Q o f  potassium In obese sub­

jects,  then A -  DV d i f f e r e n c e s  o f  a l l  m e t a b o l i t e s  i n  o b e s i t y  aught  

to show the same tendency to resemble A -  SV d i f f e r e n c e s  o f  c o n t r o l s .  

Our s t u d ie s  da n o t ,  however, support  t h i s  i n t e r p r e t a t i o n :  A -  D? Oj,  

OOj, and l a c t a t e  d i f f e r e n c e s  in  obese s u b j e c t s  did not d i f f e r  from
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A -  DV c o n c e n t r a t i o n s  o f  c o n t r o l  s u b j e c t s ,  but c l e a r l y  d i f f e r e d  

from t h e i r  A -  SV c o n c e n t r a t i o n s  (T a b le s  I  and I I ) .

These f i n d i n g s  a l s o  negate the p o s s i b i l i t y  t h a t  our o b s e r v a ­

tions merely  r e p r e s e n t  r e d i s t r i b u t i o n  o f  blood between deep and 

s u p e r f i c i a l  forearm drainage  beds. T h is  would u n ifo r m ly  obscure  

or e l im in a t e  the d i f f e r e n c e s  norm ally  found i n  A -  V c o n c e n tr a t i o n  

d i f f e r e n c e s  o f  m e t a b o l i t e s  from the two d r ainage  beds. A -  DY 02 , 

OO2 , and FFA d i f f e r e n c e s  c l e a r l y  d i f f e r  from A -  SV d i f f e r e n c e s  

in obese s u b j e c t s .  ( Compare T a b l e s  I  and I I  w i t h  Table I I I . )

I t  l a  p r o b a b l e ,  t h e r e f o r e ,  t h a t  d e v i a t i o n s  from normal forearm  

metabolism i n  obese s u b j e c t s  can not be a t t r i b u t e d  s o l e l y  e i t h e r  to 

a l t e r a t i o n s  i n  forearm blood f l o w  or to the undoubtedly g r e a t e r  

mass o f  adip ose t i s s u e  i n  the obese forearm .

P r e v io u s  s t u d i e s  from t h i s  l a b o r a t o r y  (7)  have demonstrated  

that i n s u l i n  i n f u s e d  in t o  the b r a c h i a l  a r t e r y  in to  o o n tr o l  s u b j e c t s  

reverses the net  potassium e f f l u x  and i n c r e a s e s  g lu c o s e  uptake by 

forearm m uscle .  Only a minor f r a c t i o n  o f  the g lu c o s e  i s  accounted  

for by l a c t a t e  p r o d u c tio n  and none i s  o x i d i z e d  to COg. The RQ o f  

forearm muscle does not r i s e .  The e f f e c t  o f  i n s u l i n  on the super­

f i c i a l  d r ainage  bed o f  the forearm i s  to I n c r e a s e  A -  SV g lu c o se  

concentration d i f f e r e n c e ,  w ith  a f a l l  in  the L/G r a t i o ,  and to con­

vert b a s a l  n e g a t i v e  A -  SV PPA d i f f e r e n c e s  to  a net  p o s i t i v e  A -  SV 

difference ( 1 1 ) .  M e t a b o l ic  eve nts  i n  the forearm o f  obese s u b j e o t s  

in the absence o f  exogenous i n s u l i n  resemble those i n  the normal 

forearm exposed to i n s u l i n ,  and sugge st  t h a t  in  o b e s i t y  there i s  

hyperinsulinlsm th a t  i s  presumably a d a p t i v e  to unusual q u a n t i t i e s
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c f  s u b s t r a t e .  T his  h y p o t h e s is  was advanced by Brobeck, Tepperman, 

and Long ( 1 2 )  some y e a r s  ago and gained support from the demonstra­

tion o f  I s l e t  c e l l  h y p e r p l a s i a  i n  the e a r l y  or " a c t i v e "  phase o f  

ob e sity  by O g i l v l e  i n  man ( 1 3 )  by Mayer ( 1 4 )  i n  r a t s .

We a re  g r a t e f u l  to Drs. S . A .  Berson and R . S .  Yalow f o r  d e t e r ­

mining f o r  us by t h e i r  immunoassay technique ( 1 5 )  plaama I n s u l i n  

concentrations i n  our s i x  obese s u b j e c t s  and i n  fo u r  normal s u b j e c t s  

of the same age group.  R e s u l t s  appear in  Table IV .  Plasma i n s u l i n  

concentration was h i g h e r  i n  obese s u b j e c t s  than i n  those o f  normal 

body weight (p O . O l ) ,  a lthough i n s u l i n  c o n c e n t r a t i o n  i n  our normal 

group may be s l i g h t l y  l e s s  than i n  the o v e r - a l l  ex p e r ie n ce  o f  Yalow  

and Berson ( 1 5 ) .

E f fe c t  o f  i n s u l i n  on forearm muscle metabolism .

R e s u l t s  app ear I n  Table V.

Insulin c o n c e n t r a t i o n  i n  forearm plasm a.

This i s  e s t a b l i s h e d  by determ ining the r a t i o  o f  the known r a t e  

of i n j e c t i o n  o f  i n s u l i n ,  10 0  /LD per kg per minute, to forearm plasma 

flow measured by E v a n s '  blue dye.  Values v a r i e d  from 200 to 450 **U 

per ml, l e v e l s  comparable to those a c h ie v e d  i n  an e a r l i e r  study on 

control s u b j e c t s  (7 ) .

Plasma f l o w .

I t  has been p o in te d  out r e p e a t e d l y  t h a t  both blood f lo w  and 

a r t e r i a l  c o n c e n t r a t i o n  must remain c on stan t  f o r  proper employment 

of the P ic k  p r i n c i p l e  ( 1 6 ) .  Plasma f lo w  b efo re  and during the 

period o f  I n s u l i n  I n f u s i o n  remained a c c e p t a b l y  c o n s t a n t ;  th a t  i s ,
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i t  did not v a r y  by more than 20 per  cent about the mean I n  any of  

the s u b j e c t s  s t u d i e d .  In  one s u b j e c t ,  P, a marked I n c r e a s e  i n  plasma 

flow occu rred i n  the p e r io d  a f t e r  the i n s u l i n  I n f u s i o n .

A r t e r i a l  c o n c e n t r a t i o n s .

Mean changes o f  l e s s  than 4 per cent were re co rd ed  i n  a r t e r i a l  

glucose,  l a c t a t e ,  and potassium c o n c e n t r a t i o n s  during and a f t e r  

In su lin  a d m i n i s t r a t i o n .  A r t e r i a l  c o n c e n tr a t io n  o f  FFA tended to be 

more u n s t a b le  than o th e r  m e t a b o l i t e s ,  as i s  c o n s i s t e n t  w i t h  the 

much g r e a t e r  l a b i l i t y  o f  t h i s  plasma l i p i d  f r a c t i o n .

Glucose.

Glucose uptake i n  obese s u b j e c t s  a f t e r  i n s u l i n  a d m i n i s t r a t i o n  

was d i s t i n c t l y  l e s s  than i n  c o n t r o l s  (F ig u re  1 ) .  In  only one o f  the 

six obese s u b j e c t s  d id  the A -  DV c o n c e n tr a t i o n  d i f f e r e n c e  exceed  

1  Amole per ml, and the maximal uptake ach ie v e d  was a lw ay s  l e s s  

than 5 /.moles per minute per 10 0  ml forearm , which was the l o w e s t  

peak e f f e c t  recorded i n  any o f  the c o n t r o l  s u b j e c t s  ( 7 ) .  

l a c t a t e .

There was a sm all  but d e f i n i t e  i n c r e a s e  i n  l a c t a t e  p r o d u c tio n  

during and a f t e r  i n s u l i n  a d m i n i s t r a t i o n .  Since g lu c o s e  uptake i n ­

creased to a g r e a t e r  e x t e n t  than l a c t a t e  p r o d u c tio n ,  the L/G r a t i o  

dropped from a c o n t r o l  va lu e  o f  0 . 2 4  to l e s s  than 0 . 1 0 .

®C0p» an(*

O b servatio ns on O2 consumption, 002 p r o d u c tio n ,  and RQ were 

fragmentary o n l y ,  bein g  c onfined to the 26 minute sample, taken  

Just b efo re  the c o n c l u s i o n  o f  the i n s u l i n  i n f u s i o n ,  and the 60
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minute sample. Such measurements as  were made showed no change 

in e i t h e r  Qcr^ ,  or BQ which corresponds w ith  our ex p e r ie n ce

in c o n t r o l  s u b j e c t s .

Potassium.

In the b asal  B t a t e ,  the n et  movement o f  potassium out o f  f o r e ­

arm musole Into  venous blood i s  abse nt  i n  obese s u b j e c t s .  Admini­

s t r a t i o n  o f  i n s u l i n  r e s u l t e d  in  mean potassium A -  DV d i f f e r e n c e s  

becoming more p o s i t i v e .  T o t a l  movement of  potassium a c h ie v e d  under 

the i n f l u e n c e  o f  exogenous i n s u l i n  was s i g n i f i c a n t l y  l e s s  i n  obese  

subjects  than the comparable change i n  o on tro l  s u b j e c t s  ( F ig u r e  2 ) .  

FFA.

A -  DV c o n c e n t r a t i o n  d i f f e r e n c e  o f  FFA i n c r e a s e d  from a mean 

basal v a lu e  not s i g n i f i c a n t l y  d i f f e r e n t  from 0 to 0 . 1 / Eq per ml 

a f t e r  I n s u l i n  a d m i n i s t r a t i o n .  T h is  e f f e c t  i s  p ro b ab ly  a c h ie v e d  

through i n h i b i t i o n  o f  FFA r e l e a s e  from adip ose t i s s u e  I n t e r s p e r s e d  

between muscle f i b r e s .  Uptake o f  FFA by forearm muscle unmasked 

by i n s u l i n  a d m i n i s t r a t i o n  i s  s u f f i c i e n t  to acoount f o r  about 50 per  

cent o f  i t s  O2 consumption.

E f f e c t  o f  i n s u l i n  on forearm s k in  and subcutaneous ad ip ose  t i s s u e

metabolism .

Values f o r  A -  SV c o n c e n tr a t io n  d i f f e r e n c e s  o f  g l u c o s e ,  l a c t a t e ,  

and FFA a f t e r  i n s u l i n  a d m i n i s t r a t i o n ,  determined i n  5 obese s u b j e c t s ,  

are shown i n  t a b l e  V I .  In the s i x t h  s u b j e c t ,  1 ,  the SV c a t h e t e r  was 

a c c i d e n t a l l y  d i s l o d g e d .
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Glucoae.

Glucose A -  SV d i f f e r e n c e s  I n c r e a s e d  a f t e r  I n s u l i n  ad m in i ­

s t r a t i o n ,  but s i g n i f i c a n t l y  l e s s  so than In c o n t r o l s .

L a c t a t e .

There was a sm all  but s i g n i f i c a n t  i n c r e a s e  i n  l a c t a t e  ST -  A 

d i f f e r e n c e s .  The L/G r a t i o  dropped from 0 . 3 1  to 0 . 2 2 .

FFA.

I n s u l i n  e f f e c t i v e l y  i n h i b i t e d  r e l e a s e  o f  FFA from forearm a d i ­

pose t i s s u e  i n  obese s u b j e c t s .  I n s u l i n - i n d u c e d  change i n  A -  SV 

FFA c o n c e n tr a t i o n  d i f f e r e n c e  was s i g n i f i c a n t l y  l e s s  i n  obese sub­

j e c t s  than i n  c o n t r o l s  (F ig u r e  3 ) .

The apparent paradox o f  endogenous h y p e r l n s u l l n l s m  and I n s u l i n

r e s i s t a n c e  i n  o b e s i t y .

In e a r l y  o b e s i t y  there i s  i n c r e a s e d  c i r c u l a t i n g  i n s u l i n  i n  

the b a s a l  s t a t e  and the obese s u b j e c t s ,  Judged by the o b s e r v a t i o n s  

of forearm metabolism, do respond to t h i s  i n c r e a s e d  endogenous 

I n s u l in .  Yet they  r e s i s t ,  i . e . ,  respond l e s s  than normals to 

administered i n s u l i n .  T h is  app arent  paradox can be r e s o l v e d  only  

I f  i t  can be shown e i t h e r  t h a t  they a re  not r e a l l y  r e s i s t a n t  to 

exogenous i n s u l i n  or t n a t  they are  i n  f a c t  a ls o  r e s i s t a n t  to t h e i r  

own i n s u l i n .

For the f i r s t  s o l u t i o n ,  we have con sid ered  only the p o s s i ­

b i l i t y  t h a t  they might appear s u p e r f i c i a l l y  to r e s i s t  exogenous 

in su lin  I f  the q u a n t i t y  a d m in iste r e d  were superimposed on such a 

large pool t h a t  the r e l a t i v e  i n c r e a s e  i n  c o n c e n t r a t i o n  l a  small
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compared to t h a t  a f t e r  a d m i n i s t r a t i o n  o f  the same amount to normal 

s u b j e c t s .  The obese s u b j e c t ,  moving up the dose-responae curve  

only s l i g h t l y ,  would then d i s p l a y  only a small  m e ta b o l ic  response  

to i n s u l i n ,  a p p r o p r i a t e  to the normal d os e -re sp o n se  c u r v e ,  and 

would not be t r u l y  i n s u l i n  r e s i s t a n t .  T h is  h y p o t h e s i s ,  however, i s  

untenable i n  t h a t  the q u a n t i t y  o f  i n s u l i n  ad m in iste r e d  to obese  

s u b j e c t s  was s u f f i c i e n t  to r a i s e  forearm  a r t e r i a l  i n s u l i n  concen­

t r a t i o n  by about 1 5  t i m e s ,  so th a t  i f  th ey  were not t r u l y  i n s u l i n -  

r e s i s t a n t ,  a s  we have d e fine d  the p h ra se ,  they ought to have responded  

q u a n t i t a t i v e l y  l i k e  normal s u b j e c t s .

The second s o l u t i o n  to the paradox i s  more l i k e l y ,  i . e . ,  obese  

subjects  may be r e s i s t a n t  to t h e i r  own i n s u l i n .  We have no data on 

the i n s u l i n  d o s e -re sp o n se  curve d e s c r i b i n g  forearm metabolism, so 

we can not say t h a t  normal s u b j e c t s ,  i n  whom i n s u l i n  c o n c e n tr a t i o n  

was as h ig h  as t h a t  found endogenously i n  obese s u b j e c t s ,  would r e ­

spond to a g r e a t e r  e x t e n t ,  but we su s p e c t  t h a t  t h i s  i s  the c a s e .

This s u s p i c i o n  i s  not weakened by the r e p o r t  by Karam, Grodsky, and 

Forsham ( 1 7 )  t h a t  in  o b e s i t y  an a p p a r e n t l y  normal response to g lu c o s e  

tolerance t e s t s  o c c u r s  only  a t  the expense o f  an abnorm ally  l a r g e  

increase in  c i r c u l a t i n g  i n s u l i n .  T h is  i s  r e m in is c e n t  o f  the p a t ­

tern d e s c r ib e d  by Yalow and Berson ( 1 5 )  i n  m a t u r i t y  onset  s t a b l e  

diabetes.

Relationship between s im ple  o b e s i t y  and m a tu r i ty  onset  s t a b l e  d i a b e t e s .

About 80 per cent o f  p a t i e n t s  w i t h  m a t u r i t y  onset  s t a b l e  d i a b e t e s  

are obese ( 1 8 ) .  I t  I s  apparent th a t  some o f  the f e a t u r e s  a s s o c i a t e d  

with t h i s  c o n d i t i o n  a re  shared by s u b j e c t s  w i t h  simple o b e s i t y ,  f o r
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example, e l e v a t i o n  o f  plasma I n B u l l n  c o n c e n tr a t i o n  { 1 5 ) ,  r e s i s t a n c e  

to erogenous i n s u l i n  w it h  r e s p e c t  to g lu c o s e  movement in to  forearm  

muscle ( 1 9 ) and a g r e a t l y  e x a g g e ra te d  plasma i n s u l i n  response to a 

glucose load ( 1 7 ) .  The f o l l o w i n g  sequence i s  s u g g e s te d :  chronic  

su b s tr a te  e x c e s s  i n  o b e s i t y  causes a d a p tiv e  hype rlnsulln lB in ,  l e a d i n g  

u l t i m a t e l y  to  "h ig h  output f a i l u r e "  o f  the p a n c r e a t i c  i s l e t s .  In  

l in e  w i t h  t h i s ,  O g l l v i e  (20)found t h a t  whereas g lu c o s e  t o l e r a n c e  

was u s u a l l y  normal i n  the e a r l y  phases o f  o b e s i t y ,  i t  was abnormal 

in a l l  s u b j e c t s  In whom o b e s i t y  had been p r e s e n t  f o r  l o n g e r  than 

18 y e a r s .  In  J o h n ' s  s e r i e s  ( 2 1 ) ,  evidence o f  g lu c o se  I n t o l e r a n c e  

was p r e s e n t  i n  o v e r  h a l f  the a d u l t  obese s u b j e c t s  he examined, but 

this  was not the case In  obese c h i l d r e n .  The f a c t o r s  t h a t  d e t e r ­

mine whether th e  obese s u b j e c t  a d a p ts  s u c c e s s f u l l y  or not to chronic  

substrate  e x c e s s  remain to be e s t a b l i s h e d .  One Important l i n k  i s  

probably pro vid ed  by the r e c e n t  demonstration by Vallance-Owen and 

L i l l e y  ( 2 2 ) o f  an a n t a g o n i s t  to I n s u l i n  i n  the plasma o f  obese 

p r e d i a b e t i c s .

P o s s ib le  f a c t o r s  p ro d u c in g  i n s u l i n  r e s i s t a n c e  i n  s imple  o b e s i t y .

There remains the q u e s tio n  o f  why i n s u l i n  r e s i s t a n c e  o c c u r s  

in o b e s i t y .  E c k e r t ,  Green, and Migeon ( 2 3 )  found c o r t i s o l  p r o d u c tio n  

increased i n  simple o b e s i t y .  Although t h i s  s u g g e s t s  th a t  i n s u l i n  

re s is ta n c e  i n  o b e s i t y  may r e s u l t  from c o r t i s o l  antagonism, i t  I s  

unlikely t h a t  t h i s  i s  the c a s e .  In d i s t u r b a n c e s  of  the h y p o p h ys e a l-  

a d r e n o c o r t ic a l  a x i s ,  I n c l u d i n g  C u s h in g 's  syndrome ( 2 4 ) ,  the m e ta b o lic  

pattern o f  i n s u l i n  r e s i s t a n c e  d i f f e r s  from th a t  i n  o b e s i t y .  In
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o b e slty ,  th e r e  I s  r e s i s t a n c e  to a l l  the m e ta b o l ic  e f f e c t s  o f  i n s u l i n  

we have s t u d ie d ,  but I n  d i s e a s e  of  the h y p o p h y s e a l - a d r e n o c o r t i c a l  

ax is ,  e x p r e s s i o n s  o f  i n s u l i n  r e s i s t a n c e  are l i m i t e d  to l e s s  resp on­

siveness w i t h  r e s p e c t  to g lu c o s e  and potassium uptafce by the forearm  

t i s s u e s ,  and i n s u l i n - i n d u c e d  i n h i b i t i o n  o f  FFA r e l e a s e  from forearm  

adipose t i s s u e  i s  a t  l e a s t  normal.

We are l e f t  w i t h  no r e a l l y  c om p letely  s a t i s f y i n g  e x p l a n a t i o n  o f  

Insulin  r e s i s t a n c e  i n  o b e B l t y .  I t  i s  p o s s i b l e  th a t  r e s i s t a n c e  in  

this case i s  simply  a m a n i f e s t a t i o n  o f  t o l e r a n c e  to ch ron ic  (endo­

genous) a d m i n i s t r a t i o n  o f  i n s u l i n .

Whatever the e x p l a n a t i o n ,  i n s u l i n  r e s i s t a n c e  appears  to be a 

consequence o f  o b e s i t y  and not a prim ary d e f e c t .  I t  was r e v e r s e d  

a f t e r  shedding o f  e x c e s s  adipose t i s s u e  i n  one s u b j e c t  (unpublished  

observations by A n d res,  B a l tz a n ,  and Z l e r l e r )  and Newburgh and Conn 

(24) found t h a t ,  even i n  l a t e r  s t a g e s  o f  o b e s i t y ,  abnormal r e sp o n s e s  

to g lucose  t o l e r a n c e  t e s t s  disapp eared a f t e r  w eight  l o s s .



SUMMARY

Forearm metabolism ( g lu c o s e  and potassium uptake and l a c t a t e  

p r o d u c tio n  by m uscle ,  and r e l e a s e  o f  f r e e  f a t t y  a c i d s  from 

adip ose t i s s u e )  I n  obese s u b j e c t s  not r e c e i v i n g  i n s u l i n  

resembles t h a t  o f  normal s u b j e c t s  In  whom i n s u l i n  i s  in f u s e d  

i n t r a - a r t e r i a l l y .  From t h i s  e f f e c t ,  confirmed by a s s a y  o f  

plasma i n s u l i n  c o n c e n t r a t i o n ,  i t  i s  l i k e l y  t h a t  h y p e r I n s u l in !s m  

accompanies e a r l y  o b e s i t y .

The r e s p i r a t o r y  q u o tie n t  o f  forearm  muscle i n  obese s u b j e c t s  

i s  0 . 7 , as in  normal muscle,  which i s  compatible w it h  o x i d a t i o n  

o f  l i p i d .

I n t r a - a r t e r i a l  a d m i n i s t r a t i o n  o f  i n s u l i n  produces s i g n i f i c a n t l y  

l e s s  g lu c o s e  and potassium uptake by forearm muscle and s i g ­

n i f i c a n t l y  l e s s  g l u c o s e  uptake and movement o f  f r e e  f a t t y  a c i d s  

i n  forearm  a d ip o s e  t i s s u e  i n  obese s u b j e c t s  than in  c o n t r o l s .  

These s t u d i e s  may provide a l i n k  i n  the chain o f  evidence  

i n c r i m i n a t i n g  simple o b e s i t y  as a p r e c u r s o r  o f  m a t u r i t y  onset

s t a b l e  d i a b e t e s .
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T a b l e  I

Forearm Me t a b o l i s m i n  O b e s i t y

S u b j e c t G l u c o s e P ot a s s i u m FFA

A A-DV Q A A-DV Q A A-DV

7 4 . 9 2 0 . 1 1 0 . 6 1 3 . 9 2 + 0 . 0 6 + 0 . 1 9 0 . 6 0 + 0 . 0 8

G 5 . 3 1 0 . 3 5 1 .0 S 3 . 8 5 + 0 . 0 4 + 0 . 0 7 0 . 5 8 + 0 . 0 2

L 5 . 4 7 0 . 1 8 0 . 4 4 3 . 8 3 + 0 . 0 3 + 0 . 0 4 1 . 2 6 0 . 0 0

W 4 . 5 6 0 . 2 2 0 . 9 1 3 . 8 2 + 0 . 0 5 + 0 . 1 2 0 . 9 0 - 0 . 0 6

P 5 .31 0 . 0 6 0 . 5 7 4 . 1 0 -  0 . 0 5 - 0 . 2 0 0 . 7 4 -  0 . 0 1

F 5 . 2 5 0 . 3 4 0 . 7 2 4 . 1 7 - 0 . 0 8 - 0 . 0 9 0 . 6 7 + 0 . 0 7

Mean 5.  10 0 . 2 1 0 . 7 2 3 . 9 5 + 0 . 0 1 + 0 . 0 2 0 . 7 9 + 0 . 0 2

+S.F:.M. 0 . 1 4 2 0 . 0 4 3 0 . 1 3 2 0 . 0 4 8 0 . 0 0 7 0 . 0 5 8 0 . 1 0 7 0 .0 21

C o n t r o l s 4 . 9 6 0 . 1 4 0 . 5 2 4 . 0 2 -  0 . 1 9 - 0 . 4 3 0 . 7 1 + 0 . 0 2

+S . E. M. 0 . 0 5 1 0 . 0 1 7 0 . 0 7 5 0 . 0 2 6 0 . 0 2 7 0 . 0 7 6 0 . 0 5 2 0 . 0 34

P v a l u e N.S . < 0 . 0 5 < 0 . 0 5 N.S. < - 0.001 < 0 . 0 0 1 N.S . N.S.

V a l u e s  f o r a r t e r i a l c o n c e n t r a t i o n s  and A- DV d i f f e r e n c e s  are e x p r e s s e d as p,M/ml. Uptake

and p r o d u c t i o n  data
•

(Q)  are e x p r e s s e d  as j iM/min/lOO ml f o re a r m . P i s p r o b a b i l i t y t h a t

d i f f e r e n c e  between mean i n  c o n t r o l  and i n  o b e s e  group  might  o c c u r  by c h a n c e ,  e s t i m a t e d  

by £ t e s t .  N . S . ,  meaning not  s i g n i f i c a n t ,  i s  a p p l i e d  t o  P > 0 . 0 5 .

*
See r e f e r e n c e  8.



Table  I I

B l o o d  Flow and M e t a b o l i s m  o f Forearm Musc le  i n  Obese S u b j e c t s

C o n t r o l s Obese S u b j e c t s
♦

P

B l o o d  Flow 
l /min / lOO ml arm

3 . 7 + 0 . 1 7 4 . 3 + 1 . 0 3 N . S .

L a c t a t e ,  A-DV 
jiM/ml

- 0 . 1 2 + 0 . 0 1 2 -  0 . 1 0 + 0 . 0 1 4 N . S .

m
^ L a c t a t e  

/ mira/100 ml arm
-  0 . 4 4 + 0 . 0 6 0 -  0 . 3 5 + 0 . 0 7 4 N.S .

Oxygen,  A- 
p.M/ml

nv 3 . 0 2 + 0 . 1 6 8 2 . 8 8 + 0 . 3 3 6 N.S .

i.M/min/100 ml arm

1 1 . 6 + 0 . 0 7 1 1 . 0 + 1 . 4 3 N. S .

CO-,  A-DV 
p,M /ml

-  2 . 4 + 0 . 2 0 -  2 . 0 + 0 . 2 4 5 N.S.

^C° 2
tiM/min/lOO ml arm

-  8 . 7 + 0 . 9 4 -  6 .9 + 1 . 0 3 N. S .

R.Q. 0 . 7 6 + 0 . 0 2 0 0 . 7 0 + 0 . 0 4 5 N . S .

L /G**  
p er  c e n t

4 2 . 3 + 8 .3 2 4 . 3 + 6 . 7 < 0 . 0 5

G- l / ° 2 1 6.1 + 4 . 6 3 3 . 3 + 7 . 5 < 0 . 0 5
per c e n t

All v a l u e s  are means +S .E .  o f  means.

★
See l e g e n d  t o  T a b l e  I .

**
See T a b l e  I I  ( c o n t i n u e d )  ***

***
See T a b l e  I I  ( c o n t i n u e d )



T a b l e  I I  ( c o n t i n u e d )

B l oo d  Flow and M e t a b o l i s m  o f  Forearm Musc le  i n  Obese  S u b j e c t s

L/G = 100 ( l / 2  l a c t a t e  a r t e r i o v e n o u s  d i f f e r e n c e / g l u c o s e  a r t e r i o ­

venous d i f f e r e n c e ) .  S i n c e  p r o d u c t i o n  o f  2 moles  o f  l a c t a t e  i m p l i e s  

d i s s i m i l a t i o n  o f  1 mole  o f  g l u c o s e ,  t h i s  r a t i o  y i e l d s  the p e r ­

c e n t a g e  o f  g l u c o s e  upt ake  a c c o u n t e d  f o r  by l a c t a t e  p r o d u c t i o n .

Mean v a l u e  f o r  L/G i s  c a l c u l a t e d  from the  mean l a c t a t e  A-DV d i f ­

f e r e n c e  and the mean g l u c o s e  A- DV d i f f e r e n c e  and i t s  S . F . M.  i s  

c a l c u l a t e d  from v a r i a n c e  o f  A-V l a c t a t e  and o f  A-V g l u c o s e  d i f ­

f e r e n c e s .

G-L/O2 = 100 ( g l u c o s e  a r t e r i o v e n o u s  d i f f e r e n c e  -  l / 2  l a c t a t e  

a r t e r i o v e n o u s  d i f f e r e n c e ) / l / 6  ox ygen  a r t e r i o v e n o u s  d i f f e r e n c e .

Since  t h a t  f r a c t i o n  o f  g l u c o s e ,  u n a c c o u n t e d  f o r  by l a c t a t e  p r o ­

d u c t i o n ,  i s  a v a i l a b l e  f o r  c o m p l e t e  o x i d a t i o n  and s i n c e  6 m o le s  o f  

oxygen are  r e q u i r e d  f o r  c o m p l e t e  c o m b u s t i o n  o f  1 mole  o f  g l u c o s e ,  

t h i s  r a t i o  y i e l d s  the f r a c t i o n  o f  o x yg en  a c c o u n t e d  f o r  i f  a l l  

the g l u c o s e  a b s t r a c t e d  from b l o o d  were c o m p l e t e l y  co mb ust ed .

Mean v a l u e  f o r  G - l / o 2 i s  c a l c u l a t e d  f rom the mean g l u c o s e  A-V 

d i f f e r e n c e ,  mean l a c t a t e  A-V d i f f e r e n c e  and mean 0 2 A-V d i f ­

f e r e n c e  .



Table  I I I

A-SV D i f f e r e n c e s  i n  Obese S u b j e c t s  and i n  C o n t r o l s

*
C o n t r o l s Obese S u b j e c t s P

Potass ium -  0 . 0 3 + 0 . 0 2 1 ( 3  3) + 0 . 0 1 + 0 . 0 2 6 N.S.

Glucose + 0 . 1 9 0 . 0 2 7 ( 2  6) + 0 . 2 3 + 0 . 0 4 7 N . S .

l a c t a t e -  0 . 1 8 + 0 . 0 1 5 ( 3 3 ) -  0 . 1 4 + 0 . 0 2 0 N. S .

L/G** 4 7 . 3 7 . 6 ( 3 3 ) 3 1 . 6 + 8 . 3 < 0 . 0 5

Oxygen 1 . 9 3 + 0 . 2 7 3 ( 5 ) 1 . 5 5 + 0 . 2 4 N.S .

co2 -  1 . 5 6 + 0 . 2 8 5 ( 5 ) -  1 . 4 5 + 0 . 1 7 8 N.S.

FF A -  0 . 1 3 + 0 . 0 2 8 ( 3 4 ) -  0 . 0 7 + 0 . 0 2 0 < 0 . 0 5

Data,  which are  e x p r e s s e d  as gM/ml , are  means _+S.E. o f  means.  

Number o f  c o n t r o l  s u b j e c t s  shown w i t h i n  p a r e n t h e s e s .  C o n t r o l  

v a l u e s  f o r  0 2 and CO2 A-SV d i f f e r e n c e s  are means +S.E.  o f  means 

of  a p r e v i o u s l y  u n r e p o r t e d  s t udy  o f  5 young s u b j e c t s  o f  normal  

body w e i g h t .

•k
See l e g e n d  t o  T a b l e  I .

**
See l e g e n d  t o  T a b l e  I I



T able  IV

A r t e r i a l  Plasma I n s u l i n  C o n c e n t r a t i o n s  

in  C o n t r o l  and Obese S u b j e c t s

C o n t r o l s  Obese

5 W 1 5 . 5

9 Z 1 9 . 0

1 0 . 5 G 3 6 . 0

1 1 . 5 F 2 9 . 0

P 4 6 . 0

L 4 2 . 0

Mean 9 . 0 3 1 . 3

S . E . o f  means 1 .4 3 4 . 9 6

P < 0 .01

Plasma i n s u l i n  c o n c e n t r a t i o n s were d e t e r m i n e d

by D r s .  S.  A.  B e r s o n  and R.  S . Yalow by t h e i r

immuno-a s sa y  t e c h n i q u e  ( 1 5 ) . A l l  v a l u e s whi ch

are the  means o f  two i n d e p e n d e n t  a s s a y s  are e x ­

p r e s s e d  i n  pU/ml .  P i s  p r o b a b i l i t y  t h a t  d i f ­

f e r e n c e  b et wee n mean i n  c o n t r o l  and i n  ob es e  

g ro up  might  o c c u r  by c h a n c e ,  e s t i m a t e d  by t t e s t .  

C o n t r o l s  were 4 normal  n o n - o b e s e  young men from 

whom b l o o d  sa mpl es  were o b t a i n e d  i n  the b a s a l  

s t a t e  15 h o u r s  a f t e r  the  l a s t  meal .



T a b l e  V

Mean E f f e c t  o f  I n s u l i n  on Forearm M e t a b o l i s m  i n  O b e s i t y

Time
a f t e r

i n s u l i n
s t a r t e d Plasma Flow

A-DV
FFA

A- DV 
L a c t a t e

min m l / m i n / l 0 0  ml arm liM /m 1 p,M/ml
C o n t r o lObese C o n t r o l Obese C o n t r o l Obese

0 2 . 6 + 0 . 6 2 2 . 1 + 0 . 1 4 + 0 . 0 2 + 0 . 0 2 1 + 0 . 0 2 + 0 . 0 3 8 - 0 . 1 0 + 0 . 0 1 5  - 0 . 1 4 + 0 . 0 2 6

12 2 . 5 + 0 . 4 2 2 . 7 + 0 . 3 2 + 0 . 0 4 + 0 . 0 2 4 + 0 . 0 2 + 0 . 0 2 2 - 0 . 1 2 + 0 . 0 7 1  - 0 . 1 6 + 0 . 0 3 5

18 2 . 9 + 0 . 8 4 2 . 6 + 0 . 2 6 + 0 . 0 5 + 0 . 0 2 7 + 0 . 0 6 + 0 . 0 2 1 - 0 . 0 8 + 0 . 0 2 2  - 0 . 1 6 + 0 . 0 2 6

26 2 . 7 + 0 . 5 5 3 . 1 + 0 . 2 8 + 0 . 0 9 + 0 . 0 2 0 + 0 . 0 8 + 0 . 0 1 4 - 0 . 1 2 + 0 . 0 2 4  - 0 . 2 2 + 0 . 0 3 4

40 2 . 6 + 0 . 10 2 . 7 + 0 . 2 4 + 0 . 0 9 + 0 . 0 2 0 + 0 . 0 9 + 0 . 0 3 3 - 0 . 1 3 + 0 . 0 3 8  - 0 . 2 4 + 0 . 0 4 2

60 3 . 9 + 1 . 7 0 2 . 6 + 0 . 3 2 + 0 . 0 9 + 0 . 0 2 0 + 0 . 0 2 + 0 . 0 4 1 - 0 . 1 5 + 0 . 0 2 7  - 0 . 2 4 + 0 . 0 3 4

I n s u l i n  a d m i n i s t e r e d  i n t r a - a r t e r i a l l y  f o r  26 m i n u t e s  b e g i n n i n g  at t ime z e r o .  

V a l u e s  f o r  o b e s e  g roup  ( 6  s u b j e c t s )  are means +S.E.  o f  means.  C o n t r o l  dat a  

on plasma f l o w  and l a c t a t e  A-DV d i f f e r e n c e s  are means +S.E.  o f  means among 

10 young s u b j e c t s  o f  normal  body  we ig ht  ( 7 ) .  C o n t r o l  v a l u e s  f o r  FFA A-DV 

d i f f e r e n c e s  ( a nd  f o r  a l l  c o n t r o l  dat a  r e p o r t e d  i n  T a b l e  VI)  are means +S.E.  

o f  means o f  a p r e v i o u s l y  u n r e p o r t e d  s t ud y  o f  5 young s u b j e c t s  o f  normal 

body  w e i g h t .  R e p o r t e d  c o n t r o l  plasma f l o w s  ca nn ot  t h e r e f o r e  be employed 

t o  c a l c u l a t e  Q p ^  f o r  c o n t r o l  s u b j e c t s .



Table VI

M e a n E f f e c t  o f  I n s u l i n  on A-SV C o n c e n t r a t i o n s  o f G l u c o s e , L a c t a t e  and FFA i n  O b e s i t y

Time 
af  t e r  

i n s u l i n A- 3V A-SV A- SV
s t a r t e d G l u c o s e L a c t a t e FF A

min pM /ml u,M/ml pM/ml
Obese C o n t r o l Obese C o n t r o l Obese C o n t r o l

0 0 . 2 3 + 0 . 0 4 7 0 . 1 7 + 0 . 0 1 3 - 0 . 1 4 + 0 . 0 2 0  - 0 . 1 5 + 0 . 0 1 5 - 0 . 0 7 + 0 . 0 2 0 - 0 . 1 6 + 0 . 0 3 3

12 0 . 2 1 + 0 . 0 4 4 0 . 4 3 + 0 . 0 4 8 - 0 . 1 7 + 0 . 0 0 9  - 0 . 1 2 + 0 . 0 1 1 - 0 . 0 6 + 0 . 0 1 0 + 0 . 0 2 + 0 . 0 5 4mm

18 0 . 2 7 + 0 . 0 5 4 0 . 6 5 + 0 . 0 6 0 - 0 . 1 3 + 0 . 0 1 4  - 0 . 1 7 + 0 . 0 2 9 + 0 . 0 1 + 0 . 0 3 6 + 0 . 0 6 + 0 . 0 1 6““
26 0 . 3 6 + 0 . 0 7 8 0 . 8 3 + 0 . 0 3 8 - 0 . 1 7 + 0 . 0 3 1  - 0 . 2 3 + 0 . 0 3 0 + 0 . 0 2 + 0 . 0 3 2 + 0 . 0 6 + 0 . 0 2 0m*
40 0 . 3 0 + 0 . 0 8 4 0 . 8 0 + 0 . 0 3 2 - 0 . 1 3 + 0 . 0 4 4  - 0 . 2 1 + 0 . 0 3 5 + 0 . 0 2 + 0 . 0 1 4 + 0 . 0 9 + 0 . 0 2 3••
60 0 . 3 5 + 0 . 0 3 9 0 . 5 0 + 0 . 0 4 4 - 0 . 1 6 + 0 . 0 1 2  - 0 . 2 4 + 0 . 0 3 7 + 0 . 0 3 + 0 . 0 2 0 - 0 . 0 3 + 0 . 0 1 3

I n s u l i n  a d m i n i s t e r e d  i n t r a - a r t e r i a l l y  f o r  26 m inut e s  b e g i n n i n g  at t ime z e r o .  

V a l u e s  f o r  o b e s e  g ro up  ( 5  s u b j e c t s )  are  means + S . E .  o f  means.  C o n t r o l  v a l u e s  

are means +S.E.  o f  means o f  a p r e v i o u s l y  u n r e p o r t e d  st udy  o f  5 young s u b j e c t s  

o f  normal body w e i g h t .



Fig. 1

F i g ,  2

Fig. 3

E f f e c t  o f  I n s u l i n  on forearm g lu c o s e  uptake In obese  

s u b j e c t s .  Shaded a r e a  r e p r e s e n t s  mean S . E .  of  mean 

among 1 0  c o n t r o l  s u b j e c t s  ( 7 ) .  I n d i v i d u a l  l i n e s  I n d i ­

c ate  g lu c o s e  uptake i n  obese s u b j e c t s  i d e n t i f i e d  by 

i n i t i a l s .

E f f e c t  o f  i n s u l i n  on forearm potassium uptake i n  obese  

s u b j e c t s ,  e x p r e s s e d  as the i n c r e a s e  i n  net  inward move­

ment o f  potassium compared to potassium movement a t  time 

z e r o .  Shaded a r e a  r e p r e s e n t s  mean + S . E .  o f  mean among 

1 0  c o n t r o l  s u b j e c t s  ( 7 ) .  I n d i v i d u a l  l i n e s  i n d i c a t e  

change i n  potassium movement i n  obese s u b j e c t s  i d e n t i f i e d  

by i n i t i a l s .

E f f e c t  o f  I n s u l i n  on PEA A -  SV c o n c e n t r a t i o n  d i f f e r e n c e s  

i n  obese s u b j e c t s ,  e x p r e ss e d  as  the change i n  PPA A -  SV 

c o n c e n t r a t i o n  d i f f e r e n c e  compared to A -  SV d i f f e r e n c e  

a t  time z e r o .  Shaded a r e a  r e p r e s e n t s  mean + S . E .  o f  mean 

among 5 p r e v i o u s l y  unreported c o n t r o l  s u b j e c t s  o f  normal 

body w e ig h t .  I n d i v i d u a l  l i n e s  i n d i c a t e  change i n  A -  SV 

d i f f e r e n c e s  i n  obese s u b j e c t s  i d e n t i f i e d  by i n i t i a l s .
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CHAPTER V

FOREARM METABOLISM IN ACROMEGALY 

BEFORE AND AFTER THERAPY
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The g r o s s  c l i n i c a l  f e a t u r e s  o f  acromegaly  and t h e i r  a s s o ­

c i a t i o n  w ith  p i t u i t a r y  b a s o p h i l i c  adenomata have been w e l l  

r e co g n is e d  f o r  many y e a r s  (1 ,  2 ) .  H y p e r s e c r e t io n  o f  growth 

hormone (HGH), and perhaps o t h e r  r e l a t e d  hormones by b a s o p h i l i c  

tumors o f  the h y p o p h y s is ,  does not  appear to con t in u e  i n d e f i n i t e l y ;  

a f t e r  a v a r i a b l e  p e r i o d  o f  t im e ,  a p r o p o r t i o n  o f  a c ro m e g a l i c  

tumors tend to  become i n a c t i v e  ( 3 ) ,  In most p a t i e n t s ,  however, 

obvious a c r o m e g a l i c  f e a t u r e s  p e r s i s t .  Recent advent o f  a v a r i e t y  

o f  sound t h e r a p e u t i c  measures f o r  d e a l in g  w ith  the tumor (A) has 

Increased  the importance  o f  e s t a b l i s h i n g  o b j e c t i v e l y  whether or  

not the tumor i s  a c t i v e ;  that  i s ,  whether i t  c o n t in u e s  to  hy per -  

secre te  HGH. In the absence  o f  e i t h e r  e x t r a s e l l a r  e x t e n s io n  

provoking hemianopsia  or  frank  enlargement o f  a c r a l  partB ,  a 

c l i n i c a l  d e c i s i o n  as to  a c t i v i t y  i s  ex trem ely  d i f f i c u l t .  R*urther- 

more, the la b o r a t o r y  methods h i t h e r t o  a v a i l a b l e  f o r  i n d i r e c t l y  

t e s t in g  f o r  e x c e s s i v e  c i r c u l a t i n g  HGH have in  g e n e ra l  proved 

inadequate .  N e i th e r  the l e v e l  o f  serum phosphorus nor  the B.M.B. 

as c o n v e n t i o n a l l y  measured, has c o n s i s t e n t l y  c o r r e l a t e d  with 

a c t i v i t y .  Methods to  gauge the a n t i - i n s u l i n  p r o p e r t i e s  o f  HGH 

by o b s e r v in g  venous g lu c o s e  c o n c e n t r a t i o n s  a f t e r  a d m i n is t r a t i o n  

o f  a standard dose o f  i n s u l i n  in t r a v e n o u s l y ,  have proved d i f f i ­

cult  to i n t e r p r e t ,  and o f t e n  do not  p r o v id e  a d e f i n i t i v e  answer 

(5 , 6 ) ,  s in c e  i n s u l i n  r e s i s t a n c e  w ith  r e s p e c t  t o  g lu c o s e  i s  

shared by a wide number o f  d i f f e r e n t  s t a t e s ,  in c l u d i n g  o b e s i t y .
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In the l i g h t  o f  t h i s  e x p e r i e n c e ,  the p a t t e r n  o f  forearm meta­

bolism i n  acromegaly  was i n v e s t i g a t e d .  Answers were sought to 

the f o l l o w i n g  q u e s t i o n s :  (1 )  What d ep a r tu res  from normal are  

found i n  b a s a l  fo rearm  m etabolism  o f  a c r o m e g a l i c  s u b j e c t s  p r i o r  

to th e ra p y ,  and how can t h i s  be r e l a t e d  to  i n c r e a s e d  c i r c u l a t i n g  

H3H in  these  s u b j e c t s :  (2 )  What i s  the resp onse  o f  the forearm  

o f  a c r o m e g a l i c  s u b j e c t s  to  c l o s e  i n t r a - a r t e r i a l  i n j e c t i o n  o f  

in s u l in ?  (3 ) What changes o c c u r  in  b a s a l  forearm metabol ism  

and resp onse  to  i n s u l i n  f o l l o w i n g  therapy?

METHODS

Six a c ro m e g a l i c  s u b j e c t s  were i n v e s t i g a t e d  e ig h t  t im e s .  A l l  

su b je c ts  were s tu d ie d  between the hours o f  8 A.M. and noon, 12 to  

16 hours a f t e r  t h e i r  l a s t  meal .  H i s t o r y  o f  carbohy drate  in ta ke  

waB normal.  The b r a c h i a l  a r t e r y ,  and a d r a in in g  deep and super ­

f i c i a l  forearm  v e in  were c a t h e t e r i s e d  by te ch n iq u e s  p r e v i o u s l y  

descr ibed  ( 7 ) .  Forearm b lo o d  f l o w  was measured by i n d i c a t o r -  

d i lu t i o n  t e c h n iq u e s  based on con t inu ous  i n f u s i o n  o f  Evans blue  

dye T-1824 i n t o  the  b r a c h i a l  a r t e r y .  A r t e r l o - d e e p  venous (A -  DV) 

con cen tra t ion  d i f f e r e n c e s  r e f l e c t  the metabolism o f  forearm muscle 

in the main. Uptake o r  p r o d u c t i o n  o f  a m e t a b o l i t e  by forearm t i s ­

sues, c h i e f l y  m u sc le ,  i s  g iv e n  by the e q u a t io n  Q = F(A -  DV) where 

sj = uptake ( o r  p r o d u c t i o n )  o f  the  m e t a b o l i t e  in  u n i t s  o f  mass per  

minute per  100 ml forearm , F = b l o o d  ( o r  plasma) f l o w  i n  u n i t s  o f  

ml per minute and A and DV are  c o n c e n t r a t i o n s  o f  the m e t a b o l i t e  

in a r t e r i a l  and deep venous b lo o d  ( o r  plasma) r e s p e c t i v e l y .
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A -  SV c o n c e n t r a t i o n  d i f f e r e n c e s  r e f l e c t  the metabolism o f  

forearm skin  and subcutaneous  a d ip ose  t i s s u e  c h i e f l y .

At l e a s t  two s e t s  o f  c o n t r o l  samples were taken .  I n s u l i n  

was then in fu s e d  i n t o  the i p s i l a t e r a l  b r a c h i a l  a r t e r y  in  a con ­

c e n t r a t i o n  p r e v i o u s l y  s ta n d a rd ise d  i n  c o n t r o l  s u b j e c t s ,  v i z .

100 ^.unlts  per  kg per  minute f o r  26 minutes (8 ) .  The c o n c e n t r a ­

t ion  a c h ie v e d  in  b r a c h i a l  a r t e r i a l  plasma, u s u a l l y  between 300 
and 700 u n i t s  per  ml,  i s  l a r g e  enough to  a f f e c t  l o c a l  forearm 

metabolism w ith o u t ,  however,  p ro v o k in g  any sys tem ic  r e s p o n s e .  

Samples were taken 12,  18 and 26 minutes  f o l l o w i n g  the s t a r t  o f  

the i n f u s i o n ,  and f o r  p e r i o d s  up to  one hour t h e r e a f t e r .

RESULTS AMD DISCUSSION 

Forearm m etabolism i n  a c t i v e  a c r o m e g a ly :

R e s u l t s  appear i n  T ables  I and I I .

Slood f l o w : A lthough  mean forearm b lo o d  f l o w  i n  a c r o m e g a l i c  sub­

j e c t s  was about  25 per  cen t  h ig h e r  than the mean va lue  among 

c o n t r o l  s u b j e c t s  ( 9 ) ,  t - t e s t  o f  t h i s  d i f f e r e n c e  was not  s i g ­

n i f i c a n t  ( P ' - 0 . 05 ) .

Slucose u p t a k e : Mean g lu c o s e  uptake by forearm  muscle (Q^) in

acrom ega ly  d id  n o t  d i f f e r  q u a n t i t a t i v e l y  from th a t  o f  c o n t r o l s  

( 9 ) .

Potassium u p t a k e ; Net movement o f  potass ium  out o f  r e s t i n g  muscle 

in t o  plasma, c h a r a c t e r i s t i c  in  c o n t r o l  s u b j e c t s  under the 

c o n d i t i o n s  o f  our  experiments  (9 ) ,  was absent  in  a c r o m e g a l i c
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s u b j e c t s ,  who a l l  showed net  uptake o f  potass ium  by f o r e ­

arm m u sc le .  P o s i t i v e  potassium ba lance  has been r e p e a t e d l y  

r e p o r t e d  f o l l o w i n g  a d m i n i s t r a t i o n  o f  HGH i n  man (10 ,  1 1 ) ,  

and net  inward movement o f  potass ium i n t o  forearm muscle 

has been o b s e rv e d  f o l l o w i n g  d i r e c t  i n t r a - a r t e r i a l  i n f u s i o n  

o f  HGH ( 1 2 ) .

Oxygen up ta ke :  Mean oxygen consumption (Q^ ) by forearm  muscle-------------------------  u2

i n  a c r o m e g a l i c  s u b j e c t s  was about  50 per  cent  above mean 

c o n t r o l  v a l u e s .  Because oxygen consumption by forearm  muscle 

1g ex trem ely  b r i s k  in  c o n t r o l  s u b j e c t s ,  w ith  an e x t r a c t i o n  

r a t i o  o f  0.4 o r  g r e a t e r  (9 ) ,  an i n c r e a s e  o f  t h i s  magnitude 

in  acrom egaly  becomes v e r y  m ea n in g fu l .  E l e v a t i o n  o f  B.M.R. 

as determined by c o n v e n t io n a l  methods,  has been f r e q u e n t l y  

r e p o r t e d  in  acrom ega ly  ( 1 3 ) ;  d i r e c t  d e te rm in a t io n  o f  oxygen 

consumption by p e r i p h e r a l  forearm  t i s s u e s ,  p r i n c i p a l l y  m uscle ,  

s u p p or ts  t h i s  o b s e r v a t i o n .

R e s p ira to ry  Q u o t i e n t : The r e s p i r a t o r y  q u o t i e n t  o f  about 0 . 7 ,  as 

in  normal m u sc le ,  i s  c o m p a t ib le  w ith  l i p i d  o x i d a t i o n .

?FA m e ta b o l i sm : A c ro m e g a l i c  s u b j e c t s  e x h i b i t e d  l a r g e  n e g a t iv e

A -  DV and A -  SV FFA c o n c e n t r a t i o n  d i f f e r e n c e s .  This  p r o ­

bably  r e f l e c t s  r e s p e c t i v e l y  an enhanced r a te  o f  FFA r e l e a s e  

from subcutaneous  a d ip o s e  t i s s u e  and from the a d ip o s e  t i s s u e  

i n t i m a t e l y  i n t e r s p e r s e d  among forearm  muscle bu nd les .  These 

o b s e r v a t i o n s  are c o n s i s t e n t  w ith  a number o f  independent  

i n v e s t i g a t i o n s  r e p o r t i n g  c o n v in c in g  h y p e r l ip a c id e m ia  in  man
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and animals (1 4 ,  15) f o l l o w i n g  the a d m i n i s t r a t i o n  o f  HGH 

by e i t h e r  I .H .  o r  I .V .  i n j e c t i o n .  C o n tra s t in g  w ith  these  

In v iv o  e f f e c t s ,  has been the d em onstra t ion  that  growth 

hormone p o s s e s s e s  poor  or  e r r a t i c  l i p o l y t i c  a c t i v i t y  when 

exposed to  e x c i s e d  r a t  a d ip o s e  t i s s u e  under a p p r o p r ia t e  

i n  v i t r o  c o n d i t i o n s  ( 1 6 ) .  This  su g g e s ts  that  HGH may not  be 

d i r e c t l y  r e s p o n s i b l e  f a r  m o b i l i s a t i o n  o f  FFA from ad ip ose  

t i s s u e .

Response o f  forearm to  I n t r a - a r t e r i a l  I n s u l i n .

The resp onse  o f  the forearm i n  acromegaly  to  c l o s e  i n t r a ­

a r t e r i a l  i n j e c t i o n  o f  i n s u l i n  has te e n  d e s c r i b e d  in  d e t a i l  e l s e ­

where (17 ,  1 8 ) .  In b r i e f  (a )  g lu c o s e  uptake by forearm muacle i s  

reduced to  l e s s  than h a l f  normal ( F i g .  1 ) ;  (b )  potassium movement 

into muscle i s  s i m i l a r l y  reduced  ( F ig .  2 ) ;  ( c )  i n s u l i n - i n d u c e d  

glucose and potass ium uptake by forearm a d ip o se  t i s s u e  i s  r ed u ced ,  

but there  i s  p r o b a b ly  l e s s  i n h i b i t i o n  than there  i s  o f  uptake by 

muscle; and (d )  i n s u l i n - i n d u c e d  i n h i b i t i o n  o f  FFA r e l e a s e  from 

forearm a d ip o s e  t i s s u e  i s  a t  l e a s t  normal ( F ig .  3 ) .

R e s is ta n c e  to i n s u l i n - i n d u c e d  uptake o f  g lu c o s e  by forearm 

has been p r e v i o u s l y  d e s c r i b e d  in  acromegaly  by B u t t e r f i e l d ' s  

group ( 1 9 ) ,  and by G in sb erg ,  G a lb r a i th  and Baton ( 2 0 ) .  However, 

in acromegaly ,  as in  o th e r  s i t u a t i o n s  c h a r a c t e r i s e d  by hypophy­

s e a l - a d r e n o c o r t i c a l  a x i s  d i s t u r b a n c e ,  a d i s t i n c t i v e  d i s s o c i a t i o n  

of in s u l i n  a c t i o n  Is seen ,  i n  which the e f f e c t  o f  i n s u l i n  in 

checking r e l e a s e  o f  f a t t y  a c i d s  from a d ip o s e  t i s s u e  i s  r e t a i n e d .  

This c o n t r a s t s  w ith  the g l o b a l  r e s i s t a n c e  to  i n s u l i n  e x h i b i t e d  by 

simple obese  s u b j e c t s  (21) .



- 6 -

Acromegaly In r e m i s s i o n .

Two s u b j e c t s  have been r e s t u d ie d  f o l l o w i n g  th e r a p y .  S u b je c t  

B was r e s t u d l e d  10 months a f t e r  i n t e r s t i t i a l  im p la n t a t io n  o f  35 
me. r a d i o - g o l d  (A u^Q ) i n t o  the p i t u i t a r y .  S u b je c t  S was r e ­

s tu d ied  4 months a f t e r  s u r g i c a l  hypophysectomy. No e v id en ce  o f  

p i t u i t a r y  h y p o fu n c t i o n  was p re s e n t  in  e i t h e r .

Results  and D i s c u s s i o n .

i a s a l  forearm m eta bo l ism :  Basal forearm metabolism o f  s u b j e c t s

S and B, both  b e f o r e  and a f t e r  therap y ,  appear in  Table I I I .  

Potassium u p t a k e : The c h a r a c t e r i s t i c  ne t  movement o f  potassium 

out o f  m usc le ,  ab sent  p r i o r  to  th e ra p y ,  was r e s t o r e d  p o s t -  

o p e r a t i v e l y .

Czygen u n ta k e : Oxygen consumption by forearm  m usc le ,  e l e v a t e d  

p r i o r  to  th e ra p y ,  was r e s t o r e d  t o  normal i n  both  s u b j e c t s .

FFA movement; The l a r g e  n e g a t iv e  A-V FFA c o n c e n t r a t i o n  d i f f e r e n c e s  

noted p r i o r  t o  therapy were reduced ( i . e . ,  became l e s s  nega­

t i v e )  toward normal in  bo th  s u b j e c t s .

Response o f  the forearm  to i n t r a - a r t e r i a l  i n s u l i n :

Glucose and potass ium u p ta k e : Glucose uptake by forearm muscle 

in  r e sp o n se  to i n t r a - a r t e r i a l  i n s u l i n  a d m i n is t r a t i o n  

showed a s i g n i f i c a n t  i n c r e a s e  o v er  the p r e - t h e r a p y  

resp onse  In  both  s u b j e c t s  ( F i g s .  4 and 5 ) .  I n c re a se  in  

n e t  movement inward o f  potass ium  a f t e r  I n s u l i n  adm inis ­

t r a t i o n  was s i m i l a r l y  s i g n i f i c a n t l y  I n c re a s e d  compared 

w ith  the p r e - t h e r a p y  v a lu e s  ( F i g s .  6 and 7 ) .
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FFA movement: In  a c t i v e  acrom egaly  i n s u l i n - i n d u c e d  FFA

movement i s  normal.  As a n t i c i p a t e d ,  I n s u l i n  e f f e c t  on 

FFA movement was unchanged f o l l o w i n g  therap y .

EISCUSSIOH

The d ep a r tu res  from normal i n  b a s a l  forearm m etabolism  o f  

acrom ega l ic  s u b j e c t s  r e f l e c t ,  in  p a r t ,  the  consequence  o f  c h r o n ic  

growth hormone o v e r - p r o d u c t i o n  on the t i s s u e s  o f  man. I n c r e a s e  in  

O2 consumption by fo rearm ,  net  potass ium  uptake by forearm  m usc le ,  

and enhanced r e l e a s e  o f  FFA from forearm a d ip o s e  t i s s u e  are com­

p a t ib le  w ith  the o b s e r v a t i o n s  made a f t e r  a d m i n is t r a t i o n  o f  m i l l i ­

gram q u a n t i t i e s  o f  HGH to  man (10 ,  1 1 ) .  S im i la r  e f f e c t s  have been 

observed f o l l o w i n g  l o c a l  i n t r a - a r t e r i a l  i n j e c t i o n  o f  HGH in t o  the 

human forearm  ( 1 2 ) . HGH a d m i n i s t r a t i o n  a l s o  produces  a prompt 

decrease in  both  g lu c o s e  uptake and l a c t a t e  p r o d u c t i o n  by forearm 

t i s s u e s ,  n e i t h e r  o f  which i s  observed  in  acrom ega ly .  Of c o u r s e ,  

the In c re a se d  s e c r e t i o n  o f  endogenous HGH in  acromegaly  c l e a r l y  

provokes c o u n t e r - r e g u l a t o r y  r e sp o n s e s  in  the end ocr in e  system.

Per example, HGH a d m i n i s t r a t i o n  i n c r e a s e s  i n s u l i n  s e c r e t i o n  from 

the pancreas ( 2 2 ) ,  and e l e v a t i o n  o f  plasma i n s u l i n - l i k e  a c t i v i t y  

( I . L . A . )  has been f r e q u e n t l y  observed  in  a c t i v e  acromegaly  (23) .  

This may w e l l  be r e s p o n s i b l e  f o r  m a in ta in in g  adequate t r a n s l o c a ­

tion o f  g lu c o s e  from plasma in t o  p e r i p h e r a l  t i s s u e s  in  acrom ega ly .

Taken i n  c o n c e r t ,  these  d e v i a t i o n s  in  forearm metabolism 

provide a r e l i a b l e  method f o r  o b j e c t i v e l y  d e term in ing  " a c t i v i t y "
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ln acrom ega ly .  A l l  th ree  a b n o r m a l i t i e s  In forearm  metabolism 

( e l e v a t i o n  o f  Oj consumption,  net  movement o f  K+ In to  forearm 

muscle, and enhanced r e l e a s e  o f  FFA from forearm a d ip o s e  t i s s u e )  

are not  c o n s i s t e n t l y  p r e s e n t  i n  each c a s e ,  but two o f  these  f e a ­

tures  are  always p r e s e n t .  Of c o u r s e ,  w ith  normal " p h y s i o l o g i c a l  

v a r i a t i o n "  i n  ba sa l  m etabo l ism ,  the i s o l a t e d  f i n d i n g  o f  one o f  

these f e a t u r e s  i s  no t  uncommon i n  c o n t r o l  s u b j e c t s .

Perhaps the s i n g l e  most r e l i a b l e  in d ex  o f  a c t i v i t y  i n  a c r o ­

megaly i s  ev id ence  f o r  d i s s o c i a t i o n  o f  i n s u l i n  a c t i o n  in  the 

fo rearm :

I n s u l i n - i n d u c e d  g lu co s e  uptake by forearm  t i s s u e s  i s  reduced 

to l e s s  than h a l f  normal in  acrom ega ly ,  which i s  i n  agreement 

with s i m i l a r  o b s e r v a t i o n s  by B u t t e r f i e l d  e t  a l  (19)  and Ginsberg  

et a l  ( 2 0 ) .  In none o f  the a c t i v e  a c r o m e g a l i c s  to  whom i n s u l i n  

was g iv en  did the A -  DV g lu c o s e  c o n c e n t r a t i o n  exceed  l / , M / m l ,  

which i s  the l o w e s t  va lue  seen in  any o f  the c o n t r o l  s u b j e c t s .

On the o th e r  hand, the  e f f e c t  o f  i n s u l i n  on FFA movement i n  the 

forearm i s  norm ally  r e ta in e d  i n  acrom ega ly .  This  d i s s o c i a t i o n  

o f  i n s u l i n  a c t i o n ,  i s  common t o  a number o f  o th e r  d i s o r d e r s  o f  

the h y p o p h y s e a l - a d r e n o c o r t i c a l  a x i s  (1 7 ,  1 8 ) ,  (C u sh in g 's  syndrome 

and s t a r v a t i o n ) ,  but d i f f e r s  from the g l o b a l  r e s i s t a n c e  t o  i n s u l i n  

seen i n  s imple  o b e s i t y .

In the two p a t i e n t s  who were r e s t u d ie d  f o l l o w i n g  adequate 

therapy, b a sa l  m etabol ism  had r e v e r t e d  toward normal;  that  I s ,
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net  K+ e f f l u x  from forearm muscle was p r e s e n t ,  and o f  f o r e ­

arm muscle and n e g a t iv e  A -  SV FFA d i f f e r e n c e s  were reduced .

In a d d i t i o n ,  the resp onse  o f  forearm t i s s u e s  t o  i n t r a - a r t e r i a l  

i n s u l i n  w ith  r e s p e c t  t o  g lu c o s e  and potass ium  was l a r g e l y  r e s t o r e d  

to normal.  S ince t h i s  in dex  i s  r e p r o d u c a b le  and e a s i l y  q u a n t i ­

f i a b l e ,  i t  i s  l i k e l y  to  p ro v id e  the most s a t i s f a c t o r y  s i n g l e  

o b j e c t i v e  method f o r  gauging  the adequacy o f  therapy .

SUMMARY

D e v ia t io n s  in  forearm  m etabol ism  in  acromegaly  ( e l e v a t i o n  

o f  forearm O2 consumption,  net  inward K+ movement, and enhanced 

r e l e a s e  o f  FFA from a d ip o s e  t i s s u e )  and i t s  resp onse  to  i n t r a ­

a r t e r i a l  i n s u l i n  (d e c r e a s e d  g lu c c s e  and potass ium  movement i n t o  

muscle, but r e t e n t i o n  o f  i n s u l i n  e f f e c t  on FFA movement) serve 

as a u s e f u l  method f o r  d i a g n o s i s  o f  a c t i v i t y  in  acrom ega ly .

These a b n o r m a l i t i e s  r e v e r t  toward normal f o l l o w i n g  adequate

therapy.
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Table I

A-DV D i f f e r e n c e s  in Forearm B lood  and Uptake by Forearm Muscle (Q) 

o f  O2 and Potass ium ; A r t e r i a l  C o n c e n t r a t i o n s ,  A-DV and A-SV 

D i f f e r e n c e s  o f  FFA in  A crom ega l ic  S u b je c t s

Subject  Oxygen Potassium FFA
A-DV

•
Q A-DV

t
Q A A- DV A- SV

B 4 .7 5 19.59 +0.12 +0.25 0 .7 8 - 0 . 4 4

M +0 .16 +0.72 0 .5 5 - 0 . 2 2

C 2 .3 6 1 3 .5 +0.08 +0.32 0 .7 7 - 0 . 1 3 - 0 . 4 5

A 3 .4 6 1 1 .9 4 +0.14 + 0 .2 7 0 .73 - 0 . 1 1 - 0 . 3 2

S 4 .2 9 26 .45 + 0 .1 2 +0.42 0.91 - 0 . 3 3 - 0 . 2 8

u 4 .5 2 1 4 .7 9 +0.19 + 0 .3 0 0 .8 7 - 0 . 0 4 - 0 . 3 9

Me an 3 .8 8 1 7 .2 5 +0.14 +0.38 0 .7 7 - 0 . 1 5 - 0 . 3 5

+S . E.M. 0 .4 2 8 2 .6 3 7 0 .0 1 5 0 .0 7 2 0 .046 0 .0  64 0.034

Controls 3 .0 2 1 1 .6 - 0 . 1 9 - 0 . 4 3 0 .7 1 +0.02 - 0 . 1 3

♦S . E.M. 0 .1 6 8 0 .9 7 0 .0 27 0 .0 7 6 0 .052 0.034 0 .0 2 8
P value <0 .05 < 0 .0 2 <0.001 <0.001 N.S. <0.01 <0.001

Values  f o r  A-DV c o n c e n t r a t i o n  d i f f e r e n c e s  are e x p ressed  

as iiM/ml. Forearm uptake ( Q) i s e x p re sse d  as ^M/min/

100 ml arm. P i s  p r o b a b i l i t y  that d i f f e r e n c e  between 

mean in  c o n t r o l  and in a cro m e g a l ic  group might o c cu r  by 

chance ,  es t im a ted  by t t e s t .  N . S . , meaning not  s i g n i f i c a n t ,  

i s  a p p l i e d  to  P > 0 .0 5 .



T ab le  II

B lood  Flow and Metabolism o f  Forearm Muscle

i n  A crom ega l ic S u b j e c t s

C o n t r o l s Acromegaly P*
Blood f l o w * * 3 .7  +0 .17 4 . 6  +0.62 N .S .

* _ ★ ★ ★  Q g lu co s e 0 .5 2 + 0 .0 7 5 0 .6 9 + 0 .0 9 0 N .S .

**+
Q l a c t a t e -  0 .4 4 + 0 .0 6 0 -  0 .4 6 + 0 .1 2 N.S.

• ★ + +
q c o 2 -  8 . 7 + 0 . 9 4 - 1 1 .0 5 + 1 . 7 8 0 .1  >P >0 .0  5

R.Q. 0 .7 6 + 0 .0 2 0 0 .6 8 + 0 .0 2 4 N.S .

L/G 4 2 .3  +3.3 3 9 .3  +9.4 N .S .

g- l/ o2 3 3 .3  +7.5 1 5 .6  +8 .7 N .S .

A l l  v a lu e s are means +S.E. o f means. L/G = per cent  o f

g l u c o s e  uptake accounted  f o r  by l a c t a t e  p r o d u c t i o n .  

g- l / o2 = per cen t  o f  oxygen consumption accounted  f o r  

by g lu c o s e  uptake c o r r e c t e d  f o r  l a c t a t e  p r o d u c t i o n .

See leg en d  to  T ab le  I

U n it s :  ml/min/lOO ml arm
M*

U n it s :  u.M/min/100 ml arm



Tabl e  I I I

Forearm Metabolism in  Acromegaly;  B e fore  and A f t e r  Therapy

Sub j  e c t B Sub j  e c t S

P re - th e ra p y  P o s t - t h e r a p y  P re - th e ra p y  P o s t - t h e r a p y
(May, I960) (March, 1961) ( D e c . ,  1961) (March, 1962)

0 g lu c o s e * 0 .73 0 .8 5 1.08 0 .5 8

• ★  
Q l a c t a t e 0 .8 9 1 .01 0 .60 0 .49

• -k
Q potassium + 0 .2 5 -  0 .13 + 0 .42 -  0 .2 7

Q oxygen* 19 .59 10 .45 26 .45 6.93

FFA (A-DV) d i f f e r e n c e s + 0 .1 5 - 0 .33 + 0 .14

FFA (A-SV) d i f f e r e n c e s -  0 .44 -  0 .1 8 - 0 .2 8 - 0 .10

Values  f o r Q l a c t a t e  are n e g a t iv e ,  i n d i c a t i n g net p r o d u c t io n

by forearm t i s s u e s .

*U n its :  (jJd/roin/lOO ml arm

* ★
U n i t s :  pM /  m 1



LEGENDS TO FIGURES

Pig. 1

Pig. 2

Pig. 3

Fig. 4

Pig. 5

Pig. 6

Pig.

. E f f e c t  o f  i n s u l i n  on g lu co s e  uptake by the forearm  in  

a c t i v e  acrom ega ly .  Each o f  the s i x  s u b j e c t s  i s  i d e n t i ­

f i e d  by an i n i t i a l .

. E f f e c t  o f  i n s u l i n  on net  inward movement o f  potass ium in  

the forearm i n  a c t i v e  acrom ega ly .  Each o f  the s i x  sub­

j e c t s  i s  I d e n t i f i e d  by an i n i t i a l .

. E f f e c t  o f  i n s u l i n  on A -  SV PEA d i f f e r e n c e s  i n  acrom egaly .  

Each o f  the s i x  s u b j e c t s  i s  i d e n t i f i e d  by an i n i t i a l .

. E f f e c t  o f  i n s u l i n  on g lu c o s e  uptake by forearm  muscle

in  an a c r o m e g a l i c  s u b j e c t  ( T .B . )  b e f o r e  and a f t e r  therapy .

. E f f e c t  o f  I n s u l i n  on g lu c o s e  A -  DV d i f f e r e n c e s  in  an 

a c r o m e g a l i c  s u b j e c t  (MIS) b e f o r e  and a f t e r  th era p y .

. E f f e c t  o f  I n s u l i n  on potass ium uptake by forearm muscle 

In an a c r o m e g a l i c  s u b j e c t  ( T .B . )  b e f o r e  and a f t e r  therapy,  

Uote the d i f f e r e n c e s  in  net  ba sa l  potass ium  f l u x .

. E f f e c t  o f  I n s u l i n  on potassium uptake by forearm muscle 

in  an a c r o m e g a l i c  s u b j e c t  (MIS) b e f o r e  and a f t e r  th era p y .  

Bote the d i f f e r e n c e s  in  net  basa l  potassium f l u x .
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The e f f e c t s  o f  s t a r v a t i o n  on In term ed ia ry  m etabolism In 

t o t a l  man have been e x t e n s i v e l y  s tu d ie d  (1 ,  2 ) .  The development 

by Z l e r l e r  e t  a l  (3 )  o f  methods f o r  a p p r a i s a l  o f  muscle and a d i ­

pose t i s s u e  m eta to l i sm  i n  s i t u  has made p o s s i b l e  s e n s i t i v e  r e ­

examination o f  m e t a b o l i c  ev en ts  provoked by acu te  s t a r v a t i o n  in  

hea lthy  young s u b j e c t s .  The main q u e s t io n s  to  which answers were 

sought w ere :  (1 )  What i s  the q u a n t i t a t i v e  r o l e  o f  carbohydrate  

and l i p i d ,  i n  p a r t i c u l a r ,  the f r e e  f a t t y  a c i d  (FFA) f r a c t i o n  o f  

plasma l i p i d ,  in  forearm  metabolism under basa l  c o n d i t i o n s  66 

hours p os t  cibum? and (2 )  What i s  the r e l a t i o n s h i p  between a r t e ­

r i a l  c o n c e n t r a t i o n  o f  v a r io u s  m e t a b o l i t e s ,  such as g l u c o s e ,  and 

t h e i r  uptake by fo rearm  muscle?

METHODS

Four young h e a l th y  s u b je c t s  were s tu d ie d .  A l l  r e c e i v e d  a 

d i e t  c o n t a in in g  200 g carbohydrate  f o r  the th ree  days p r e c e d in g  

the t e s t .  C a t h e t e r i s a t i o n  o f  the b r a c h i a l  a r t e r y  and a d r a i n in g  

deep and s u p e r f i c i a l  forearm v e in  was performed on the f o l l o w i n g  

morning (Day I )  by t e ch n iq u e s  p r e v i o u s l y  d e s c r i b e d  ( 3 ) .  Blood 

f low was measured by i n d i c a t o r - d i l u t i o n  te ch n iq u e s  based on con ­

tinuous i n f u s i o n  o f  the dye T -1824 ,  i n t o  the l p s i l a t e r a l  b r a c h i a l  

a r t e r y .  A r t e r i o - d e e p  venous c o n c e n t r a t i o n s  r e f l e c t  the metabolism 

of  forearm muscle i n  the main; a r t e r i o - s u p e r f i c i a l  venous con ­

c e n t ra t i o n  d i f f e r e n c e s  r e f l e c t  the m etabol ism  o f  forearm  a d ip ose  

t is su e  i n  the main. At l e a s t  three  s e t s  o f  o b s e r v a t i o n s  on ba sa l
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forearm metabolism were made. The f o u r  s u b j e c t s ,  

on the m e ta b o l i c  ward, were a l lo w e d  water ad l i b ;  

o f  e x e r c i s e  was p e r m it t e d .  On the morning o f  Day- 

a f t e r  the  f i r s t  t e s t ,  and 60-66  hours p o s t  clbum, 

on forearm m etabol ism  were r e p e a te d  employing the 

p r e v i o u s l y  c a t h e t e r i s e d .

who were kept 

a modest amount 

I I I ,  48 hours 

o b s e r v a t i o n s  

same v e s s e l s

RESULTS ASP DISCUSSION 

Basal forearm muscle metabolism 

R esu lts  appear in  Table I .

G lu c o s e ; G lucose  uptake by forearm  muscle was not  d i f f e r e n t  on 

Day I and Day I I I  o f  the s tudy ,  d e s p i t e  a f a l l  o f  between 

20 and 30 per c e n t  in  a r t e r i a l  g lu c o s e  c o n c e n t r a t i o n .  No 

c o r r e l a t i o n  was found between a r t e r i a l  c o n c e n t r a t i o n  and 

g lu c o s e  uptake by forearm muscle (F ig .  1 ) .  Andrea and Z i e r -  

l e r  had p r e v i o u s l y  shown that  d i r e c t  I n f u s i o n  o f  g lu c o s e  

In to  the i p s i l a t e r a l  b r a c h i a l  a r t e r y ,  s u f f i c i e n t  to  r a i s e  

the l o c a l  c o n c e n t r a t i o n  to  200 mg per  c e n t ,  d id  not  in c r e a s e  

g lu c o s e  uptake by forearm muscle ( 4 ) .  The p re s e n t  study p r o ­

v id e s  e v id e n ce  th a t  g lu c o s e  uptake by muscle remains e q u a l ly  

s t a b l e  In the p resen ce  o f  c o n s i d e r a b l e  r e d u c t i o n  i n  a r t e r i a l  

g lu co s e  c o n c e n t r a t i o n .  These o b s e r v a t i o n s  are c o n t r a r y ,  

however, to  the many p r e v io u s  r e p o r t s  d e s c r i b i n g  a "d e c re a se  

in  p e r i p h e r a l  g lu c o s e  u t i l i s a t i o n "  in  s t a r v a t i o n  (5■ 6 ) .  

l a c t a t e : No s i g n i f i c a n t  change in  a r t e r i a l  l a c t a t e  c o n c e n t r a t i o n

o c cu rr e d  between the two p e r i o d s  o f  s tudy .  L a c ta te  p rodu c-
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t i o n  by forearm  muscle on Lay I I I  showed a h i g h l y  s i g n i ­

f i c a n t  t w o fo ld  I n c re a se  over  v a lu e s  o b ta in e d  on Day I 

( F ig .  2 ) .

L / j r a t i o : The e x p r e s s i o n  t?(DV -  A l a c t a t e  d i f  f  e r e n c e ) / ( A -  DV 

g lu co s e  d i f f e r e n c e )  y i e l d s  the f r a c t i o n  o f  g lu co s e  uptake 

accounted  f o r  by l a c t a t e  p r o d u c t i o n ,  when c o n c e n t r a t i o n s  

are ex p ressed  i n  m o le s .  This  value  I n c re a s e d  from a mean 

va lue  o f  0 . 4  on Lay I to  a mean va lue  o f  1 . 1  on Day I I I ,  

Imply ing  th a t  a l l  g lu co s e  uptake was accounted  f o r  by l a c t a t e  

p r o d u c t i o n .

Thus, w h i le  no temporal trend was observed  i n  g lu c o s e  uptake 

by forearm  m u sc le ,  i t  was p o s s i b l e ,  a f t e r  66 hours o f  s t a r ­

v a t i o n  to  a c co u n t  q u a n t i t a t i v e l y  f o r  the g lu c o s e  a b s t r a c t e d  

from a r t e r i a l  b lo o d  by l a c t a t e  p r o d u c t i o n .  C a l c u l a t i o n  o f  

L/C r a t i o  i s  based on the assumption that  muscle g ly c o g e n  does 

not  c o n t r i b u t e  s i g n i f i c a n t l y  to  l a c t a t e  p r o d u c t i o n .  Reasons 

which p o i n t  to  the p roba b le  inadequacy  o f  muscle g ly c o g e n  as 

an im portant  s u b s t r a t e  have been t r e a t e d  in  d e t a i l  e lsewhere  

( 3 ) .  In  b r i e f ,  they are  based on data o f  g ly co g e n  turnover  

r a t e s  ( 7 ) ,  and from o b s e r v a t i o n s  on decrements in  c o n c e n t r a t i o n  

o f  muscle g l y c o g e n  ( 8 ) .

O21 CO2 ! I*o tem p ora l  trend was observed  i n  a r t e r i a l  O2 c o n ce n ­

t r a t i o n s ,  forearm  muscle Qq2 , and forearm muscle . In

the p resence  o f  moderate ketonemia,  a modest f a l l  in  a r t e r i a l
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CO2 was r e c o r d e d  on Day I I I .

G - l / o 2 : Vftien l a c t a t e  p r o d u c t io n  i s  s u b t r a c te d  from g lu c o s e  uptake ,

and the rem ain ing  g lu c o s e  i s  assumed to  have been o x i d i z e d ,  

an es t im a te  can be made o f  the f r a c t i o n  o f  02 uptake a ccoun ­

ted f o r  by o x i d a t i o n  o f  g l u c o s e .  This  f r a c t i o n  d e crea sed  

from a mean va lue  o f  0 .1 8  on Day I to  - 0 . 0 6  on Day I I I  ( P i g .  3 ) .

R esp ira tory  Q uot ien t  ( R . U ) : The mean v a lue  o f  forearm  muscle R .Q . ,  

which was 0 .7 9  on Day I ,  f e l l  t o  a mean va lue  o f  0 .69 on 

Day I I I .

Potass ium : Escape o f  potassium from forearm muscle In to  venous

plasma was a c o n s i s t e n t  f e a t u r e  on Day I and Day I I I .  A r t e ­

r i a l  potass ium  c o n c e n t r a t i o n  remained c o n s ta n t ,  and there  was 

no temporal  t ren d  in  potassium output  from forearm m u sc le .

F£A: A -  DV PPA c o n c e n t r a t i o n  d i f f e r e n c e s ,  which did not  d i f f e r  

s i g n i f i c a n t l y  from zero on Day I ,  were p o s i t i v e  in  a l l  f o u r  

s u b j e c t s  a f t e r  66 hours o f  s t a r v a t i o n .  This  was a s s o c i a t e d  

w ith  an i n c r e a s e  i n  a r t e r i a l  FFA c o n c e n t r a t i o n ,  the magnitude 

o f  which showed c o n s i d e r a b l e  v a r i a t i o n .

FFA/Og: The p e r c e n ta g e  o f  O2 uptake which can be accounted  f o r  by

complete  combustion  o f  FFA a b s t r a c t e d  from a r t e r i a l  plasma 

i s  g iv en  by the  f o l l o w i n g  e q u a t io n :

FFA/Op = 2 5 (A -  DV ) x p la s m a c r i t

A -  DVq 
U2
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In a l l  f o u r  s u b j e c t s  FFA/02 r a t i o s  o f  0 .3 5  o r  g r e a t e r  were 

o b ta in e d  on Day I I I  (F ig .  4 ) ;  that  i s ,  more than o n e - t h i r d  

o f  forearm  02 consumption was a ccounted  f o r  by FFA uptake.

A -  SV c o n c e n t r a t i o n  d i f f e r e n c e s :

R e su lt s  appear in  Table I I .

G lu co s e ; A r t e r l o - s u p e r f l c i a l  venous g lu c o s e  c o n c e n t r a t i o n  d i f ­

f e r e n c e s  o b ta in e d  on Day I I I  were sm a l le r  than va lu es  

o b ta in e d  In the  Immediate p o s t a b s o r p t i v e  p e r i o d .  A degree 

o f  c o r r e l a t i o n  was observed  between a r t e r i a l  g lu c o s e  c o n ce n ­

t r a t i o n  and A -  SV c o n c e n t r a t i o n  d i f f e r e n c e s .  This  c o n t r a s t s  

w ith  the absence  o f  s i m i l a r  c o r r e l a t i o n  in  the deep forearm  

dra inage  bed.

l a c t a t e ; Do d i f f e r e n c e s  were observed  in  l a c t a t e  SV -  A concen ­

t r a t i o n  d i f f e r e n c e s  on Day I and Day I I I .  The r i s e  in  L/G 

r a t i o  was not  as  g re a t  as th a t  ob se rv e d  in  the deep forearm  

dra inage  bed.

EFA; Negative A -  SV FFA c o n c e n t r a t i o n  d i f f e r e n c e s  showed an

I n c re a se  o f  a p p rox im a te ly  50 per  cent  on Day I I I ,  compared 

w ith  v a lu e s  o b ta in e d  in  the p o s t a b s o r p t i v e  p e r i o d ;  that  i s ,  

they became more n e g a t i v e .

P oss ib le  d i f f e r e n c e s  in  m e t a b o l i c  response  t o  s t a r v a t i o n  o f  deep

(muscle )  and s u p e r f i c i a l  (a d ip o se  t i s s u e )  forearm drainage beds 

Whereas g lu c o s e  A -  DV c o n c e n t r a t i o n  d i f f e r e n c e s ,  (and forearm 

muscle uptake)  do n o t  f a l l  with s t a r v a t i o n ,  a good degree o f  c o r ­

r e l a t i o n  e x i s t s  between a r t e r i a l  c o n c e n t r a t i o n  and A -  SV g lu c o s e  

d i f f e r e n c e s .  A l s o ,  whereas l a c t a t e  DV -  A d i f f e r e n c e s  show a two-
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f o l d  in c r e a s e  66 hours p o s t  clbum, l a c t a t e  SV -  A d i f f e r e n c e s  

remain unchanged. These o b s e r v a t i o n s  sugg est  that  the  p a t t e r n  

o f  m e t a b o l i c  ev en ts  produced by s t a r v a t i o n  may d i f f e r  i n  the 

deep and s u p e r f i c i a l  forearm dra inage  beds.  We are however 

unable  t o  measure b l o o d  f l o w  through  the forearm  a d ip ose  t i s s u e ,  

and these  c o n c l u s i o n s  are based on the assumption that  t h i s  was 

constant  on Day I and Day I I I .  A t w o fo ld  v a r i a t i o n  in  a d ip ose  

t i s s u e  b lood  f l o w  would render  these  c o n c l u s i o n s  s p u r io u s .  

P o s s i b l e  importance  o f  l a c t a t e  p r o d u c t i o n  i n  body economy

I t  has been p o i n t e d  out p r e v i o u s l y  th a t  l a c t a t e  p r o d u c t i o n  

by forearm muscle  o c c u r s  under r e s t i n g  c o n d i t i o n s  in  the fa ce  

o f  v ig o r o u s  O2 uptake ( 3 ) .  Under c o n d i t i o n s  o f  t o t a l  s t a r v a t i o n ,  

l a c t a t e  p r o d u c t i o n  by forearm muscle shows a t w o fo ld  in c r e a s e  

without any change i n  e i t h e r  a r t e r i a l  l a c t a t e  c o n c e n t r a t i o n  or  

forearm muscle oxygen consumption.  I f  l a c t a t e  c o n t r i b u t e d  by 

forearm muscle i s  t y p i c a l  q u a n t i t a t i v e l y  o f  t o t a l  body m uscle ,  

then the t o t a l  amount thus made a v a i l a b l e  i s  ap p rox im ate ly  320 

jJ-l per  minute or 160 a M per m inute ,  when ex p ressed  as g lu c o s e  

e q u iv a le n t s .  Absence o f  s i g n i f i c a n t  a r t e r i a l  h y p e r la c ta c id e m ia  

during s t a r v a t i o n  i n  the fa ce  o f  dem onstrable  in c r e a s e  in  p r o ­

duct ion ,  im p l i e s  enhanced ra te  o f  removal o f  l a c t a t e  from the 

vascular  bed .  This  i s  c h i e f l y  the p r o v in c e  o f  the l i v e r .  T o ta l  

hepatic  g lu c o s e  made a v a i l a b l e  by t h i s  means amounts t o  30 mg
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per  minute;  th a t  i s ,  about 30 per  cent  o f  g lu c o s e  r e l e a s e d  by 

the l i v e r .  The s o - c a l l e d  Ccri  c y c l e  thus makes a s i g n i f i c a n t  

c o n t r i b u t i o n  toward m a in ta in in g  h e p a t i c  g lu c o s e  output  in  the 

fa c e  o f  n o n - a v a i l a b i l i t y  from d i e t a r y  s o u r c e s .  I t  i s  o b v io u s ,  

however, th a t  t h i s  c o n t r i b u t i o n  r e p r e s e n t s  no net  ga in  f o r  the 

body as l o n g  as  muscle  l a c t a t e  a r i s e s  from d i s s i m i l a t i o n  o f  g l u ­

c o s e .  I t  remains p u z z l in g  that  the forearm  r e s o r t s  so e x t e n s i v e l y  

to l a c t a t e  p r o d u c t i o n ,  which in  terms o f  energy y i e l d  i s  l e s s  

e f f i c i e n t  than a e r o b i c  d i s s i m i l a t i o n .  

q u a n t i t a t iv e  r o l e  o f  l i p i d  as o x i d a t i v e  s u b s t r a te

In p r e v i o u s l y  r e p o r t e d  s t u d ie s  on b a sa l  forearm m etabol ism ,  

the ev id ence  p o i n t i n g  toward a major  r o l e  f o r  plasma f r e e  f a t t y  

a c id s  as o x i d a t i v e  s u b s t r a t e s  f o r  r e s t i n g  muscle has been rev iew ed 

( 9 ) .  A lthough  FFA i s  be ing  a b s t r a c t e d  from a r t e r i a l  plasma by 

forearm m usc le ,  a d ip o s e  t i s s u e ,  surround ing  m usc le ,  adds FFA to  

venous plasma, th e re b y  o b s c u r in g  any A -  V d i f f e r e n c e s .  I n s u l i n ,  

by s e l e c t i v e l y  i n h i b i t i n g  FFA r e l e a s e  from a d ip o s e  t i s s u e  unmasks 

a p o s i t i v e  A -  LV FFA d i f f e r e n c e ,  s u f f i c i e n t  to  account  f o r  about 

50 p er  cen t  o f  02 consumption o f  forearm muscle ( 1 0 ) .

P o s i t i v e  a r t e r i o - d e e p v e n o u s  FFA d i f f e r e n c e s  were r e co rd e d  in  

each o f  the fo u r  s u b j e c t s  f a s t e d  f o r  66 hou rs ,  and y i e l d  FFA/O^ 

r a t i o s  o f  0 .3 5  o r  g r e a t e r .  A d m in is t r a t io n  o f  i n s u l i n  e l e v a t e d  

FFa/ 02 to  1 . 0  or g r e a t e r ;  th a t  i s ,  under c o n d i t i o n s  o f  s t a r v a t i o n ,  

muscle combusts FFA almost  e x c l u s i v e l y  (Table  I I I ) .  T o t a l  e x t r a -  

hep at ic  o x i d a t i o n  o f  FFA i n c r e a s e s  from O.lmM per minute under
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p o E ta b so rp t iv e  c o n d i t i o n s ,  to  0 .2  mM per  minute a f t e r  66 hours 

o f  s t a r v a t i o n .

Some I n d i c a t i o n  t h a t  FFA r e l e a s e  from a d ip o s e  t i s s u e  i s  

in c r e a s e d  under c o n d i t i o n s  o f  s t a r v a t i o n  i s  p r o v id e d  by examina­

t i o n  o f  n e g a t iv e  A -  SV FFA c o n c e n t r a t i o n  d i f f e r e n c e s ,  which show 

a 50 per  c e n t  in c r e a s e  above p o s t a b s o r p t i v e  v a l u e s .  I n a b i l i t y  to 

measure b lo o d  f l o w  through  forearm a d ip o s e  t i s s u e  p r e c lu d e s  a c c u r a te  

q u a n t i f i c a t i o n  o f  t h i s  i n c r e a s e .

Endocrine changes in  s t a r v a t i o n

I t  i s  p ro b a b le  that  changes i n  e n d o cr in e  f u n c t i o n  mediate  at  

l e a s t  some o f  the m e t a b o l i c  a l t e r a t i o n s  provoked by acu te  s t a r v a t i o n .  

Through the c o u r te s y  o f  Drs. S.A. Berson and R.S. Yalow, plasma 

i n s u l i n  assays  (11)  were performed on each  o f  the f o u r  s u b j e c t s ,  

both in  the p o s t a b s o r p t i v e  p e r i o d ,  and a g a in  a f t e r  66 hours o f  

s t a r v a t i o n .  R e s u l t s  appear  in  Table IV- In each o f  the f o u r  sub­

j e c t s ,  a s i g n i f i c a n t  f a l l  i n  plasma i n s u l i n  c o n c e n t r a t i o n  was 

recorded  on Bay I I I .

P re v io u s  s t u d i e s  from t h i s  l a b o r a t o r y  (12)  have demonstrated 

that human growth hormone, in fu s e d  in t o  the b r a c h i a l  a r t e r y  o f  

c o n t r o l  s u b j e c t s ,  i n c r e a s e s  FFA r e l e a s e  from forearm a d ip ose  t i s ­

sue, and i n c r e a s e s  FFA uptake by forearm m usc le .  This  i s  accom­

panied by a f a l l  i n  H.Q. o f  forearm m usc le .  Some o f  the m e t a b o l i c  

events o c c u r r i n g  i n  the  forearm  o f  the f a s t e d  I n d i v i d u a l  resemble  

those in  the normal forearm exposed to  human growth hormone, and 

suggest that  i n  s t a r v a t i o n  th ere  i s  h y p e r s e c r e t i o n  o f  growth
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honnone. This may be one o f  many f u n c t i o n a l  changes in  endo­

c r i n e  s ta tu s  which f o l l o w  upon c e s s a t i o n  o f  c a l o r i c  in ta k e ,  and 

f a c i l i t a t e  In crea sed  FFA r e l e a s e  from ad ip ose  t i s s u e ,  and i n c r e a s e d  

FFA combustion  by m u sc le .

This  h y p o th e s i s  was advanced by Young some years  ago ( 1 3 ) .  

and ga ins  support  from dem onstra t ion  by Golden, Bondy, Chambers, 

and G e iger  (14)  o f  i n c r e a s e  in  the a c t i v e  a c i d o p h l l e  p o p u la t i o n  

in human p i t u i t a r l e s  examined in  p a t i e n t s  who had been s ta rv e d  

b e fo re  dea th .  A number o f  f a t  m o b i l i z i n g  sub stan ces  have been 

I s o l a t e d  from the p i t u i t a r y  gland (15 ,  16 ,  1 7 ) ,  and the ur ine  o f  

f a s t i n g  i n d i v i d u a l s  has been found t o  c o n t a in  a p i t u i t a r y  depen­

dent substance  which has c o n s i d e r a b l e  f a t  m o b i l i z i n g  p r o p e r t i e s  

(1 5 ) .  Seme o f  these  sub stan ces  appear to  be d i s t i n c t  from human 

growth hormone, and i t  i s  p ro b a b le  th a t  more than one hormone i s  

r e leased  by the p i t u i t a r y  during  s t a r v a t i o n .

I t  i s  o b v io u s ,  o f  c o u r s e ,  th a t  f a c t o r s  o t h e r  than H.G.H. 

h y p e r s e c r e t i o n  are i n v o l v e d  i n  the m e ta b o l i c  response  to  s t a r v a ­

t i o n .  For example, g lu c o s e  uptake by s k e l e t a l  muscle remains 

unchanged, d e s p i t e  a demonstrable  f a l l  in  c i r c u l a t i n g  plasma 

in s u l in  c o n c e n t r a t i o n ,  and good c i r c u m s t a n t i a l  e v id en ce  f o r  an 

increase  in  c i r c u l a t i n g  human growth hormone. Furthermore, 

glucose e n t e r in g  s k e l e t a l  muscle le  a p p a r e n t ly  rou ted  q u a n t i ­

t a t i v e l y  toward l a c t a t e .  Maintenance o f  an adequate Cori c y c l e
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l s  sa id  to  be dependent upon normal a d r e n o - c o r t l c a l  s e c r e t i o n  

( 1 8 ) .  Two r e c e n t  s t u d i e s  (19 ,  20) have f a i l e d  to  demonstrate any 

change i n  ad rena l  f u n c t i o n  during  e a r ly  s t a r v a t i o n .  I t  i s  p o s ­

s i b l e  that  the o b s e rv e d  changes i n  g lu c o s e  and l a c t a t e  metabolism 

r e p r e se n t  a s u b t l e  change o f  muscle membrane whereby p e r m e a b i l i t y  

to both  these  sub stan ces  i s  in c r e a s e d .

SUMMARY

Basal forearm metabol ism  has been a p p r a is e d  in  f o u r  h e a lth y  

young s u b j e c t s ,  f a s t e d  f o r  66 hours .  Comparison w ith  m e ta b o l i c  

events o b s e rv e d  i n  the p o s t a b s o r p t i v e  s t a t e  r e v e a l s  that  (1 )  

Glucose uptake by forearm  muscle remains unchanged, d e s p i t e  a 20 

per cent or  g r e a t e r  f a l l  in  a r t e r i a l  g lu c o s e  c o n c e n t r a t i o n .  (2 )  

Lactate  p r o d u c t i o n  by forearm muscle I n c r e a s e s  t w o f o l d .  L a c ta te  

thus q u a n t i t a t i v e l y  a c c o u n ts  f o r  g lu c o s e  uptake by forearm m uscle .  

(3) FFA uptake by forearm  muscle i s  s u f f i c i e n t  to a cco u n t  f o r  more 

than 35 p e r  cent  o f  i t s  ozygen consumption,  I n c r e a s i n g  to  100 per 

cent f o l l o w i n g  I n s u l i n  a d m i n i s t r a t i o n .  (4 )  FPA output  by a d ip ose  

t i s s u e  ( i n s o f a r  as A -  SV d i f f e r e n c e s  r e f l e c t  t h i s )  i s  i n c r e a s e d  

by a t  l e a s t  50 per c e n t .  (5 )  Uo temporal  t ren ds  are  observed  in  

Qop» Qc02» and The c o n c e n t r a t i o n  o f  c i r c u l a t i n g  plasma

I n s u l in ,  measured by immunoassay, f a l l s  d u r ing  s t a r v a t i o n .  Some 

o f  the m e t a b o l i c  ev en ts  observed during  s t a r v a t i o n  suggest that  

endogenous growth hormone s e c r e t i o n  is increased.
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ls  sa id  to  be dependent upon normal a d r e n o - c o r t l c a l  s e c r e t i o n  

(1 8 ) .  Two r e c e n t  s t u d i e s  (19,  20) have f a i l e d  to  demonstrate  any 

change i n  ad rena l  f u n c t i o n  during  e a r ly  s t a r v a t i o n .  I t  i s  p o s ­

s ib l e  that  the observed  changes in  g lu c o s e  and l a c t a t e  metabolism 

represent  a s u b t le  change o f  muscle  membrane whereby p e r m e a b i l i t y  

to both  these  sub stan ces  I s  i n c r e a s e d .

SUMMARY

Basal forearm m etabo l ism  has been a p p ra ise d  i n  f o u r  h e a lth y  

young s u b j e c t s ,  f a s t e d  f o r  66 hours .  Comparison w ith  m e ta b o l i c  

events o b s e rv e d  In the p o s t a b s o r p t l v e  s t a t e  r e v e a l s  that  (1) 

Glucose uptake by forearm  muscle remains unchanged, d e s p i t e  a 20 

per cent or  g r e a t e r  f a l l  In a r t e r i a l  g lu c o s e  c o n c e n t r a t i o n .  (2 )  

l a c t a t e  p r o d u c t i o n  by forearm muscle i n c r e a s e s  t w o f o l d .  L a c ta te  

thus q u a n t i t a t i v e l y  a c co u n ts  f o r  g lu c o s e  uptake by forearm  m usc le .  

(3) FFA uptake by forearm  muscle i s  s u f f i c i e n t  to  a ccou n t  f a r  more 

than 35 per  cen t  o f  i t s  oxygen consumption,  i n c r e a s i n g  to  100 per  

cent f o l l o w i n g  i n s u l i n  a d m i n i s t r a t i o n .  (4 )  FFA output  by a d ip ose  

t is su e  ( i n s o f a r  as A -  SV d i f f e r e n c e s  r e f l e c t  t h i s )  i s  i n c r e a s e d  

by at  l e a s t  50 per c e n t .  (5 )  Eo temporal  t ren ds  are observed  in  

5q2 , QcOj * and $k * The con ce i l t ra t i o n  o f  c i r c u l a t i n g  plasma 

in s u l in ,  measured by immunoassay, f a l l s  d u r ing  s t a r v a t i o n .  Some 

of  the m e t a b o l i c  ev en ts  observed  during  s t a r v a t i o n  sugg est  that  

endogenous growth hormone s e c r e t i o n  i s  i n c r e a s e d .
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T ab le  I

Forearm Metabolism i n  the P o s t a b s o r p t i v e  S t a t e  and 

A f t e r  66 Hours S t a r v a t i o n *

Oxygen

S u b j e c t Day I Day I I I

A A-DV Q A A-DV Q
F 8 .8 0 2 . 9 8 1 0 . 6 3 8 . 8 6 1 . 4 7 8 . 2 7
S 7 . 1 3 4 . 0 2 7 . 8 7 6 . 8 2 2 . 4 0 6 .6 8
K 9 . 2 6 2 . 0 5 9 . 9 7 8 . 8 2 2 . 9 2 1 3 . 9 4
C 8 . 0 2 2 . 8 3 9 . 6 8 7 . 8 0 1 . 4 0 6 . 1 7

Mean 8 . 3 0 2 . 9 7 9 . 5 4 8 . 1 0 2 . 0 5 3 . 7 3

G lucose

S u b je c t Day I Day I I I

A A-DV Q A A-DV Q
F 4 . 3 8 0 . 0 8 0 . 2 8 3 . 3 2 0 . 0 5 0 . 2 8
S 4 . 4 0 0 . 2 1 0 . 4 1 3 . 2 3 0 . 1 1 0 . 3 3
K 4 . 9 4 0 . 0 8 0 . 3 0 3 . 7 4 0 . 1 3 0 . 5 9
C 5 . 2 0 0 . 1 0 0 . 4 3 3 . 7 2 0 . 1 0 0 . 3 6

Mean 4 . 7 3 0 . 1 2 0 . 3 6 3 . 5 0 0 . 1 0 0 . 3 9

UFA

S u b jec t Day I Day I I I

A A-DV A A-DV

F 0 . 9 5 - 0 . 0 8 1 . 4 3 + 0 .0 6
S 0 . S 7 - 0 . 0 3 0 . 9 9 + 0 .0 9
K 0 . 6 3 - 0 . 0 3 1 . 4 4 + 0 . 1 2
C 0 . 8 2 <■ 0.02 1 . 8 9 + 0 . 0 4

Mean 0 . 8 2 - 0 . 0 3 1 . 4 4 + 0 .0 8

Potassium

Subject Day I Day I I I

A A-DV Q A A-DV Q
F 3 . 9 0 - 0 . 1 6 - 0 . 2 3 4 . 0 1 - 0 . 0 2 - 0 . 0 5
S 3 . 9 7 - 0 . 2 0 - 0 . 2 5 4 . 0 5 - 0 . 0 6 - 0 . 1 3
K 3 . 9 5 - 0 . 1 1 - 0 . 2 9 3 . 7 1 - 0 . 1 6 - 0 . 4 4
C 3 . 7 7 - 0 . 0 4 - 0 . 0 9 3 . 8 3 - 0 . 2 0 - 0 . 4 9

Mean 3 . 9 0 - 0 . 1 3 - 0 . 2 3 3 . 9 0 - 0 . 1 1 - 0 . 2 3



T a b l e  I ( c o n t i n u e d )
Forearm M e t a b o l i s m  i n  the P o s t a b s o r p t i v e  S t a t e  and 

A f t e r  66 Hours S t a r v a t i o n

c o 2

S u b jec t Day I Day I I I

A A- DV Q A A-DV Q
F 1 9 . 4 8 2 . 2 6 8 . 0 7 1 7.81 0 . 7 5 4.22
S 2 0 . 4 0 2 . 3 2 4 . 5 7 1 7 . 7 0 1 . 4 6 4 . 0 6
K 2 1 . 8 8 1 . 8 7 9 . 1 0 1 9 . 24 2 . 3 5 1 1 . 2 2
C 2 0 . 7 9 2.  64 0 . 0 1 1 5 . 6 6 1.01 4 . 4 4

Me an 2 0 . 6 4 2 . 2 5 7 . 6 9 1 7 . 6 0 1 . 3 9 5 .9 9

L a c t a t e

S u b j e c t Day I Day I I I

A A-DV Q A A-DV Q

F 0 . 6 5 - 0 . 0 9 - 0 . 1 7 0 . 6 9 - 0 . 1 7 - 0 . 9 8
S 0 . 5 3 - 0 . 2 1 - 0 . 4 2 0 . 5 4 - 0 . 2 1 - 0 . 62
K 0 . 6 0 - 0 . 1 4 - 0 . 6 6 0 . 6 2 - 0 . 2 1 - 0 . 9 5
C 0 . 6 5 - 0 . 1 0 - 0 . 3 7 0 . 7 7 - 0 . 2 8 - 1 . 0 9

Mean 0 . 6 0 - 0 . 1 4 - 0 . 4 0 0 . 6 5 - 0 . 2 2 - 0 . 9 1

R.Q.

S u b j e c t Day I Day I I I

F 0 . 7 6 0 . 5 1
S 0 . 5 3 0 . 7 1
K 0 . 9 1 0 . 8 0
C 0 . 9 3 0 . 7 2

Mean 0 . 7 9 0 . 6 9

Plasma Flow

S u b j e c t Day I Day I I I

F 1 . 7 3 . 1
S 1 . 2 1 . 9
K 2 . 6 2 . 6
C 4 . 3 2 . 3

Mean 2 . 4 6 2 . 4 8
*Day 1 and Day 111 r e f e r t o  s t u d i e s p e r f  ormed 12 h o u r s

and 66 h o u r s p o s t  c ibum r e s p e c t i v e l y .  U n i t s : Plasma

f l o w ,  ml /m in *1 0 0  ml f o r e a r m ;  A = a r t e r i a l  c o n c e n t r a t i o n ,

H-M/ml whole  b l o o d  ( 0 2 , CO2 , g l u c o s e  and l a c t a t e )  o r  

plasma ( P o t a s s i u m ,  FFA) ; (A-DV) = a r t e r i o - d e e p  v e no u s  

c o n c e n t r a t i o n  d i f f e r e n c e ,  nM/ml;  Q = u p t a k e  or  o u t f l o w ,  

jj-M/min/lOO ml f o r e a r m .



T ab le  I I

G l u c o s e ,  L a c t a t e  and FFA A-SV D i f f e r e n c e s  

1 2  Hours (Day I )  and 66 Hours (Day I I I )  P ost  Cibum

G l u c o s e .  (A-SV) D i f f e r e n c e s

S u b j e c t

HM/ml 

Day I Day I I I

F 0 . 1 6 0 . 0 8

S 0 . 3 2 0 . 1 3

K 0 . 2 2 0 . 1 9

C 0 . 2 3 0 . 1 6

Mean 0 . 2 3 0 . 1 4

F

L a c t a t e , (A -SV )  D i f f e r e n c e s  

IJuV/ml 

- 0 . 1 5 - 0 . 1 0

S - 0 . 2 4 - 0 . 1 6

K - 0 . 1 7 - 0 . 2 0

C - 0 . 2 5 - 0 . 2 7

Mean - 0 . 2 0 - 0 . 1 8

F

£FA- (A -SV )  D i f f e r e n c e s  

- 0 . 1 1 - 0 . 1 5

S - 0 . 2 0 - 0 . 2 1

K - 0 . 1 1 - 0 . 1 9

C - 0 . 1 4 - 0 . 2 0

Mean -0 .1 4 - 0 . 1 9



E f f e c t  o f  I n s u l i n  on A-DV FFA D i f f e r e n c e s  

and FFA/o 2 i n  S u b j e c t s  S t a r v e d  f o r  66 Hours

Table  I I I

S u b j e c t Basal  ( 6 6  h o u r s p o s t  c ibum) Peak I n s u l i n Ef f  ec

(A-DV) f f a / o2 (A-DV) f f a / o2

S + 0 . 0 8 0 . 3 4 +0 .2 4 1 . 4 4

K. + 0 . 1 2 0 . 3 8 + 0 . 2 0 1 .0 2

G + 0 . 0 4 0 . 2 7 + 0 . 31 1 . 4 5

A r t e r i o - d e e p  v e no us  FFA c o n c e n t r a t i o n  d i f f e r e n c e s  and 

FFA/O2 r a t i o s ,  under  b a s a l  c o n d i t i o n s  66 h o u r s  p o s t  c ibum,  

and f o l l o w i n g  l o c a l  i n t r a - a r t e r i a l  i n s u l i n  a d m i n i s t r a t i o n  

( 1 0 0  p,U/kg/min f o r  26 m i n u t e s ) .  S i n c e  i n s u l i n  i n h i b i t s  

FFA r e l e a s e  f rom f o r e a r m  a d i p o s e  t i s s u e  but  d o e s  no t  

d i r e c t l y  i n f l u e n c e  the  net  up ta ke  o f  FFA by p e r i p h e r a l  

t i s s u e s ,  i t  s e r v e s  t o  unmask the  q u a n t i t a t i v e  r o l e  o f  

FFA i n  f o r e a r m  m e t a b o l i s m  ( s e e  t e x t ) .



T ab le  IV

B r a c h i a l  A r t e r i a l  Plasma I n s u l i n  C o n c e n t r a t i o n s

S u b j e c t Day I Day I!

F 9 . 0 0

S 1 1 . 5 8 . 0

K 5 . 0 1 . 5

C 1 0 . 5 3 . 5

Mean 9 . 0 3 . 0

A r t e r i a l  plasma i n s u l i n  c o n c e n t r a t i o n s  

1 2  hours  (Day I )  and 66 hours (Day I I I )  

p o st  cibum. A s s a y s  performed by D rs .  S .  A. 

Berson and R. S .  Yalow by t h e i r  immuno-assay  

techniq ue ( 1 1 ) .  A l l  v a l u e s  e x p r e s s e d  as ^m/ml.



LEGEND TO EIGTTBES

n&. 1.

? l g .  2 .  

? l g .  3 .

w.g.

Lack o f  c o r r e l a t i o n  between a r t e r i a l  g lu c o s e  c o n c e n t r a t i o n  

and g l u c o s e  uptake by forearm  m u scle .  Each s u b j e c t  i s  

i d e n t i f i e d  by an i n i t i a l .  S u b s c r i p t s  ^  and ^  r e f e r  to 

o b s e r v a t i o n s  on Lay I  and Day I I I  o f  the stu d y.

Comparison o f  l a c t a t e  p r o d u c tio n  i n  each, o f  the f o u r  

s u b j e c t s  on Day I  and Day I I I  o f  the s t u d y .

Change i n  G-L/O2 r a t i o  w i t h  s t a r v a t i o n .

G—I/ O 2 =  f r a c t i o n  o f  O2 consumption accounted f o r  by 

g lu c o s e  o x i d a t i o n .

Change i n  apparent PPA/02 w i t h  s t a r v a t i o n .

FEA/O2 =  f r a c t i o n  o f  O2 consumption accounted f o r  by

FFA o x i d a t i o n .
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E f f e c t s  o f  a s tandard  dose o f  i n s u l i n ,  a d m in is te red  by 

c l o s e  i n t r a - a r t e r i a l  i n j e c t i o n ,  on forearm muscle and a d ip ose  

t i s s u e  metabol ism  have p r e v i o u s l y  been q u a n t i f i e d  i n  young hea lthy  

c o n t r o l  s u b j e c t s  ( 1 ,  2 ) .  The phenomenon o f  s o - c a l l e d  " i n s u l i n  

r e s i s t a n c e "  i s  common to  a v a r i e t y  o f  c i r c u m s t a n c e s ,  and the 

l i t e r a t u r e  i s  r e p l e t e  with o b s e r v a t i o n s  p o i n t i n g  t o  r e s i s t a n c e  

to  the hy p og lycem ic  e f f e c t s  o f  exogenous i n s u l i n  in  s t a r v a t i o n ,  

Cush ing 's  d i se a s e  and acrom egaly  (3 ,  A, 5 ) .  Few s t u d i e s ,  however,  

have r e p o r t e d  the r e s p o n s iv e n e s s  to  i n s u l i n  in  these  c o n d i t i o n s ,  

w ith  r e s p e c t  to  o t h e r  m e ta b o l i c  e f f e c t s .  This  communication 

r e p o r t s  our o b s e r v a t i o n s  on d i s s o c i a t i o n  o f  i n s u l i n  a c t i o n  i n  the 

forearm o f  man, which appears to be common to  a l l  th ree  s i t u a t i o n s  

I n s u l i n - i n d u c e d  g lu c o s e  and potassium uptake by muscle and, to  a 

l e s s e r  e x t e n t ,  by a d ip o s e  t i s s u e  was demonstrably  i n h i b i t e d ,  but 

i n s u l i n - i n d u c e d  i n h i b i t i o n  o f  FFA r e l e a s e  from a d ip o s e  t i s s u e  was 

e i t h e r  unchecked,  or i n  some ca ses  enhanced.

K5TE0D3

S tu d ies  were performed on s i x  p a t i e n t s  w ith  a c t i v e  a c r o ­

megaly , th ree  p a t i e n t s  w ith  Cush ing 's  syndrome, and three  normal 

s u b je c t s  in  whom endogenous growth hormone was s t im u la ted  by a 

66-hour  f a s t .  S u b je c t s  w ith  acromegaly  and C ush ing 's  syndrome 

were s tu d ie d  between the hours o f  9 A.M. and 1 E .K . ,  th a t  i s ,

13 -17  hours a f t e r  t h e i r  l a s t  meal .  D ie ta ry  h i s t o r y  o f  c a r b o ­

hydrate Intake was normal.  The b r a c h i a l  a r t e r y ,  an i p s i l a t e r a l
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deep v e in  (IV) d r a in in g  c h i e f l y  muscle and an i p s i l a t e r a l  super­

f i c i a l  v e in  (SV) d r a i n i n g  c h i e f l y  sk in  and a d ip o s e  t i s s u e  were 

c a t h e t e r i s e d  by te ch n iq u e s  d e s c r i b e d  p r e v i o u s l y  (6 ) .  E i th e r  two 

or three  s e t s  o f  c o n t r o l  samples were taken .  Blood f l o w  was 

measured by i n d i c a t o r - d i l u t i o n  t e c h n iq u e s ,  based on cont inu ous  

i n f u s i o n  o f  the dye T-1824.  I n s u l i n  was then a d m in is te red  by 

con t inu ous  i n f u s i o n  f o r  26 minutes a t  a r a t e  that  d e l i v e r e d  100 yGU 

o f  i n s u l i n  per  minute per  kg body w e ig h t .  This  d ose ,  w h ile  la r g e  

enough to  e x e r t  measurable  l o c a l  e f f e c t s  does n o t ,  upon d i l u t i o n  

in  t o t a l  b lood  volume, produce any sys tem ic  e f f e c t s  i n  c o n t r o l  

s u b je c t s  ( 1 ) .  B lood  samples were drawn 12 ,  18 and 26 minutes a f t e r  

the s t a r t  o f  i n t r a - a r t e r i a l  i n s u l i n  and f o r  p e r i o d s  up to  one hour 

t h e r e a f t e r .  B lood  f l o w  to  the hand was o c c lu d e d  by a sphygmomano­

meter c u f f  about  the w r i s t ,  i n f l a t e d  to  more than 250 mm Hg p r e s s u r e ,  

during  and f o r  a t  l e a s t  5 minutes p r e c e d in g  c o l l e c t i o n  o f  b lood  

samples, and f o r  the  e n t i r e  26 minutes o f  i n s u l i n  a d m i n i s t r a t i o n .

Net uptake ( o r  ou tp u t )  o f  a m e t a b o l i t e  by forearm  t i s s u e s ,  c h i e f l y  

s k e l e t a l  m usc le ,  was c a l c u l a t e d  by the  e q u a t io n  Q = F(A -  IV) where 

Q i s  uptake ( o r  o u tp u t )  o f  the m e t a b o l i t e  in  u n i t s  o f  mass per  

minute per 100 ml.  o f  forearm , F i s  b lood  ( o r  plasma) f l o w  through 

the forearm in  u n i t s  o f  ml per minute per 100 ml. o f  forearm , and 

A and DV are c o n c e n t r a t i o n s  o f  the m e t a b o l i t e  in  a r t e r i a l  and deep 

venous b lo o d  ( o r  plasma) r e s p e c t i v e l y ,  i n  u n i t s  o f  mass per  ml.

The e r r o r s  have been d i s c u s s e d  e lsew here  ( 7 ) .
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RE3UL1S

E f f e c t  o f  I n s u l i n  on metabolism o f  IV drainage bed In a c ro m e g a ly .

C u s h i n g ' s  syndrome and s t a r v a t i o n .

R e su l t s  appear In Table  I .

G lu c o s e : G lucose  uptake in  response  to  i n s u l i n  by t i s s u e  dra ined

by the DV ( c h i e f l y  s k e l e t a l  muscle )  was reduced to  a p p r o x i ­

mately one h a l f  th a t  seen i n  c o n t r o l  s u b j e c t s  ( F ig .  1 ) .  In 

s u b j e c t s  with Cushing ’ s syndrome, th ere  was u n e q u iv o c a l  e v i ­

dence o f  antagonism to  the a c t i o n  o f  i n s u l i n  on g lu c o s e  uptake 

by p e r i p h e r a l  t i s s u e s ,  a f e a t u r e  o f  a d ren a l  h y p e r c o r t i c i s m  

which has p r e v i o u s l y  o f t e n  been d isp u ted  ( 8 ) .

l a c t a t e : There was a small  but d e f i n i t e  in c r e a s e  in  l a c t a t e  p r o ­

d u c t i o n  a f t e r  i n s u l i n  a d m i n i s t r a t i o n .  The f r a c t i o n  o f  g lu co s e  

uptake a cco u n te d  f o r  by l a c t a t e  p r o d u c t io n  ( th e  l / G  r a t i o )  

d ecrea sed  d u r ing  and a f t e r  i n s u l i n  a d m i n i s t r a t i o n  from 0 .3 9  

to  0 .1 7  i n  acrom ega ly ,  from 0 . 6 l  to  0 .3 2  i n  C ush ing 's  syndrome 

and from 1.01 t o  0.55 i n  s t a r v a t i o n .

P o t a s s l u m ; I n s u l i n - i n d u c e d  n e t  inward movement o f  p o t a s s i u m  i n t o

forearm was l e s s  in  the th ree  abnormal groups than in  c o n t r o l s .  

The degree  o f  i n h i b i t i o n  o f  I n s u l i n  e f f e c t  was perhaps g r e a t e r  

i n  acrom egaly  than in  s t a r v a t i o n  and C ush ing 's  d i se a s e  ( F ig .

2 ) .  There were,  o f  c o u r s e ,  c o n s i d e r a b l e  d i f f e r e n c e s  in  basal  

potassium movement a c r o s s  the forearm among the th re e  g roup s :

In s t a r v a t i o n ,  as In c o n t r o l s ,  K+ moved out o f  forearm in t o  

venous plasma; In C ush ing 's  syndrome, escape o f  K+ from



forearm was c o n s i d e r a b l y  e x a g g e ra te d ;  In acrom egaly  there
•j*

was net  inward movement o f  K In to  forearm in  the ba sa l  s t a t e .

E f f e c t  o f  i n s u l i n  on A -  SV c o n c e n t r a t i o n  d i f f e r e n c e s .

R e s u l t s  appear in  Table  I I .

G lu c o s e : Each o f  the th ree  abnormal groups e x h i b i t e d  moderate

i n h i b i t i o n  o f  i n s u l i n - i n d u c e d  g lu c o s e  uptake by forearm t i s ­

sue dra ined  by SV, i n s o f a r  as t h i s  i s  r e f l e c t e d  by A -  SV 

c o n c e n t r a t i o n  d i f f e r e n c e s  ( P i g .  3 ) .  The degree o f  i n h i b i t i o n  

d i s p l a y e d ,  c e r t a i n l y  w ith  r e s p e c t  to  the a c r o m e g a l i c  s u b j e c t s  

s t u d ie d ,  was o f  l e s s e r  magnitude than that  ev id enced  in  the 

deep forearm bed.

L a c t a t e : A small  in c r e a s e  i n  n e g a t iv e  A -  SV l a c t a t e  d i f f e r e n c e s

o c cu rr e d  a f t e r  I n s u l i n ,  w i th  a c o r r e s p o n d in g  modest f a l l  in  

L/G r a t i o .

P o ta ss iu m ; A moderate degree  o f  I n h i b i t i o n  in  i n s u l i n - i n d u c e d
+

change in  K A -  SV c o n c e n t r a t i o n  d i f f e r e n c e s  was noted  

(P ig .  4 ) .

Free f a t t y  a c i d s  (F P A ) ; A d m in is t r a t io n  o f  i n s u l i n  In  the e x p e r i ­

mental g rou p s ,  as i n  c o n t r o l s ,  e f f e c t i v e l y  i n h i b i t e d  net  

r e l e a s e  o f  FFA from forearm a d ip ose  t i s s u e ;  ( P i g s .  5, 6 and 7 ) ,  

th a t  i s ,  A -  SV PPA c o n c e n t r a t i o n  d i f f e r e n c e s ,  n e g a t iv e  under 

ba sa l  c o n d i t i o n s ,  were reduced  to zero or  became p o s i t i v e  

w ith  i n s u l i n .  S ince b a s a l  n e g a t iv e  A -  SV PPA c o n c e n t r a t i o n  

d i f f e r e n c e s  were g r e a t e r  (more n e g a t iv e )  in  s t a r v a t i o n ,  a c r o ­

megaly and C ush ing 's  d i s e a s e  than i n  c o n t r o l s ,  the net  change
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i n  A -  SV FFA c o n c e n t r a t i o n  d i f f e r e n c e  f o l l o w i n g  i n s u l i n  

was a t  l e a s t  equal  to  that  found in  c o n t r o l  s u b j e c t s .  In 

a c r o m e g a l i c  s u b j e c t s ,  who e x h i b i t  a t h r e e f o l d  i n c r e a s e  in  

ba sa l  n e g a t i v e  A -  SV FFA d i f f e r e n c e s ,  the i n s u l i n - i n d u c e d  

change in  A -  SV FFA was g r e a t e r  than in  c o n t r o l s  ( F i g .  5 ) .  

The 66-h o u r  f a s t e d  s u b je c t s  were so e x q u i s i t e l y  s e n s i t i v e  

to  the h y p o l lp a c id e m lc  e f f e c t s  o f  i n s u l i n  that  a r t e r i a l  

FFA c o n c e n t r a t i o n s  f e l l  by 20 per  cen t  o r  more f o l l o w i n g  

i n s u l i n  a d m i n i s t r a t i o n  ( F i g .  6 ) .  S ince th ere  i s  a 1 0 0 - f o l d  

d i l u t i o n  o f  the l o c a l  c o n c e n t r a t i o n  o f  i n s u l i n  (about  300 
i n s u l i n  per  ml.  b r a c h i a l  a r t e r i a l  plasma) in  t o t a l  b lo o d  

volume, o b s e rv e d  changes In a r t e r i a l  FFA were in  resp onse  to 

an e s t im a te d  maximum c o n c e n t r a t i o n  o f  i n s u l i n  o f  3 per  ml.  

r e c i r c u l a t i n g  plasma.

DISCUSSION

There have been r e p o r t s  from time to time i n d i c a t i n g  that  

plasma, or v a r io u s  plasma f r a c t i o n s  may e x h i b i t  l i t t l e  or no 

i n s u l i n - l i k e  a c t i v i t y  ( I . l . A . )  when exposed  to  e x c i s e d  ra t  hemi- 

diaphragm, and y e t  r e t a i n  good i n s u l i n - l i k e  a c t i v i t y  when exposed  

to e x c i s e d  r a t  a d ip o s e  t i s s u e .  For example, S te in ke ,  T a y lor  and 

Renold have r e p o r t e d  th a t  plasma taken from u n tre a te d  Juven i le  

d i a b e t i c  s u b j e c t s  e x h i b i t s  normal I . L . A . , when t h i s  i s  measured 

by the CC2 p r o d u c t i o n  which f o l l o w s  i n c u b a t i o n  o f  e x c i s e d  a d ip o s e  

t i s s u e  w i t h  plasma, but very  low I . L . A . ,  as  measured by the a b i l i t y  

o f  the plasma to i n c r e a s e  g lu c o s e  uptake by r a t  hemldiaphragm (9 ) .
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S i m i l a r l y ,  the o b s e r v a t i o n s  o f  Vallance-Owen and L i l l e y  ( 1 0 ) ,  

and those  o f  Lowy, Blanshard and Phear (11) suggest  the presence  

In albumin f r a c t i o n s  o f  normal human s era  o f  an i n h i b i t o r  to 

i n s u l i n - i n d u c e d  g lu c o s e  uptake by i s o l a t e d  r a t  diaphragm; t h i s  

albumin f r a c t i o n  does  n o t ,  hov:ever, d ep ress  i n s u l i n - i n d u c e d  g l u ­

cose  uptake or  C02 p r o d u c t i o n  by the ep id idym al  pad o f  f a t .  I t  

has been p ro p o se d ,  t h e r e f o r e ,  that  under the p ro p e r  c i r cu m s ta n c e s ,  

th e re  may be i n h i b i t i o n  o f  i n s u l i n  a c t i o n  w ith  r e s p e c t  to  muscle 

but not  t o  f a t  (10) .

There i s  thus n o th in g  n a v e l  i n  the s u g g e s t io n  th a t  c e r t a i n  

a c t i o n s  o f  i n s u l i n  may be e i t h e r  s e l e c t i v e l y  p r e s e r v e d ,  or  s e l e c ­

t i v e l y  d e p r e s s e d .  In  p a t i e n t s  w i th  h y p o p h y s e a l - a d r e n o c o r t i c a l  

d i s e a s e ,  th e r e  was the a n t i c i p a t e d  poor  response  to  i n s u l i n  w ith  

r e s p e c t  to  p e r i p h e r a l  g lu co s e  and potass ium  movement, but i n s u l i n -  

induced i n h i b i t i o n  o f  FFA r e l e a s e  from a d ip o s e  t i s s u e  was r e t a i n e d .

This may i n d i c a t e  e i t h e r  ( l )  d i s c r i m i n a t i o n  o f  I n s u l i n  a c t i o n  

between d i f f e r e n t  t i s s u e s  ( f o r  example, s e l e c t i v e  i n h i b i t i o n  on 

m usc le ,  but not  on f a t )  or  (2 ) d i s c r i m i n a t i o n  between v a r io u s  

i n s u l in -d e p e n d e n t  m e t a b o l i c  r e a c t i o n s  ( f o r  example, i n h i b i t i o n  o f  

i n s u l i n - i n d u c e d  g lu c o s e  and potass ium movement i n t o  bo th  muscle  

and f a t ,  but unchecked i n s u l i n  a c t i o n  on FFA movement in  f a t ) ,  

i h i l e  the former s o l u t i o n  would be i n  l i n e  w ith  much o f  the in  

v i t r o  e v id e n c e ,  we do not  f a v o r  i t .  In  the human forearm , A -  DV 

c o n c e n t r a t i o n  d i f f e r e n c e s  r e f l e c t  m etabolism o f  muscle in  the 

main, and A -  SV d i f f e r e n c e s  r e f l e c t  m etabolism  o f  a d ip o s e  t i s s u e
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ln  the main ( 6 ) .  T h e r e f o r e ,  i f  the a c t i o n  o f  i n s u l i n  were s e l e c ­

t i v e l y  i n h i b i t e d  w ith  r e s p e c t  to  m uscle ,  then the i n s u l i n - i n d u c e d  

in c r e a s e  in  A -  SV d i f f e r e n c e s  i n  h y p o p h y s e a l - a d r e n o c o r t i c a l  

d i s e a s e s  should be the same as c o n t r o l s .  This i s  net  s o :  In  a l l  

three  g roup s ,  bo th  A -  DV and A -  SV g lu c o s e  and potass ium  d i f f e ­

r e n ce s  f o l l o w i n g  I n s u l i n  are  s i g n i f i c a n t l y  l e s s  than c o n t r o l s  ( P i g s .  

1 , 2 , 3  and A ) .

Of c o u r s e ,  SV e f f l u e n t  d ra in s  not  on ly  a d ip o s e  t i s s u e  but 

a l s o  sh in ,  and th ere  I s  undoubted ly  contam ina t ion  by e f f l u e n t  from 

the deep forearm bed .  We t h e r e f o r e  have to  c o n s i d e r  the p o s s i b i l i t y  

that  the d im inut ion  o f  resp onse  to  i n s u l i n  which i s  r e f l e c t e d  in  A -  

SV d i f f e r e n c e s  o f  g lu c o s e  and potass ium  may be the consequence  o f  

con tam ina t ion  o f  SV by e f f l u e n t  from n o n -a d ip c s e  t i s s u e ,  r a th e r  

than t r u l y  i n d i c a t i n g  r e s i s t a n c e  o f  a d ip o se  t i s s u e  to  i n s u l i n .  Two 

c o n s i d e r a t i o n s  make t h i s  u n l i k e l y :  FFA a r i s e s  e x c l u s i v e l y  from a d i ­

pose t i s s u e .  S ince b a s a l  n e g a t iv e  A -  SV FFA d i f f e r e n c e s ,  which 

r e f l e c t  r e l e a s e  o f  FPA from forearm  a d ip ose  t i s s u e ,  were g r e a t e r  

in  a l l  th ree  groups s tu d ie d  than in  c o n t r o l s ,  the c o n t r i b u t i o n  o f  

ad ipose  t i s s u e  to  SV e f f l u e n t  even though not  q u a n t i f i a b l e  was 

undoubted ly  s i g n i f i c a n t .  S econ d ly ,  to  a ccou n t  f o r  the observed  

r e d u c t i o n  in  magnitude o f  i n s u l i n - i n d u c e d  g lu c o s e  and potassium 

A -  SV d i f f e r e n c e s  on the b a s is  o f  DV adm ixture ,  viould r e q u i r e  

contam ina t ion  o f  SV by an e x c e s s  o f  30 per  c e n t .  Because 02 and 

CÔ  A -  DV d i f f e r e n c e s  are  c o n s i d e r a b l y  g r e a t e r  than the r e s p e c t i v e
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A -  SV d i f f e r e n c e s  ( 6 ) ,  a d d i t i o n  to  SV e f f l u e n t  o f  say 30 per 

cent  DV H o o d  would cause a measurable  in c r e a s e  i n  A -  SV d i f ­

f e r e n c e s  o f  th e se  g a s e s .  Ho such I n c re a se  was o b s e rv e d .

For these  r e a s o n s ,  the data are more consonant w ith  the 

n o t i o n  th a t  the a c t i o n  o f  I n s u l i n  on both potass ium  and g lu c o s e  

uptake p e r i p h e r a l l y  i s  d i s c r im in a t e d  from i t s  a c t i o n  on FFA 

r e l e a s e  from a d ip o s e  t i s s u e  (F ig .  8 ) .

I t  i s  p e r t i n e n t  t o  in q u i r e  what the v a r i o u s  c o n d i t i o n s  which 

provoke d i s s o c i a t i o n  o f  i n s u l i n  a c t i o n  may have in  common. In a l l ,  

th ere  i s  d i s tu r b a n c e  o f  the h y p o p h y s e a l - a d r e n o c o r t i c a l  a x i s .  In 

both  acromegaly  and acute  s t a r v a t i o n ,  human growth hormone s e c r e t i o n  

i s  in c r e a s e d  (12, 1 3 ) ,  and fu r th e rm o re ,  d i s s o c i a t i o n  o f  I n s u l i n  

a c t i o n  i n  the fo rearm  may be produced a c u t e l y  by s im ultaneous  HGK 

a d m i n is t r a t i o n  ( 1 4 ) .  How may the p resen ce  o f  in c r e a s e d  c i r c u l a t i n g  

EGK, and perhaps c i r c u l a t i n g  c o r t i s o l ,  m odify  i n s u l i n  a c t i o n  in  

t h i s  fa s h io n ?

Let  us c o n s i d e r  the h y p o th e s i s  th a t  the l o c u s  o f  i n s u l i n  a c t i o n  

i s  a t  the  c e l l  membrane. I t  has been p ro p o se d ,  from measurement 

o f  change in  e l e c t r i c a l  p o t e n t i a l  a c r o s s  mammalian muscle f i b r e  

membranes, th a t  a change in  the f i x e d  e l e c t r i c a l  charge w i t h in  the 

membrane i s  produced  by the a s s o c i a t i o n  o f  i n s u l i n  and the membrane, 

and that  i n s u l i n ,  by h y p o t h e t i c a l l y  de form ing  the membrane, i n c r e a s e s  

i t s  p e r m e a b i l i t y  (15 ) .  In the l i g h t  o f  r e c e n t  d em onstra t ion  by 

Beigelman. and H o l la n d e r  (16) th a t  I n s u l i n  a l s o  i n c r e a s e s  e l e c t r i c a l  

p o t e n t i a l  o f  I s o l a t e d  a d ipose  t i s s u e  c e l l s ,  t h i s  h y p o th e s i s  may a l s o  

ho ld  true  f o r  a d ip o s e  t i s s u e .



- 9 -

C i r c u l a t i n g  a n t a g o n i s t s ,  such as HGH, may a c t  ( l )  by p r e ­

v e n t in g  the normal a s s o c i a t i o n  between i n s u l i n  and the membrane, 

thereby  l e a v i n g  c e l l  p e r m e a b i l i t y  t o  g lu c o s e  u n a l t e r e d  or  (2 ) by 

form ing  a complex w ith  i n s u l i n ,  and now the h y p o t h e t i c a l  a s s o c i a ­

t i o n  o f  the HGH-insulin complex w ith  the membrane, may render  the 

new membrane p o o r l y  permeable t o  g l u c o s e .

I f  the p o s t u l a t e  i s  true  th a t  i n s u l i n  in d u ces  g lu c o s e  and 

potass ium  en try  i n t o  p e r i p h e r a l  c e l l s  by changing the c e l l  mem­

brane,  then  i n h i b i t i o n  o f  these  e f f e c t s ,  with p r e s e r v a t i o n  o f  

i n s u l i n  e f f e c t  on FFA r e l e a s e ,  sugg ests  d i s c r e t e  l o c i  o f  i n s u l i n  

a c t i o n ,  and makes any u n i t a r y  h y p o th e s i s  o f  i n s u l i n  a c t i o n  i n ­

adequate .

To a degree  t h i s  i n t e r p r e t a t i o n  runs c o n t ra ry  to  the gene ­

r a l l y  he ld  v iew  th a t  i n s u l i n - i n d u c e d  i n h i b i t i o n  o f  FFA r e l e a s e  

from a d ip o s e  t i s s u e  i s  secondary  to  enhanced g lu c o s e  uptake by the 

t i s s u e ,  which i n c r e a s e s  i n t r a c e l l u l a r  I - g l y c e r o l  phosphate ,  thereby  

f a v o r i n g  n e t  s y n t h e s i s  o f  t r i g l y c e r i d e  ( 1 7 ) .  Our s t u d i e s  fa v o r  

the n o t i o n  th a t  i n s u l i n  may have a more d i r e c t  r o l e ,  p o s s i b l y  

l n t r a c e l l u l a r l y , i n  caus ing  i n h i b i t i o n  o f  f a t t y  a c i d  r e l e a s e  from 

a d ip o s e  t i s s u e .  S t im u la t io n  o f  the  n e c e s s a r y  enzyme systems 

whereby g l u c o s e  may be s e l e c t i v e l y  channeled to  L - g l y c e r o l  p h os ­

phate i s  o f  course  a p o s s i b i l i t y .  This  may he comparable to the 

i n s u l i n  e f f e c t  i n  r a t  diaphragm where, by i n c r e a s i n g  UEPG g l y c o ­

gen t r a n s g l u c o s y l a s e  a c t i v i t y ,  g lu c o s e  i s  channeled towards 

g ly c o g e n  (18) .
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?hese  o b s e r v a t i o n s  then need not  c o n t r a d i c t  the i n  v i t r o  

ev id ence  t h a t  the p r e s e n c e  o f  g lu c o s e  i s  e s s e n t i a l  f o r  i n s u l i n  

t o  reduce  ITA r e l e a s e  from a d ip o s e  t i s s u e  o r  that  t h i s  a c t i o n  

i s  i n  f a c t  mediated  by i n c r e a s i n g  i n t r a c e l l u l a r  e s t e r i f i c a t i o n  

o f  f a t t y  a c i d s  ( 1 7 ) .

The p e rcen ta g e  o f  g lu c o s e  taken up under i n s u l i n  st imu­

l a t i o n  { l e s s  that  accounted  f o r  by l a c t a t e  p r o d u c t i o n )  which must 

be d i v e r t e d  i n t o  L - g l y c e r o l  phosphate to  that  end ( the  " g l y c e r i d e -  

g l y c e r o l  d r a i n " )  i s  g iv e n  hy the f o l l o w i n g  e q u a t io n :

G l y c e r i d e -  ' 1/6 (A-SV) FFA at  peak i n s u l i n  e f f e c t - B a s a l  (A-SV)FFA<
g l y c e r o l  dra ln=  r  p la sm a cr l t__________________

■ (A-SV) Glucose  -^ (A-SV) l a c t a t e  at  peak i n s u l i n  e f f e c t  

In c o n t r o l  s u b j e c t s ,  t h i s  r a t i o  i s  l e s s  than 0 . 0 5 ;  th a t  i s ,  i f  

i n s u l i n  i n h i b i t s  FFA r e l e a s e  from a d ip o s e  t i s s u e  by f a v o r i n g  i t s  

r e - e s t e r i f i c a t i o n ,  l e s s  than 5 per  cent  o f  a v a i l a b l e  g lu c o s e  need 

be d i v e r t e d  to  l - g l y c e r o l  phosphate t o  that  end. In each o f  the 

three  abnormal s i t u a t i o n s  s t u d i e d ,  the c a l c u l a t e d  ' g l y c e r i d e -  

g l y c e r o l  d r a i n '  i s  g r e a t e r  than 30 per  cen t  but l e s s  than 100 per  

c e n t ,  which c e r t a i n l y  sugg ests  p r e f e r e n t i a l  ch a n n e l in g  o f  g lu c o s e  

to  L - g l y c e r o l  phosphate .

These s tu d ie s  do n o t ,  o f  c o u r s e ,  p rec lu d e  the p o s s i b i l i t y  

that  in  a d d i t i o n  to  I n s u l i n ,  the c i r c u l a t i n g  i n h i b i t o r s ,  HGH and 

c o r t i s o l  i n  the c o n d i t i o n s  s t u d ie d ,  may a l s o  have more than one 

s i t e  o f  a c t i o n .  A ls o  l e f t  unanswered i s  the q u e s t io n  o f  whether 

the two hormones are them selves  a c t i n g  as I n h i b i t o r s ,  or  whether
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they are In s tru m en ta l  i n  p ro v o k in g  the p r o d u c t i o n  o f  an I n h i b i t o r  

o r  i n h i b i t o r s ,  !7ith r e s p e c t  to  HGH, however, un pub l ish ed  e x p e r i ­

ments from our l a b o r a t o r y  i n d i c a t e  th a t  the d i s s o c i a t i o n  o f  I n s u l i n  

a c t i o n  d e s c r i b e d  above may be observed  a c u t e l y  in  the forearm f o l ­

low ing  s im ultaneous  i n j e c t i o n  o f  HGB ( 0 .2 ^.gm/kg/mln.) and i n s u l i n  

(100 / .U /kg/rain .)  i n t o  the b r a c h i a l  a r t e r y .

SUMMARY

The e f f e c t  o f  i n s u l i n ,  a d m in is te re d  by c o n s ta n t  c l o s e  a r t e ­

r i a l  i n j e c t i o n ,  on m etabol ism  o f  human forearm in  s i t u  was observed  

in  6 p a t i e n t s  w ith  a c t i v e  acrom ega ly ,  3 w ith  C u sh in g 's  syndrome 

and in  3 normal s u b j e c t s  in  whom endogenous growth hormone a c t i v i t y  

was s t im u la te d  by a 66-h o u r  f a s t .  Metabolism was a s s e s s e d  by mea­

surement o f  forearm  b lo o d  f l o w  and a r t e r i o v e n o u s  c o n c e n t r a t i o n  

d i f f e r e n c e s .  G lucose  and potass ium  uptake by muscle i n  resp onse  

to I n s u l i n  was l e s s  than h a l f  normal.  I n s u l i n - i n d u c e d  g lu co s e  

and potassium uptake by a d ip o s e  t i s s u e  was red uced ,  but was p r o ­

bably  l e s s  a f f e c t e d  than muscle uptake.  I n s u l i n - i n d u c e d  i n h i b i t i o n  

o f  FFA r e l e a s e  from a d ip o s e  t i s s u e  was unchecked in  these  p a t i e n t s .  

The 66-h o u r  f a s t e d  s u b j e c t s  were so s e n s i t i v e  th a t  a r t e r i a l  FFA 

c o n c e n t r a t i o n s  f e l l  i n  response  to an es t im a ted  maximum 3 U o f  

In su l in /m L  r e c i r c u l a t i n g  plasma. These s tu d ie s  appear to d i s s o c i ­

ate  the a c t i o n  o f  I n s u l i n  on potass ium  and on g lu c o s e  uptake from 

i t s  e f f e c t  on F F A  r e l e a s e .  They make a u n i t a r y  e x p la n a t i o n  o f  

i n s u l i n  a c t i o n  d i f f i c u l t .
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Table  1

Mean E f f e c t  o f  I n s u l i n  on Forearm Metabolism in  

Acrom egaly ,  C u s h in g 's  D isease  and 66-hour S t a r v a t i o n

G lu cose  Uptake

pM/min/100 ml arm

Time a f t e r  
i n su l in  
s t a r t e d  

min Acromegaly C u s h in g 's  D isease S ta r v a t i o n  C o n t r o l s

0 0 .6 0 0 .5 2 0 .4 2 0 .5 2 + 0 .0 7 5

12 1.05 0 .41 0.64 2 .7 0 + 0 .8 1 1

18 1.04 0 .6 1 0 .69 4 .7 1 + 1 .0 2 6

26 1.81 1 .60 1 .46 6 .7 8 + 1 .2 0

40 1.97 1 .3 6 0 .9 7 6 .0 7 + 0 .0 0 8

60 1.84 0 .5 7 0 .7 1 3 .5 2 + 0 .6 4 5

Net Inward Movement o f  Potassium

^M/min/lOO ml arm

0 0 0 0 0

12 - 0 . 1 5 0 .2 3 0 .2 2 0 .6 2 + 0 .2 0 2

18 - 0 . 1 0 0 .3 9 0 .4 6 1 .06+0 .367

26 - 0 . 0 4 0 .8 1 0 .8 3 1 .2 4+0 .35 5

40 +0.12 0 .0 8 0 .7 0 1 .4 7+0 .37 5

60 +0.13 1 .00 0.74 1 .3 0+0 .29 4

I n s u l i n  ad m in is tered  f o r  26 minutes , beg inn ing at time

zero . C on tro l v a lu e s  are means +S.E. o f  means among

ten c o n t r o l  su b j e c t s .  Potassium  data ex pressed as change

in  potassium movement f o l l o w i n g  i n s u l i n ,  compared to 

potassium movement at time z e r o .



T a b l e  I I

Mean E f f e c t  o f  I n s u l i n  on A-SV C o n c e n t r a t io n  D i f f e r e n c e s  in  

Acromegaly ,  C u s h i n g 's  D isease  and 66-hour S ta r v a t i o n

G l u c o s e . (A-SV) D i f f e r e n c e s  

li.M/ml
Time a f t e r  

i n s u l i n  
s t a r t e d  

mi n Acromegaly C u s h in g 's  D isea se  S ta r v a t i o n C o n t r o l s

0 0.21 0 .2 2 0 .1 6 0 .1 7 + 0 .0 1 3

12 0 .3 4 0 .0 9 0 .0 9 0 .4 3 + 0 .0 4 8

18 0 .39 0 .2 0 0 .27 0 .6 5 + 0 .0 6 0

26 0 .53 0.28 0 .4 0 0 .8 3 + 0 .0 3 8

40 0 .5 5 0 .3 6 0 .14 0 .8 0 + 0 .0 3 2

60 0 .4 8 0 .3  8 0 .1 2 0 .50+0 .044

L a c t a t e . (A-SV) Dif  f e r e n c e s

HM/ml

0 0 .17 0 .1 4 0.21 0 .1 5 + 0 .0 1 5

12 0.21 0 .13 - - 0 .12+0 .01  1

18 0.24 0 .2 2 0 .2 6 0 .1 7 + 0 .0 2 9

26 0 .2 0 0 .1 5 0 .2 2 0 .2 3 + 0 .0 3 0

40 0.28 0 .2 4 0 .2 0 0 .2 1 + 0 .0 3 5

60 0 .3 6 0 .19 0 .24 0 .2 4 + 0 .0 3 7

P otass ium . (A-SV) Di f f e r e n c e s

^ l / m l

0 + 0 .0 5 - 0 . 1 9 - 0 . 1 3 - 0 .0 4 + 0 .0 3 3

12 +0.07 - 0 . 0 5 - 0 . 1 2 +0 .09+0 .050

18 ♦0.06 - 0 . 0 6 - 0 . 0 1 ♦0.10+0 .030

26 +0.13 0 . 0 +0.04 +0 .22+0 .040

40 +0.07 0 .0 6 +0.0 6 ♦0.22+0.070

60 +0.09 - 0 . 1 5 +0.05 +0 .24+0 .040

I n s u l i n  ad m in is tered  f o r  26 m inutes ,  beg inn ing  at time zero
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Glucose uptake by forearm f o l l o w i n g  i n t r a - a r t e r i a l  

i n s u l i n  in  acrom ega ly ,  C ush ing 's  syndrome and s t a r v a t i o n .  

A l l  v a lu e s  are  means + S.E. o f  means.

Potassium  movement i n t o  forearm  f o l l o w i n g  i n t r a - a r t e r i a l  

i n s u l i n  in  acrom egaly ,  C u sh in g 's  syndrome and s t a r v a t i o n .  

Data p l o t t e d  as change in  potass ium  A -  DV d i f f e r e n c e s  

compared to  A -  DV d i f f e r e n c e s  a t  time z e r o .  A l l  v a lu e s  

are means + S.E. o f  means.

Glucose  A -  SV d i f f e r e n c e s  f o l l o w i n g  i n s u l i n  in  a c r o ­

megaly ,  Cush ing 's  syndrome and s t a r v a t i o n .  A l l  v a lu e s  

are  means + S.E. o f  means.

Change i n  potassium A -  SV d i f f e r e n c e s  f o l l o w i n g  I n s u l i n  

in  acrom ega ly ,  C ush ing 's  syndrome and s t a r v a t i o n .  A l l  

v a lu e s  a re  means + S.E. o f  means.

A -  SV FFA d i f f e r e n c e s  b e f o r e ,  during  and a f t e r  i n s u l i n  

i n  a c t i v e  acrom ega ly .  Data are  p r e s e n te d  as change in  

A -  SV FFA d i f f e r e n c e s ,  compared w ith  A -  SV d i f f e r e n c e s  

a t  time z e r o .  Each s u b j e c t  i s  i n d i c a t e d  by an I n i t i a l .  

C on tro l  va lues  (mean + S.E. o f  mean) are  a l s o  shown.

A r t e r i a l  (A) and s u p e r f i c i a l  venous (V) FFA l e v e l s  b e f o r e ,  

during  and a f t e r  i n s u l i n  i n  three  s u b j e c t s  f a s t e d  f o r  66 

hours .  Mean c o n t r o l  v a lu e s  are a l s o  shown.



A r t e r i a l  (A) and s u p e r f i c i a l  venous (V) PPA l e v e l s  

b e f o r e ,  during  and a f t e r  i n s u l i n  in  two p a t i e n t s  w ith  

acromegaly  and two p a t i e n t s  w ith  C ush ing 's  syndrome.

Kean c o n t r o l  v a lu e s  are  a l s o  shown.

Schematic r e p r e s e n t a t i o n  o f  d i s s o c i a t i o n  o f  i n s u l i n  

a c t i o n .  Normal a c t i o n s  o f  i n s u l i n  i n  f a c i l i t a t i n g  trans  

l o c a t i o n  o f  g lu c o s e  and potass ium  from b lo o d  i n t o  p e r i ­

p h e ra l  t i s s u e s ,  and i n h i b i t i n g  FFA r e l e a s e  from a d ip ose  

t i s s u e ,  are  r e p r e s e n te d  by s o l i d  b la c k  arrow s .  C ross -  

hatched arrows I n d i c a t e  which a c t i o n s  o f  i n s u l i n  are  

i n h i b i t e d  i n  h y p o p h y s e a l - a d r e n o c o r t i c a l  d i s e a s e .
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EPEECIS OP HUMAN GROWTH HORMONE 

ON FOREARM METABOLISM IN KAN

CHAPTER V III
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I t  has been r e c o g n iz e d  f o r  many yea rs  that  the p i t u i t a r y  

gland e l a b o r a t e s  e i t h e r  one,  or  a fa m i ly  o f  hormones which are 

e s s e n t i a l  f o r  normal growth. During the pa st  decade ,  a number 

o f  i n v e s t i g a t o r s  have prepared p r o t e i n  e x t r a c t s  from human p i t u i ­

ta ry  g la nd s  which f u l f i l l  some o f  the c r i t e r i a  f o r  the p r e v i o u s l y  

e l u s i v e  hormone, human growth hormone (H .G .H.)  (1 ,  2 ,  3 ) .  The KGH 

c o n te n t  o f  the p i t u i t a r y  does not  vary with age (4 )  and assay s  o f  

plasma EGE a c t i v i t y  have r e v e a le d  that  l e v e l s  in  c h i l d r e n  and 

a d u l t s  do n o t  d i f f e r  ( 3 ) .  This  f e a t u r e  has been c o n s i s t e n t l y  o b ­

s e rv e d ,  a l th ough  the a b s o lu t e  l e v e l s  o f  plasma HGH when measured 

by red c e l l  a g g l u t i n a t i o n  te ch n iq u e s  (5 ,  6, 7) have been about 

ten  t imes g r e a t e r  than th a t  r e p o r te d  r e c e n t l y  by Daughaday and 

c o l l e a g u e s ,  u s in g  a radiolmmuno-assay procedure  ( 8 ) .

C ons id era b le  i n t e r e s t  has been aroused ,  in  consequence ,  as 

to  the f u n c t i o n  o f  HGH i n  body economy in a d u l t  l i f e ,  that  i s ,  

a f t e r  c e s s a t i o n  o f  l i n e a r  growth. I n v e s t i g a t i o n  o f  t h i s  problem 

has u s u a l l y  e n t a i l e d  i n j e c t i o n ,  e i t h e r  by in tra m u scu la r  or i n t r a ­

venous r o u t e ,  o f  f a i r l y  l a r g e  doses  o f  HGH, and subsequent o b s e r ­

v a t i o n  o f  the e f f e c t s  on system ic  l e v e l s ,  and t o t a l  body ba la n ce ,  

o f  s e l e c t e d  m e t a b o l i t e s .  S evera l  I n c o n s i s t e n c i e s  have been 

apparent  in  the r e p o r t e d  o b s e r v a t i o n s ,  p a r t i c u l a r l y  w ith  r e s p e c t  

to  carbohy drate  m etabo l ism ,  both  hypo-  and hy per -  g ly cem ia  being  

r e co rd e d  (9 ,  10, 11 ,  1 2 ) ,  and w ith  r e s p e c t  to  f a t  m etabol ism ,  

c o n t r o v e r s y  being  cen tered  on whether or  not  the HGH induced 

h y p e r l ip a c id e m ia  i n v o l v e s  a d i r e c t  l i p o l y t i c  a c t i o n  o f  HGH on 

a d ip o s e  t i s s u e  (1 2 ,  13 ,  1 4 ) .
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Je have p r e v i o u s l y  d e s c r i b e d  a t e ch n iq ue  f o r  a p p r a i s a l  o f  

metabolism o f  forearm t i s s u e s ,  c h i e f l y  s k e l e t a l  muscle and a d i ­

pose t i s s u e ,  in  s i t u  ( 1 5 ) .  This t e ch n iq ue  len d s  i t s e l f  n i c e l y  

to examination o f  l o c a l  e f f e c t s  o f  hormones, which can be i n j e c ­

ted  i n t o  the b r a c h i a l  a r t e r y ,  a l o n g  with blue  dye ,  i n  amounts 

la r g e  enough to  a f f e c t  l o c a l  m etabol ism ,  w ithout  in d u c in g ,  in  

g e n e r a l ,  any sy s te m ic  r e sp o n se .  The e f f e c t s  o f  the hormone are 

t h e r e f o r e  as f a r  as p o s s i b l e  not  c o m p l i c a te d  by any c o u n t e r -  

r e g u la t o r y  mechanisms the body may i n s t i t u t e .  This  i s  p a r t i c u l a r l y  

im portant  v;ith r e s p e c t  to  KGB which has been shewn to  provoke ,  

e i t h e r  d i r e c t l y  o r  i n d i r e c t l y ,  In c re a se d  i n s u l i n  s e c r e t i o n  by the 

pancreas  ( 1 6 ) .

E f f e c t s  on forearm metabolism o f  HGH, ad m in is te red  in  m ic r o ­

gram amounts by c l o s e  I n t r a - a r t e r i a l  i n j e c t i o n ,  were examined In 

f i v e  young s u b j e c t s .  Answers were sought to  the f o l l o w i n g  ques­

t i o n s  (1 )  Does HGH I n f l u e n c e  the uptake o f  g lu c o s e  by forearm 

t i s s u e s ?  (2 )  Is  l a c t a t e  p r o d u c t i o n  by forearm  t i s s u e s  a f f e c t e d ,  

e i t h e r  d i r e c t l y ,  o r  secondary  to  an e f f e c t  on g lu c o s e  uptake?

(3 )  Does HGH i n f l u e n c e  K+ movement a c r o s s  forearm muscle?  In 

p a r t i c u l a r ,  does I t  r e v e r s e  the c h a r a c t e r i s t i c  net  movement o f  K+ 

out o f  forearm muscle noted  i n  c o n t r o l  s u b j e c t s ,  under the c o n d i ­

t i o n s  o f  our  exper im ents  ( 1 5 ) -  (4 )  In the l i g h t  o f  ev id en ce

dem onstra t ing  s i g n i f i c a n t  in c r e a s e  in  02 consumption by forearm 

muscle In acrom ega ly  ( 1 7 ) .  can acute  a d m i n i s t r a t i o n  o f  IIGH r e p r o ­

duce t h i s  e f f e c t ?  and (5 )  rfhat e f f e c t s  are  seen f o l l o w i n g  HGH
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a d m i n is t r a t l o n  on EEA movement in  the forearm , w ith  r e s p e c t  to 

b o th  output  by a d ip o s e  t i s s u e ,  and uptake by s k e l e t a l  muscle?

METHODS

Five  young male s u b j e c t s  o f  normal body weight were s tu d ie d .  

S tu d ies  were performed during  the morning hours 8 A.M. to  12 noon, 

that  i s ,  12 -16  hours a f t e r  the l a s t  meal. P re v io u s  in ta k e  o f  

carbohy drate  was normal.  The b r a c h i a l  a r t e r y  (A ) ,  a d r a in in g  f o r e ­

arm deep v e i n  (DV) and a d r a in in g  forearm s u p e r f i c i a l  v e in  (SV) 

were e a t h e t e r i s e d  by t e ch n iq u e s  d e s c r i b e d  p r e v i o u s l y  ( 1 5 ) .  Blood 

f l o w  to  the forearm  was measured by i n d i c a t o r - d i l u t i o n  te ch n iq u es  

based on c o n t in u o u s  i n f u s i o n  o f  the dye,  T -1824 ,  in t o  the b r a c h i a l  

a r t e r y .  Uptake ( o r  p r o d u c t i o n )  o f  a m e t a b o l i t e  by forearm  muscle 

c a l c u l a t e d  from the eq u at ion  Q = F( A -  DV) where 5 = uptake ( o r  

p r o d u c t i o n )  by forearm  muscle o f  the  m e t a b o l i t e  in  u n i t s  o f  mass 

per  minute per  100 ml forearm , F = b lo o d  ( o r  plasma) f l o w  i n  u n i t s  

o f  ml per  minute and a  and DV are a r t e r i a l  and deep venous b lo o d  

( o r  plasma) c o n c e n t r a t i o n s  In u n i t s  o f  mass per  ml.  A -  SV con ­

c e n t r a t i o n  d i f f e r e n c e s  r e f l e c t  metabolism o f  sk in  and subcutaneous 

a d ipose  t i s s u e  i n  the main. The e r r o r s  and assumptions have been 

d i s c u s s e d  e lsewhere  ( 1 8 ) .

At l e a s t  two s e t s  o f  samples were taken under b a sa l  p o s t a b s o r p -  

t l v e  c o n d i t i o n s .  Basal va lu es  are the means o f  th ese  e s t i m a t i o n s .  

HGH ( l e t  NIK-GE HS 44 B) was then in fu s e d  by c on s ta n t  i n t r a -
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a r t e r i a l  i n j e c t i o n  i n  a dose o f  0 . 2 ^ g m  per  kg per  min. f o r  26 

m inutes .  Samples were taken 12,  18 and 26 minutes f o l l o w i n g  the 

s t a r t  o f  the HGH i n f u s i o n  and f o r  p e r i o d s  up to  one hour t h e r e ­

a f t e r .  C i r c u l a t i o n  to  the hand and w r i s t  was ex c lu d e d  du r ing ,  

and f o r  f i v e  minutes  p r i o r  to  w ithdrawal o f  b lood  samples, and 

f o r  the e n t i r e  p e r i o d  o f  HGH a d m i n i s t r a t i o n .

RSSlfLTS

R e s u l t s  appear  in  Table I .

A r t e r i a l  c o n c e n t r a t i o n  o f  HGH; The c a l c u l a t e d  c o n c e n t r a t i o n  o f

HGH i n  b r a c h i a l  a r t e r i a l  plasma ranged from 300 to 700 m i l l i ­

m icrons  per  ml plasma. At the time these  s t u d ie s  were p e r ­

formed, we were under the im p r e s s io n  that  the c o n c e n t r a t i o n  

o f  HGH we were a d m in is t e r in g  was s im ply  d o u b l in g  the endo­

genous c o n c e n t r a t i o n  o f  HGH ( 5 ) .  Prom the subsequent s tu d ie s  

o f  Daughaday et  a l  (8 )  i t  i s  p ro b a b le  th a t  the l e v e l s  approached 

ten  t imes the normal c o n c e n t r a t i o n  o f  HGK in  the b a s a l  s t a t e .  

B lood  f l o w : Blood f l o w  remained a c c e p t a b l y  co n s ta n t  in  these

e x p er im en ts ,  that  i s ,  i t  d id  not  vary by more than 20 per  cent  

about the mean in  every  c a s e .

A r t e r i a l  c o n c e n t r a t i o n :  Mean changes in  a r t e r i a l  g l u c o s e ,  l a c t a t e  

and potass ium  c o n c e n t r a t i o n s  were in  a d i r e c t i o n  e x p e c te d  from 

the ob se rv e d  l o c a l  r e s p o n s e ,  but were sm a l l ,  l e s s  than 5 per 

c e n t ,  i n  each  c a s e .  Changes i n  a r t e r i a l  FFA c o n c e n t r a t i o n s  

were l a r g e r ;  s i g n i f i c a n t  a r t e r i a l  h y p e r l ip a c id e m ia  was r e ­

corded  in  f o u r  o f  the f i v e  s u b j e c t s .
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G lu c o s e ; A prompt d ecrea se  in  g lu c o s e  A -  LV c o n c e n t r a t i o n

d i f f e r e n c e s  and g lu c o s e  uptake (0 G) o f  forearm muscle o c c u r ­

red f o l l o w i n g  HGH a d m i n i s t r a t i o n .  At peak e f f e c t ,  g lu co se  

uptake had dropped to  about one q u a r te r  o f  the ba sa l  v a lu e ,  

and the d e c re a s e  p e r s i s t e d  f o r  the e n t i r e  p e r i o d  during  which 

o b s e r v a t i o n s  were made. ( F ig .  1 ) .

L a c t a t e ; L a c ta te  p r o d u c t i o n  f e l l  s i g n i f i c a n t l y  f o l l o w i n g  HGH

a d m i n i s t r a t i o n ,  presumably secondary  to  the d ecrea sed  uptake 

o f  g lu c o s e  by forearm muscle ( F i g .  2 ) .  S ince g lu c o s e  uptake 

f e l l  to  a g r e a t e r  e x t e n t  than d id  l a c t a t e  p r o d u c t i o n ,  the L/G 

r a t i o ,  which d e f i n e s  the f r a c t i o n  o f  g lu c o s e  uptake accounted  

f o r  by l a c t a t e  p r o d u c t i o n ,  r o se  from 0 . 4  b a s a l l y ,  to  0 .8  

during  HGH a d m i n i s t r a t i o n .

02 , COQ, and R.Qj No changes were observed  i n  02 consumption f o l ­

low ing  HGH a d m i n i s t r a t i o n .  The s t r i k i n g  i n c r e a s e  i n  forearm 

muscle $o2 no te d  i n  acromegaly  (17)  was not  reproduced  by 

acute  a d m i n i s t r a t i o n  o f  HGH. A sm a l l ,  but s i g n i f i c a n t  f a l l  

i n  R.Q. was, however, c o n s i s t e n t l y  r e c o r d e d .

P ota ss iu m : HGH r e v e r s e d  the c h a r a c t e r i s t i c  net  movement o f  p o t a s ­

sium out c f  forearm  muscle in to  venous plasma ( 1 5 ) .  This 

e f f e c t ,  c l e a r l y  v i s i b l e  in  4 o f  the 5 s u b j e c t s  when measured 

at  12 m inu tes ,  reached i t s  maximum at  18 m inutes ,  and then 

p la te a u e d  f o r  the e n t i r e  p e r i o d  o f  o b s e r v a t i o n  (F ig .  3 ) .
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G lu co se .  l a c t a t e  ana potass ium  A -  SV c o n c e n t r a t i o n  d i f f e r e n c e s : 

Changes i n  A -  SV g l u c o s e ,  l a c t a t e  and potass ium  A -  SV 

d i f f e r e n c e s  p a r a l l e l l e d  these  observed  i n  A -  DV c o n c e n t r a t i o n  

d i f f e r e n c e s .

FFA: A r t e r i o - s u p e r f i c i a l  FFA c o n c e n t r a t i o n  d i f f e r e n c e s ,  which

r e f l e c t  d i s c h a r g e  o f  FFA from subcutaneous a d ip o s e  t i s s u e  in to  

venous plasma, c l e a r l y  in c r e a s e d  ( i . e . ,  became more n e g a t iv e )  

f o l l o w i n g  EGE ( F i g .  4 ) .  This  i s  c o n s i s t e n t  with the n o t i o n  

th a t  HGH promotes  r e l e a s e  o f  FFA from ad ip ose  t i s s u e .  In  con ­

t r a s t  to the prompt changes in  g lu c o s e  ana potass ium , t h i s  

e f f e c t  i s  d e l a y e d ,  becoming s i g n i f i c a n t  40 minutes a f t e r  the 

s t a r t  o f  the HGH i n f u s i o n .  This  su g g e s ts  th a t  t h ia  a c t i o n  

may w e l l  be i n d i r e c t .  The a r t e r i a l  hy p er l ip a c id era ia  noted  in  

f o u r  o f  the f i v e  s u b j e c t s  i s  c o n s i s t e n t  w ith  t h i s  v iew ,  and 

sugg ests  th a t  t h i s  may be the most s e n s i t i v e  in d ex  o f  HGH 

a c t i v i t y .  A system ic  e f f e c t  was r e co r d e d  in  resp onse  to an 

es t im a ted  HGH c o n c e n t r a t i o n  o f  44 m/<gm per ml r e c i r c u l a t i n g  

plasma.

Owing to a n atom ica l  c o n s i d e r a t i o n s ,  the F ick  p r i n c i p l e  i s  

n o t  e n t i r e l y  a p p l i c a b l e  to  assessment o f  FFA metabolism by 

human forearm m u sc le s .  Deep venous e f f l u e n t  dra ins  n o t  on ly  

muscle but a l s o  a d ip o s e  t i s s u e  which i s  s treaked  in t i m a t e l y  

among muscle  f i b r e s .  A -  DV c o n c e n t r a t i o n  d i f f e r e n c e s ,  

t h e r e f o r e ,  r e f l e c t  s im ultaneous  uptake o f  FFA by s k e l e t a l
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muscle and r e l e a s e  "by a d ip o s e  t i s s u e ,  which c o m p l i c a te s  

a n a l y s i s  o f  e f f e c t s  o f  HGH. A -  DV FFA c o n c e n t r a t i o n  d i f ­

f e r e n c e s  became p o s i t i v e  or  more p o s i t i v e  f o l l o w i n g  HGH 

a d m i n i s t r a t i o n  ( P i g .  5 ) .  In  the l i g h t  o f  the a b i l i t y  o f  

HGH to i n c r e a s e  FPA r e l e a s e  from the s u p e r f i c i a l  bed, i t  

may have been a n t i c i p a t e d  th a t  FFA A -  DV d i f f e r e n c e s ,  which 

o f  course  d ra in s  an u n c e r t a in  amount o f  in te rm u scu la r  a d ip ose  

t i s s u e ,  would be reduced  or  even become n e g a t i v e .  The p e r ­

centage  o f  forearm muscle 0^ uptake a cco u n te d  f o r  by PFA 

o x i d a t i o n ,  PFA/Og, a c t u a l l y  i n c r e a s e s  from an apparent ba sa l  

va lue  o f  0 .1 5  to  0 . 7 2 ,  under maximal KGH s t i m u l a t i o n .  This 

f a v o r s  the v iew th a t  HGH i n c r e a s e s  the r a t e  o f  o x i d a t i o n  o f  

m o b i l i s e d  f a t t y  a c i d s .

OISCUSSIOH

The human forearm  i s  s e n s i t i v e  t o  HGH i n  c o n c e n t r a t i o n s  o f  

s e v e r a l  hundred m i l l im ic r o g r a m s  per  ml. A prompt e f f e c t  was noted  

on g l u c c s e  uptake by forearm  muscle which was reduced to 25 per  

cent  o f  i t s  b a s a l  v a lu e .  Demonstration  o f  a d i r e c t  i n h i b i t o r y  

e f f e c t  o f  KGH on g lu c o s e  uptake by forearm  muscle i s  i n  keep ing  

w ith  the s o - c a l l e d  ‘ d i a b e t o g e n i c 1 p r o p e r t i e s  o f  the hormone demon­

s t r a t e d  by e a r l i e r  workers (19 ,  2 0 ) .

I f  the r e sp o n s e  o f  forearm  s k e l e t a l  muscle  i s  t y p i c a l  f o r  

a l l  body s k e l e t a l  m uscle ,  then the f r e q u e n t l y  r e c o r d e d  h y p e r g ly ­

cemic p r o p e r t i e s  o f  HGH become r e a d i l y  e x p l i c a b l e .  A small  r i s e



- 8 -

i n  a r t e r i a l  g lu c o s e  was a c t u a l l y  o b serv ed  by us .  Our o b s e r v a t i o n s  

do n o t ,  however,  r e s o l v e  the w e l l  documented " e a r l y  h y p o g ly ce m ic "  

e f f e c t s  o f  HGH which f o l l o w  the  system ic  a d m i n i s t r a t i o n  o f  l a r g e  

doses  o f  HGH (9 ,  1 0 ) .  Presumably t h i s  i s  an i n d i r e c t  e f f e c t ,  in  

p a rt  perhaps a consequence  o f  enhanced i n s u l i n  r e l e a s e  from the 

pancreas  ( 1 6 ) .

Of c o n s i d e r a b l e  i n t e r e s t  was the o b s e r v a t i o n  th a t  l a c t a t e  

p r o d u c t i o n  d e c r e a s e d  as g lu c o s e  uptake d e c re a s e d .  This  tends to 

support  the v iew  th a t  l a c t a t e  p r o d u c t i o n  by forearm  muscle  i s  i n ­

f l u e n c e d  by the  magnitude o f  g lu c o s e  uptake ,  even in  the f a c e  o f  

v ig o r o u s  0 ? consumption by forearm muscle (15 ,  1 8 ) .  Concomitant 

w ith  the d e c r e a s e  i n  g lu c o s e  uptake ,  th ere  was a f a l l  i n  the 

G-L/O2 r a t i o ,  th a t  i s ,  the f r a c t i o n  o f  02 consumption accounted  

f o r  by g lu c o s e  o x i d a t i o n ,  from 0 .2 7  to  0 . 0 4 .  The e f f e c t s  o f  HGH 

on FFA m etabo l ism  are prob a b ly  mediated  by bo th  an in c r e a s e  in  

uptake by forearm muscle and an in c r e a s e d  r e l e a s e  from a d ip ose  

t i s s u e .  Because o f  the e x q u i s i t e  s e n s i t i v i t y  o f  a r t e r i a l  FFA 

l e v e l s  f o l l o w i n g  HGH, we have been unable to  e s t a b l i s h  c o n c l u s i v e l y  

whether the l i p o l y t i c  e f f e c t s  are d i r e c t  o r  i n d i r e c t .  However, 

the marked d e lay  b e f o r e  the e f f e c t  becomes apparent fa v o r s  the 

l a t t e r .  This i s  i n  keep ing  w ith  e v id e n c e ,  based on s t u d ie s  with 

e x c i s e d  r a t  a d ip o s e  t i s s u e ,  th a t  the i n  v i t r o  l i p o l y t i c  p r o p e r t i e s  

o f  growth hormone p r e p a r a t i o n s  are  e i t h e r  i n c o n s t a n t ,  or  on ly  

a ch ieved  when e x c e e d in g ly  h igh  c o n c e n t r a t i o n s  are employed ( 1 3 ) .

The observed  i n c r e a s e  in  p o s i t i v e  A -  DV FFA d i f f e r e n c e s  and
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FPA/Oj r a t i o s ,  f a v o r s  the v iew that  HGH i n c r e a s e s  FFA uptake by 

s k e l e t a l  m usc le .  The notion, that  growth hormone in c r e a s e s  f a t t y  

a c i d  o x i d a t i o n  was advanced by Greenbaum and McLean (21)  working 

w ith  ra t  l i v e r  s l i c e s ,  and i s  supported  by the e le g a n t  in  v iv o  

i s o t o p i c  s t u d i e s  o f  de Bodo and c o l l e a g u e s  i n  dogs ( 2 2 ) .  Exami­

n a t i o n  o f  the R.Q. o f  forearm  m usc le ,  which f a l l s  f c l la 'w in g  HGH 

a d m i n i s t r a t i o n ,  su g g ests  th a t  combustion  o f  f a t t y  a c i d s  i s  p r o ­

ce e d in g  to 2 -Carbon fragments  more r a p i d l y  than can be accomodated 

by the  t r i c a r b o x y l i c  a c i d  c y c l e .  U n fo r tu n a t e ly ,  our e s t im a t io n s  o f  

R.Q. are too  i n f r e q u e n t  and fragm entary  t o  e s t a b l i s h  e i t h e r  the 

temporal  d u r a t i o n  o f  t h i s  f a l l ,  o r  whether th e r e  was any subsequent 

r i s e  o f  R.Q. which would a t te n d  the even tu a l  complete  combustion  

o f  2-Carbon fragm ents .

SUMMARY

Porearm t i s s u e s  are  extrem ely  s e n s i t i v e  to  a d m i n is t r a t i o n  o f  

HGE in  a c o n c e n t r a t i o n  o f  s e v e r a l  hundred m/gm per  ml b r a c h i a l  

a r t e r i a l  plasma. HGH promptly promotes  en try  o f  potassium in to  

forearm  m uscle ,  and reduces  g lu c o s e  uptake to  o n e - f o u r t h  basa l  

v a lu e s ,  w i th  a concom itant  decrea se  in  l a c t a t e  p r o d u c t i o n  by the 

forearm . The e f f e c t s  o f  HGH on PPA metabolism are p r o b a b ly  mediated 

by bo th  an I n c r e a s e  in  FFA uptake by forearm m uscle ,  and an i n ­

c rea sed  r e l e a s e  o f  PPA from forearm a d ip ose  t i s s u e .  The l a t t e r  

e f f e c t  i s  p ro b a b ly  i n d i r e c t ,  and i s  accompanied by s i g n i f i c a n t  

h y p e r l lp a c i d e m ia .  This  p ro b a b ly  c o n s t i t u t e s  the most s e n s i t i v e  

in d e x  o f  HGH a c t i v i t y .
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T able  I

Mean E f f e c t  o f  H.G.H. on Forearm Metabolism

Time
a f t e r

Plasma 
f  low A-DV m A-DV A-DV

H.G.H. m l /m in / Glucose q L acta te Q Pot a s s i  urn Q
s t a r t e d 100 ml arm gM /  ml Glucose gM/ml L a cta te g,M/ml Potassium

0 2 .3  + 0.19 0 .2 4  + 0 .052 0 .85 - 0 . 1 3  + 0 .0 5 7 0 .7 4 - 0 . 2 3  + 0 .077 - 0 . 5 9

12 2 .3  + 0 .2 5 0 .0 8  + 0 .038 0 .38 - 0 . 1 5  + 0 .0 3 8 0 .5 7 - 0 . 0 3  + 0 .0 4 6 - 0 . 0 7

18 2 .3  + 0 .2 8 0 .1 5  + 0 .027 0 .58 - 0 . 0 9  + 0 .013 0 .3 5 +0.09 + 0 .035 + 0 .22

26 2 .4  + 0 .1 9 0 .0 6  + 0.043 0 .18 - 0 . 0 8  + 0 .028 0 .3 2 +0.10 + 0.051 +0.25

40 2 .2  + 0 .30 0 .1 6  + 0 .036 0 .58 - 0 . 0 9  + 0 .033 0 .3 0 +0.12 + 0 .032 + 0 .31

60 2 .3  + 0 .23 0 .1 2  + 0 .025 0 .42 - 0 . 1 5  + 0 .033 0 .4 9 +0.13 + 0 .025 +0.29

Values  1for  A-DV d i f f e r e n c e s  are expressuined as [xM/ml
•

and v a lu e s  f o r  Q are

pM/min/lOO ml arm. A l l  va lues  are means +S.E. o f  means. S .E .  o f  means f o r

g l u c o s e '  ^ l a c t a t e  and % o t a s s lu ™  aPPear in  F i S“ r e s  11 and n I - 
ad m inistered  f o r  26 minutes b e g in n in g  at time z e r o .

R.C 

0 .7 5  +

0 .6 1  +

0 .6 3  +

0 .0 4 9

0 .0 3 6

0 .0 1 5

H.G.H.



LEGEND TO FIGURES

F ig  1 .

F i g .  2.

F i g .  3.

F ig .  4 .

F i g .  5-

Glucose  uptake by forearm  t i s s u e s  i n  resp onse  to  

i n t r a - a r t e r i a l  H.G.H. Data are  p l o t t e d  as means +

S.E. o f  means.

l a c t a t e  p r o d u c t i o n  by forearm  t i s s u e s  in  response  to 

i n t r a - a r t e r i a l  H.G.H. Data are p l o t t e d  as means +

S.E. o f  means.

E f f e c t  o f  H.G.H. on forearm potass ium  uptake ,  exp ressed  

as  the i n c r e a s e  in  n e t  inward movement o f  potass ium , 

compared to  potass ium movement a t  time z e r o .  Data are 

p l o t t e d  as means + S .E .  o f  means.

E f f e c t s  o f  H.G.H. on A -  3V FFA d i f f e r e n c e s  in  the 

human fo rea rm .  Data are  p l o t t e d  as  means + S.E. o f  means.

E f f e c t  o f  H.G.H. on A -  DV FFA d i f f e r e n c e s  in  the human 

forearm . Data are  p l o t t e d  as  means + S .E. o f  means.
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