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Summary. In skeletal muscle, a defect in the covalent activa- 
tion of glycogen synthase by insulin has been identified in 
insulin resistance and in Type 2 (non-insulin-dependent) 
diabetes mellitus, but a similar defect in insulin action at the 
adipose tissue has not been demonstrated. We sought to 
determine whether this defect in insulin action in muscle was 
also present in the same pathway in adipose tissue. We exam- 
ined the effect of in vivo insulin on adipose tissue glycogen 
synthase and phosphorylase activity in normal (n = 11), 
hyperinsulinaemic (n = 8), and impaired glucose tolerant 
and Type 2 diabetic (n = 8) rhesus monkeys. Adipose tissue 
samples were obtained before and during a euglycaemic 
hyperinsulinaemic clamp. Glycogen synthase fractional 
velocity, independent and total activities were significantly 
higher in the insulin-stimulated samples compared to the 
basal samples in the normal group (p < 0.05, respectively). In 
the hyperinsulinaemic group, however, insulin had no effect 

on glycogen synthase fractional velocity or independent ac- 
tivity, but did increase the total activity of glycogen synthase 
and phosphorylase (p < 0.05, respectively). Furthermore, 
both the basal and the insulin-stimulated total activities of 
these two enzymes were significantly greater in the hyperin- 
sulinaemic group as compared to both the normal and the 
diabetic groups (p <0.05, respectively). In the diabetic 
group, insulin was without effect on glycogen synthase frac- 
tional velocity, independent activity or total activity. We con- 
clude that the covalent activation of adipose tissue glycogen 
synthase by insulin is absent in both obese hyperinsulinaemic 
and in spontaneously diabetic monkeys. 

Key words: Glycogen synthase, glycogen phosphorylase, in- 
sulin action, rhesus monkeys, adipose tissue, insulin resis- 
tance, Type 2 (non-insulin-dependent) diabetes mellitus, in- 
sulin-mediated glucose disposal rates. 

Insulin activates glycogen synthase in both muscle and 
adipose tissue by increasing the ratio of the independent 
activity of the enzyme to the total activity [1, 2]. In muscle 
from many species (including rats, mice, rabbits, monkeys 
and humans) and in adipocytes prepared from epididymal 
fat pads from rats, insulin has been shown to exert this ef- 
fect on glycogen synthase without increasing the total 
activity of the enzyme [2-16]. In isolated adipocytes pre- 
pared from subcutaneous adipose tissue from normal 
human subjects, however, insulin increased both the inde- 
pendent activity and total activity of glycogen synthase 
over basal values [17], and this was also found in isolated 
adipocytes from obese and Type 2 (non-insulin-depen- 
dent) diabetic subjects [17]. In contrast to this observation 
of normal insulin action on glycogen synthase in adipo- 
cytes from diabetic humans, insulin activation of skeletal 
muscle glycogen synthase from humans and from rhesus 
monkeys with Type 2 diabetes has been shown to be de- 
fective [18-23]. Additionally, prior reports have found an 
absence of [22] or reduced insulin action on skeletal 

muscle glycogen synthase from insulin-resistant humans 
[24, 25] and monkeys [23] and in first degree relatives of 
Type 2 diabetic patients [26]. In muscle, therefore, the 
defect in insulin action on glycogen synthase is an early 
event, preceding the development of overt diabetes. 

Glycogen storage in muscle serves a different purpose 
from glycogen storage in adipose tissue. In the muscle, gly- 
cogen provides energy for contraction, whereas in the adi- 
pose tissue, glycogen provides one source of glycerol 3- 
phosphate which is necessary for the esterification of fatty 
acids to triacylglycerides [27]. It is therefore possible that 
the effect of insulin on glycogen synthase is differentially 
regulated in muscle and adipose tissue and that a defect in 
one tissue may not be present in the other. We hypo- 
thesized that a defect in the covalent activation of adipose 
tissue glycogen synthase in response to insulin would be 
present in Type 2 diabetic monkeys, but that the activa- 
tion of adipose tissue glycogen synthase by insulin in 
obese hyperinsulinaemic monkeys would be either similar 
to or greater than that in normal monkeys. This hypo- 
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thesis was b a s e d  on  ea r l i e r  f indings in non -d i abe t i c  obese  
m o n k e y s  tha t  d e m o n s t r a t e d  n o r m a l  o r  e n h a n c e d  glucose  
ox ida t ion  and l ip id  synthesis  in r e sponse  to  in v i t ro  insulin 
as c o m p a r e d  to n o r m a l  monkeys ,  and  r e d u c e d  glucose 
ox ida t ion  and l ip id  synthes is  in d iabe t ic  m o n k e y s  as com-  
p a r e d  to p ro -d i abe t i c  m o n k e y s  [28], 

We  t h e r e f o r e  sought  to  d e t e r m i n e  in vivo insulin ac t ion  
on to ta l  and  i n d e p e n d e n t  act ivi t ies  of  g lycogen  synthase  
and on g lycogen  synthase  f rac t iona l  ve loc i ty  in subcuta-  
neous  a b d o m i n a l  ad ipose  t issue f rom n o r m a l  monkeys ,  
f rom non -d i abe t i c  insu l in- res i s tan t  monkeys ,  and  f rom 
Type  2 d iabe t ic  monkeys .  We also e x a m i n e d  the r e l a t ion -  
ship b e t w e e n  insulin ac t iva t ion  of  g lycogen  synthase  in 
ad ipose  t issue and  w h o l e - b o d y  in su l in -med ia t ed  glucose 
d i sposa l  ra tes  and  degree  of  obes i ty  (pe rcen t  b o d y  fat).  
Act iv i t ies  of  g lycogen  p h o s p h o r y l a s e  u n d e r  basa l  fast ing 
and eug lycaemic  hype r in su l i naemic  c l amp condi t ions  
were  also d e t e r m i n e d .  

Materials and methods  

Rhesus monkeys (Macaca mulatta), under longitudinal study in the 
Obesity and Diabetes Research Center, were selected for inclusion 
in the present study (n = 27). This group ranged in age from 7 to 
25 years and in body weight from 8 to 27 kg. The colony is main- 
tained in accordance with the National Institutes of Health Guide 
for the Care and Use of Laboratory Animals [29]. All animals were 
in excellent health and were individually housed and maintained 
under constant laboratory conditions. They were maintained on 
either a complete liquid diet (Ensure; Ross Laboratories, Inc., Col- 
umbus, Ohio, USA) or Purina Monkey Chow (Purina, St. Louis, 
Mo., USA). The longitudinal characterization of the monkeys was 
used to select three groups for the present study; normal monkeys, 
hyperinsulinaemic monkeys, and monkeys with significantly im- 
paired glucose tolerance, most of which were overtly diabetic. In ac- 
cord with the prior longitudinal characterization, the animals had 
been classified into phases associated with the progression to overt 
diabetes [30]. Group 1 (n = 11) consisted of normal monkeys with 
fasting plasma glucose less than 4.4 retool/1 and normal glucose toler- 
ance, previously identified as in phase 1 or 2 [30]. The second group 
(n = 8) included those in the transition between normal and im- 
paired glucose tolerant, who were hyperinsulinaemic (fasting plas- 
ma insulin _> 718 pmol/1) and insulin-resistant (whole-body insulin- 
mediated glucose disposal rates _< 7.3 rag- kg fat-free mass 1. mJn 1) 
(phases 3-6). The third group (n = 8) had progressed to significant- 
ly impaired glucose tolerance (glucose disappearance rate, KG~ . . . .  
< 1.6 %/min) including six who were overtly diabetic as defined by 
National Diabetes Data Group criteria (phases %9) [31]. 

The monkeys were not receiving any medication; insulin treat- 
ment had not yet been initiated for the diabetic animals. 

Procedures 

Procedures requiring less than 2 h (for example fasting plasma sub- 
strate and hormone levels, intravenous glucose tolerance tests and 
the body fat determinations) were carried out under sedation with 
ketamine hydrochloride (10 mg/kg). Glucose disappearance rate 
(KG~ ..... ) and acute insulin response (0-10 min) were determined 
during an intravenous glucose tolerance test as previously described 
[30, 32, 33]. The euglycaemic hyperinsulinaemic clamp protocol was 
carried out under fentanyl citrate anaesthesia (0.01 mg/kg) with suc- 
cinylcholine (1 mg/kg) used initially, followed by vecuronium bro- 
mide (t?.l mg/kg) for muscle relaxation. Diazepam (2.5 rag/dose, 

total of 15 rag) was given as needed. All monkeys tolerated this pro- 
cedure well, and there were no adverse effects. 

Experimental protocol 

Prior to the initiation of the eugtycaemic hyperinsulinaemic damp, a 
subcutaneous fat biopsy (1 g) was obtained from the right abdominal 
area, placed in phosphate buffer (pH = 7.5) and processed immedi- 
ately. The euglycaemic hyperinsulinaemic clamp was initiated with a 
priming infusion of regular pork insulin, followed by continuous in- 
sulin infusion (400 mU - m 2 body surface area ~ �9 min 1) for 120 min. 
This dose had been previously determined to produce maxinaal in- 
suiin-stimuIated glucose disposal. The rate of infusion of a 20 % glu- 
cose solution was adjusted to maintain euglycaemia [32]. Insulin- 
mediated glucose &sposal rate was calculated at stable glucose levels 
of 4.4 to 5.0 mmol/1 for all animals. This insulin infusion rate pro- 
duced a steady-state plasma insulin concentration of 33,582_+ 
1,488 pmol/1 (mean _+ SEM, n = 27). The calculation of glucose dis- 
posal rate was corrected for fat-free mass as determined by the tri- 
tinted wa~er dilution method ~34J. During the final 20 rain of the eu- 
glycaemic clamp, 117 _+ 3 min (mean +_ SEM, n = 27) after the onset 
of the insulin infusion, an additional subcutaneous fat biopsy was ob- 
tained from the left abdominal area as indicated above. 

The adipose tissue samples were dissected free of blood and ob- 
vious connective tissue and placed in a phosphate buffer solution 
(pH = 7.5). The samples were then centrifuged at 1200 x g for 5 min 
at room temperature, the fat removed, weighed and homogenized 
(20% weight/volume solution) in a buffer solution containing 
50mmol/1 tricine, 0.1% 2-mercaptoethanol, 10mmol/l EDTA, 
100 mmol/1 potassium fluoride and 0.5 mmol/1 phenylmethylsulpho- 
nyl fluoride. The homogenate was centrifuged at 8800 • g for 2 min 
at 4 ~ 

Assays 

Plasma glucose levels were determined using the Beckman Glucose 
Analyzer II (Beckman Instruments, Fullerton, Calif., USA) and 
plasma insulin levels by a double antibody radioimmunoassay [35]. 
Body fat was determined using tritiated water (4/zCi/kg) with dilu- 
tion determined on plasma samples obtained at 1 h [34]. 

Glycogen synthase assay. The assay of glycogen synthase was based 
on the incorporation of uridine 5'-diphospho-[U-14C] glucose into 
glycogen and activities were expressed as nmol of glucose incorpor- 
ated into glycogen per min - mg of protein. Activities of glycogen 
synthase were measured by adding 30 gI of adipose tissue infraua- 
tant to 60 gl of reaction mixture (50 retool/1 Trizma base, 20 mmol/l 
EDTA, 87.5 mmol/1 potassium fluoride, 0.2 mmol/1 uridine 5'-di- 
phosphoglucose, 5000 dpm uridine 5'-diphospho-[U-14C] glucose 
per nmol/1 uridine 5'-diphosphoglucose, and 1% glycogen). Total 
glycogen synthase activity and the activity of the independent form 
of glycogen synthase were measured using glucose 6-phosphate con- 
centrat~ons of 10 retool/1 and (1.1 retool/l, respectively I36J. The frac- 
tional velocity of glycogen synthase was the percent activity in the 
presence of 0.1 mmol/1 glucose 6-phosphate relative to the activity in 
the presence of 10 mmol/1 glucose 6-phosphate. The optimal reac- 
tion time (10 rain) was determined by a percent substrate consump- 
tion of 30 % or less (mean _+ SEM 9 _+ 1%, n = 27). 

Glycogenphosphorytase assay. The assay of glycogen p hosphorylase 
was based on the incorporation of [U-t4C] glucose 1-phosphate into 
glycogen and activities were expressed as gmol of glucose incorpor- 
ated into glycogen per rain. mg of protein. Activities of phosphory- 
lase were measured by adding 60 gl of adipose tissue infranatant 
to 60 gl of reaction mixture (200 retool/1 potassium fluoride, 
100 mmol/1 glucose 1-phosphate, 27,000 dpm [U-14C] glucose 1- 
phosphate per nmol/l glucose 1-phosphate, and 1% glycogen). Total 
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Table 1. Characteristics of the groups ofmonkeys studied 

Group i Group 2 Group 3 
(Normal) (Hyper- (Impaired 

insulin- glucose tole- 
aemic) rant/Type 2 

diabetic) 

Phase 1-2 3-6 7-9 

n 11 8 8 

Age (years) 12 -+ 2 15 _+ 2 21 + 1 u. f 

Body weight (kg) 12+1 18+_2 b 13_+1 ~ 

Body fat (%) 21 + 2 29_+ 2 ~ 31 + 3 ~ 

Fasting plasma glucose 
(mmol/1) 3.6+0.1 3.7_+0.1 9.8_+t a,d 

Fasting plasma insulin 
(pmol/l) 234-+31 828_+74 ~ 390 + 115 d 

Kal ..... (%/min) 3.9+0.3 2.8_+0.2 b 1.2+0.1 "'d 

Acute insulin response 
(pmol . l - l .min -~) 1440-+322 2520-+560 168+45 c,d 

M (mg. kg fat-free mass ~. 
min -1) 10.4 -+ 0.9 5.3 _+ 0.5 ~ 1.7 _+ 0.6 "' ~ 

p < 0.001, b p < 0.01, ~ p < 0.05 significantly different from Phases 
1-2; Values shown are mean _+ SEM 
dp < 0.001, ~p < 0.01, fp < 0.05 significantly different from Phases 3-6 
M, whole-body glucose disposal rates 
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15.1 mmol/1. G luc ose  to l e rance  d e c r e a s e d  progress ive ly  
f rom the n o r m a l  to  the  i m p a i r e d  glucose  t o l e r an t /d i abe t i c  
group.  A c u t e  insulin r e sponse  to  in t r avenous  glucose  
showed  an  i nve r t ed  " U "  shape  p rev ious ly  iden t i f i ed  in 
s tudies  of  the  longi tud ina l  p rogres s ion  to over t  d i abe te s  
[33]. Pe r i phe ra l  g lucose  d isposa l  u n d e r  eug lycaemic  
c lamp condi t ions  (an e s t ima te  of  p e r i p h e r a l  insulin sensi-  
t ivity) r a n g e d  f rom 16.1 to 0 mg �9 kg fa t - f ree  mass  -1 �9 min  -1, 
p rogress ive ly  dec reas ing  across the  t h ree  groups,  and  all 
g roups  d i f fered  s ignif icant ly  f rom each  o the r  (p < 0.01, re-  
spect ively) .  

Basal and insulin-mediated adipose tissue glycogen syn- 
thase activity. The  i n d e p e n d e n t  act ivi ty  ( u p p e r  pane l )  and  
to ta l  act iv i ty  ( lower  pane l )  of  g lycogen  synthase  wi th in  
and  b e t w e e n  groups  unde r  basa l  and  insu l in - s t imula ted  
condi t ions  are  shown in F igure  1. The  f rac t iona l  ve loc i ty  
of  g lycogen  synthase  wi thin  and b e t w e e n  groups  unde r  
basa l  and  insu l in -s t imula ted  condi t ions  is shown in Fig-  
ure  2. On ly  the  n o r m a l  m o n k e y s  (n = 11) had  signif icant  
ac t iva t ion  of  g lycogen  synthase  by  insulin as m e a s u r e d  by  
b o t h  the  f rac t iona l  ve loc i ty  (10 + 2 vs 15 +_ 3 %,  p < 0.05) 
and  i n d e p e n d e n t  act ivi ty  of  g lycogen  synthase  (0.7 + 0.3 vs 
1.4 + 0.4 n m o l .  rain -~ . mg  p ro t e in  -1, p < 0.005) c o m p a r e d  
to basa l  activity. T h e  basa l  and  insu l in - s t imula ted  frac- 

phosphorylase activity and the activity of the independent (active) 
form of phosphorylase were measured in the presence of AMP 
(3 mmoI/l) or in the absence of AMP, respectively. The activity ratio 
of phosphorylase was the percent activity in the absence of AMP 
relative to the activity in the presence of 3 mmol/1 AMR The optimal 
reaction time (180 rain) was determined by a percent substrate con- 
sumption of 20 % or less (mean + SEM 6 + 1%, n - 27). 

Protein content was determined in the infranatant using the 
Bradford assay [37]. Intraassay coefficients of variation of glycogen 
synthase, phosphorylase and protein were 7 %, 5 % and 6 %, respec- 
tively. 

Statistical analysis 

Data have been expressed as mean + SEM. Comparisons between 
basal and insulin-stimulated conditions were carried out using the 
paired Student's t-test [38]. Significant group differences were deter- 
mined by one way analysis of variance and significant F values fur- 
ther tested by the Newman-Keuls multiple comparison method [38]. 
Pearson's correlation coefficient was used to examine the relation 
ships between key variables [38]. Analysis of covariance was used to 
identify the contributions, if any, of age and body fat to the group dif- 
ferences [38]. 

R e s u l t s  

In vivo characteristics. T h e  27 m o n k e y s  were  d iv ided  into 
th ree  groups  on the  basis  of  fast ing p l a s m a  glucose  and in- 
sulin, and  glucose  to le rance .  Charac te r i s t i cs  of  each  group  
are  shown in Table  1. T h e  n o r m a l  and  the  hyper insu l in -  
aemic  groups  were  bo th  n o r m o g l y c a e m i c  (fast ing p l a s m a  
glucose concen t ra t ions  < 4.6 mmol/1), whi le  the  i m p a i r e d  
glucose to l e ran t /Type  2 d iabe t i c  g roup  r anged  f rom 5.8 to 
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Fig. 1. Basal independent activity of glycogen synthase vs insulin- 
stimulated independent activity of glycogen synthase (upper panel) 
and basal total activity of glycogen synthase vs insulin-stimulated 
total activity of glycogen synthase (lower panel) in the three groups 
of monkeys: normal (n = t l ) ,  hyperinsulinaemic (n = 8) and im- 
paired glucose tolerant/Type 2 diabetic (n = 8). Basal, m; insulin- 
stimulated, [ ] .  * p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.001. 
Data are expressed as mean + SEM 
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Table 2. Basal (B) vs insulin-stimulated (I-S) glycogen phosphorylase (GP) fractional velocity (GPAR), active (GPa) and total (GPT) acti- 
vities and protein content in adipose tissue 

Group I Group 2 Group 3 
(Normal, n = 11) (Hyperinsulinaemic, n = 8) (Impaired glucose tolerant/ 

Type 2 diabetic, n = 8) 

B I-S B I-S B I-S 

G P A R  46_+8 48_+7 37_+3 38_+3 40+_7 47-+5 

(%)  (19-80) (2(~77) (25-50) (29-49) (20-85) (37-81) 

GPa 0.04 +_ 0.01 0.04 • 0.01 0.04 _+ 0.01 0.06 + 0.0F 0.03 _+ 0.01 0.04 _+ 0.01 
(retool. rain ~. mg protein ~) (0 .014) .11)  (0.02-0.10) 0 .03-0 .09)  (0.03~.11) (0.01-0.05) (0.02-0.09) 

O P T  0.08 _+ 0.01 b 0.09 _+ 0.01 ~'b 0.12 _+ 0.01 0.15 _+ 0.02 a 0.08 +_ 0.01 b 0.08 +__ 0.01 b 
(mmol-min-~. mg protein -~ ) (0 .04-0 .14)  (0.04-0.13) (0.074).17) (0.094).22) (0.04-0.12) (0.054).13) 

Protein (g/l) 0.62 _+ 0.08 0.52 +_ 0.08 ~ 0.48 + 0.06 0.37 _+ 0.04 0.65 _+ 0.11 0.53 _+ 0.06 

LSignificantly different from basal by paired t-test, p < 0.05; b significantly different from Group 2 by multiple comparison, p < 0.01. 
Values shown are mean +_ SEM 

tional velocity was not different in the hyperinsulinaemic 
monkeys (n = 8) (5 + 1 vs 6 + 1%)  or in the diabetic mon- 
keys (n = 8) (5 + 1 vs 5 _+ 2%) .  The basal and insulin- 
stimulated independent activities of glycogen synthase 
also were not significantly different in the hyperinsulin- 
aemic monkeys (0.6 + 0.1 vs 0.9 _+ 0.2 nmol �9 min -~ . mg 
protein -~) or in the diabetic monkeys (0.2 + 0.04 vs 0.2 + 
0.04 nmol .  min -1 . mg protein-i). The insulin-stimulated 
change in glycogen synthase fractional velocity was signi- 
ficantly higher in the normal group as compared to the 
hyperinsulinaemic and diabetic groups Co < 0.05, respec- 
tively). The insulin-stimulated independent activity of 
glycogen synthase was significantly greater in the normal 
monkeys as compared to the diabetic monkeys Co < 0.01). 

The hyperinsulinaemic monkeys had a significant in- 
crease in the insulin-stimulated dependent  activity of gly- 
cogen synthase as compared to the basal activity (9.6 + 1.0 
vs 13.6_+ 2.1 nmol .  rain -~ �9 mg protein% p < 0.05). The 
basal and insulin-stimulated dependent  activities were 
not different in the normal (5.1 + 1.4 vs 6.7 _+ 1.1 nmol �9 
min-Z, mg protein -~) and diabetic monkeys (3.8 + 0.8 vs 
4.9 + 1.1 nmol .  min -1 �9 mg protein-i). Both the basal and 
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Fig.2. Basal glycogen synthase fractional velocity vs insulin-stimu- 
lated glycogen synthase fractional velocity in the three groups of 
monkeys: normal (n = 11), hyperinsulinaemic (n = 8) and impaired 
glucose tolerant/Type 2 diabetic (n = 8). Basal, II; insulin-stimu- 
lated, ~7~. * p < 0.05. Data are expressed as mean _+ SEM 

insulin-stimulated dependent  activities of glycogen syn- 
thase in the hyperinsulinaemic group were significantly 
greater than in the other two groups Co < 0.05, respective- 
ly). 

Significant increases in total glycogen synthase activity 
in response to in vivo insulin were found in both the nor- 
mal monkeys (6_+ 2 vs 8 + 1 nmol .  min-1 �9 mg protein -~) 
and the hyperinsulinaemic monkeys (10 + 1 vs 14 + 2 
nmol- min -1 �9 mg protein 1) (p < 0.05, respectively), how- 
ever, there was no effect of insulin on total glycogen syn- 
thase activity in the diabetic monkeys (4+1  vs 
5 + 1 nmol �9 min -1 �9 mg protein-I). Both the basal and in- 
sulin-stimulated total activities of glycogen synthase in the 
hyperinsulinaemic group were significantly greater than 
in the other two groups Co < 0.05, respectively). 

Change in adipose tissue glycogen synthase between 
groups. There was a progressive decrease in the change in 
glycogen synthase fractional velocity (5 + 2 %, 1 + 15 %, 
0 + 2 %) and in the change in independent activity of gly- 
cogen synthase (0.62 + 0.16 nmol .  min -1 �9 protein -1, 
0.31 + 0.16 nmol .  min 1. mg protein 1, 0 + 0.06 nmol .  
rain -1. mg protein -1) from normal to diabetic, respectively. 
The normal monkeys had a significantly greater change in 
the independent activity of glycogen synthase as com- 
pared to the impaired glucose tolerant/diabetic monkeys 
Co < 0.01). 

Glycogen phosphorylase activity. The basal and insulin- 
stimulated activities of glycogen phosphorylase are shown 
in Table 2. The activity ratio of phosphorylase was not af- 
fected by insulin in any of the three groups. The insulin- 
stimulated total activity of phosphorylase was significant- 
ly higher in the normal and hyperinsulinaemic monkeys 
compared to basal total phosphorylase activity. The in- 
sulin-stimulated active form of phosphorylase was signifi- 
cantly higher in the hyperinsulinaemic monkeys com- 
pared to the basal active form of phosphorylase activity. 
Both the basal and insulin-stimulated total activities of 
phosphorylase in the hyperinsulinaemic monkeys were 
significantly greater than in the normal and diabetic mon- 
keys. 
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Fig.3. The relationship (r = 0.59,p < 0.001) between the difference 
in adipose tissue glycogen synthase independent activity measured 
under insulin-stimulated (euglycaemic hyperinsulinaemic clamp) 
and basal (fasting) conditions and whole-body insulin-mediated 
glucose disposal rates in all 27 monkeys. Normal monkeys, C); 
hyperinsulinaemic monkeys, O; impaired glucose tolerant/Type 2 
diabetic monkeys, O- FFM, Fat free mass 

Insulin-mediated whole-body glucose disposal rates and 
glucose disappearance rates vs adipose tissue glycogen syn- 
thase activity. The relationship between the change in the 
independent activity of glycogen synthase and whole- 
body glucose disposal rates (r = 0.59, p < 0.001) is shown 
in Figure 3. The relationship between the change in gly- 
cogen synthase fractional velocity in response to insulin 
and whole-body glucose disposal rates was also significant 
(r = 0.44, p < 0.02). The relationship between the change 
in the independent activity of glycogen synthase and the 
change in the fractional velocity of glycogen synthase was 
r = 0.68, p < 0.001. The change in both the fractional ve- 
locity and the independent activity of glycogen synthase 
were also correlated with glucose disappearance rates, a 
measure of glucose tolerance (r = 0.42, p < 0.05; r = 0.56, 
p < 0.01, respectively). 

Adipose tissue glycogen synthase activity and body weight, 
percent body fat and age. Neither the change in glycogen 
synthase fractional velocity nor the change in the inde- 
pendent activity of glycogen synthase in response to in- 
sulin was correlated with body weight. The change in gly- 
cogen synthase fractional velocity in response to insulin 
was significantly inversely correlated with percent body 
fat (r = - 0.37,p = 0.05), however, the change in the inde- 
pendent activity of glycogen synthase was not significantly 
related to percent body fat. Both the change in glycogen 
synthase fractional velocity and the change in the inde- 
pendent activity of glycogen synthase in response to in- 
sulin were significantly inversely correlated with age 
(r = - 0.38, p < 0.05; r = - 0.42, p < 0.05, respectively). 
Both age and body fat, however, were confounded by 
diabetic status since the diabetic animals were older and 
had a higher percentage of body fat than the normal mon- 
keys. One-way analysis of covariance demonstrated that 
body fat did not significantly contribute to the differences 
in insulin-mediated change in glycogen synthase frac- 
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tional velocity found between groups. Similarly, age did 
not significantly contribute to the differences in either the 
insulin-mediated change in glycogen synthase fractional 
velocity or the change in the independent activity of gly- 
cogen synthase found between groups. 

Discussion 

In vivo insulin action on subcutaneous abdominal adipose 
tissue glycogen synthase has not been previously reported 
in normal or diabetic subjects�9 Our purpose in examining, 
in adipose tissue, the activity of the rate-limiting enzyme 
in glycogenesis, glycogen synthase, under basal fasting 
and euglycaemic hyperinsulinaemic clamp conditions was 
three-fold. First, we sought to determine in vivo insulin ac- 
tion on adipose tissue glycogen synthase in normal mon- 
keys, for example, whether insulin increased the conver- 
sion of the dependent form of glycogen synthase to the 
independent form and if this conversion was accompanied 
by an increase in total glycogen synthase activity. Second- 
ly, we examined in vivo insulin action on adipose tissue 
glycogen synthase in monkeys which had spontaneously 
developed insulin resistance and in monkeys with Type 2 
diabetes, and determined whether insulin action was ab- 
normal in either of these two groups compared to the nor- 
mal monkeys. Thirdly, we were interested in the relation- 
ship between insulin activation of adipose tissue glycogen 
synthase and whole-body insulin-mediated glucose dispo- 
sal rates, glucose disappearance rates, and percent body 
fat in monkeys that varied widely in insulin resistance, glu- 
cose tolerance and degree of obesity. 

In subcutaneous adipose tissue from normal rhesus 
monkeys, in vivo insulin significantly increased the frac- 
tional velocity and the independent activity of glycogen 
synthase over basal activity. The total activity of glycogen 
synthase was also significantly increased by insulin in 
these normal monkeys. The increase in total glycogen syn- 
thase activity can be attributed to an increase in the inde- 
pendent activity of glycogen synthase, since the depen- 
dent activity of glycogen synthase was not significantly 
different between basal and insulin-stimulated condi- 
tions. In normal human subjects as well, an increase in 
total glycogen synthase activity has been reported by 
Mandarino et al. [17] in isolated adipocytes prepared 
from subcutaneous adipose tissue and treated in vitro with 
insulin�9 In adipocytes prepared from normal rat epididy- 
mal tissue, however, in vitro insulin increased the activity 
of glycogen synthase without an effect on total enzyme ac- 
tivity [2, 16]. Insulin action may, therefore, be different 
in the different depots of adipose tissue. Furthermore,  
rodents may differ from primates. 

Insulin did not activate adipose tissue glycogen syn- 
thase over basal levels in the hyperinsulinaemic monkeys 
as measured by the fractional velocity or the independent 
activity of the enzyme. Insulin did significantly increase 
the total activity of glycogen synthase as compared to 
basal in this group of monkeys which was accompanied by 
a significant increase in the dependent activity of glycogen 
synthase. Both the basal and insulin-stimulated total and 
dependent activities were significantly greater in the 
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hyperinsulinaemic insulin-resistant group than in the 
other two groups. In the hyperinsulinaemic monkeys, the 
high fasting concentrations of insulin may be sufficient to 
increase the total enzyme activity but may have no effect 
on converting the dependent  form of the enzyme to the in- 
dependent  form. Even at supra-physiological levels of in- 
sulin the enzyme appears to be "locked" in the dependent  
form. By contrast, Mandarino et al. [17] have reported no 
defect of in vitro insulin-activation of adipocyte glycogen 
synthase in obese human subjects (hyperinsulinaemic) as 
compared to normal subjects. The discrepancy between 
our results and those from Mandarino and colleagues may 
be due to the different methods used, i. e. in vivo vs in vitro 
insulin and fresh adipose tissue vs adipocytes. In agree- 
ment with our findings, however, Mandarino et al. [17] 
have reported an increase in total activity of glycogen syn- 
thase in obese humans in response to in vitro insulin. 

Insulin appeared to have a similar effect on increasing 
the total activity of adipose tissue glycogen phosphorylase 
in the normal and hyperinsulinaemic monkeys as it did on 
the total activity of glycogen synthase. Insulin was without 
effect on changing the activity ratio of phosphorylase in 
any of the three groups of monkeys studied. Interestingly, 
both the basal and insulin-stimulated total activities of 
adipose tissue phosphorylase in the hyperinsulinaemic 
monkeys were significantly greater than in the normal and 
diabetic monkeys, as was shown for glycogen synthase in 
these same monkeys. In the insulin-stimulated samples 
from the hyperinsulinaemic monkeys, the increase in total 
phosphorylase was accompanied by a significant increase 
in the active form of phosphorylase as compared to basal 
activity. These findings in the hyperinsulinaemic monkeys 
further support the hypothesis that insulin action at the 
adipose tissue, at least on activating glycogen synthase 
and inhibiting glycogen phosphorylase, is defective long 
before the onset of overt diabetes. 

In the impaired glucose tolerant and diabetic monkeys, 
glycogen synthase fractional velocity, independent and 
total activities of glycogen synthase were unchanged be- 
fore and after insulin. The basal activities of glycogen syn- 
thase (fractional velocity, independent and total glycogen 
synthase activity) were not significantly different in the 
impaired glucose tolerant/diabetic group as compared to 
the normal group although the insulin-stimulated frac- 
tional velocity and independent activity of glycogen syn- 
thase in the diabetic monkeys were significantly lower 
than in the normal monkeys. These findings are in con- 
trast with the observations of Mandarino et al. [17] who 
demonstrated an increase in total and independent acti- 
vities and an increase in fractional velocity in response to 
in vitro insulin in adipocytes from humans with Type 2 
diabetes. As noted above, these differing results between 
the monkey and human studies may relate to important 
differences in our protocol and that of Mandarino et al. 

The change in adipose tissue glycogen synthase in re- 
sponse to in vivo insulin was significantly correlated with 
whole-body insulin-mediated glucose disposal rates and 
glucose disappearance rates. This is the first report  of a re- 
lationship between in vivo insulin action on adipose tissue 
glycogen synthase and insulin-mediated glucose disposal 
rates. During a euglycaemic hyperinsulinaemic clamp, the 
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primary site for glucose disposal is the muscle [39], and we 
have previously shown a relationship between glucose dis- 
posal rate and glycogen synthase activation by insulin in 
muscle [23]. Likewise, reduced insulin-mediated glucose 
disposal rates in insulin resistance and Type 2 diabetes 
have been attributed to a defect in the muscle [39, 40]. The 
adipose tissue is believed to contribute very little to insulin 
resistance during the euglycaemic hyperinsulinaemic 
clamp [40]; hence, it would appear that a defect in insulin 
activation of glycogen synthase in adipose tissue would 
not contribute significantly to the reduced whole-body in- 
sulin-mediated glucose disposal rates. Nevertheless, the 
defect in insulin action on muscle glycogen synthase that is 
responsible for reduced insulin-mediated glucose disposal 
rates in insulin resistance is also present in adipose tissue. 

In summary, insulin activated glycogen synthase in adi- 
pose tissue from normal rhesus monkeys by increasing the 
total and independent activities of glycogen synthase and 
the percent independent to total activity (fractional veloc- 
ity). In the hyperinsulinaemic monkeys, basal fasting in- 
sulin increased total activity without increasing the inde- 
pendent activity of glycogen synthase as compared to 
normal monkeys, and supra-physiological concentrations 
of insulin acted to increase total activity without increas- 
ing the independent activity of glycogen synthase as com- 
pared to basal activities in the hyperinsulinaemic mon- 
keys. Insulin had no covalent effect on adipose tissue 
glycogen synthase from impaired glucose tolerant and 
diabetic monkeys. We conclude that insulin action on gly- 
cogen synthase in adipose tissue is defective long before 
the onset of overt Type 2 diabetes in rhesus monkeys. 
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