
Diabetologia (1987) 30:622-626 Diabetologia 
�9 Springer-Verlag 1987 
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Summary. In order to define the effect of Type 2 (non-insu- 
lin-dependent) diabetes mellitus on the ability of insulin to 
regulate plasma-free fatty acid (FFA) concentrations, we de- 
termined the plasma FFA response to the intravenous infu- 
sion of various amounts of insulin. Plasma FFA concentra- 
tions were higher in patients with Type 2 diabetes (two way 
analysis of variance, p < 0.001) over a plasma insulin concen- 
tration which ranged from approximately 5 to 55 mU/1 of in- 
sulin. Although plasma FFA concentrations were higher in 
patients with Type 2 diabetes at any given insulin concentra- 
tion, the relative ability of insulin to suppress plasma FFA 

concentration to half the initial value was comparable in nor- 
mal individuals and patients with Type 2 diabetes, occurring 
at a plasma insulin concentration of approximately 20 mU/1. 
These data demonstrate that plasma FFA levels are regulated 
over a narrow range of plasma insulin concentrations in hu- 
mans, and that plasma concentrations are higher than nor- 
mal in patients with Type 2 diabetes throughout this range. 

Key words: Free fatty acid, Type 2 (non-insulin-dependent) 
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We have recently demonst ra ted  that  ambient  p lasma-  
free fatty acid (FFA) concentrat ions were higher than 
normal  (both fasting and  in response to meals) in non- 
obese [1] and  obese [2] patients with Type 2 (non-insu- 
lin dependent)  diabetes mellitus. Since circulating plas- 
m a  insulin levels were comparab le  in the normal  
individuals and patients with Type 2 diabetes, we sug- 
gested that  there was "resistance" to insulin's ability to 
regulate p la sma  F F A  concentrat ions in patients with 
Type 2 diabetes. Al though this conclusion seemed jus- 
tified in the context o f  the exper imenta l  protocol  uti- 
lised, two questions remained unanswered.  In the first 
place, our  demonst ra t ion  of  a defect in p la sma  F F A  
regulation in Type 2 diabetes was seen in response to 
conventional  mixed meals, and  it was theoretically 
possible that  the abnormal i ty  of  F F A  metabol i sm in 
Type 2 diabetes was confined to this specific situation. 
Secondly, p l a sma  insulin concentrat ions were al lowed 
to vary spontaneously,  thereby preventing us f rom de- 
fining the quantitative relat ionship between p lasma  in- 
sulin and  F F A  concentration.  In order  to address these 
two issues, we have studied normal  individuals and 
patients with Type 2 diabetes under  conditions in 
which p lasma glucose and insulin concentrat ions 
could be  carefully controlled, an insulin dose response 
curve constructed, and  the resulting p lasma  FFA con- 
centrations determined.  The results o f  these experi- 
ments  will be presented in this communicat ion .  

Subjects and methods 

Eighteen subjects were recruited for study. Six had a normal oral 
glucose tolerance test [3] six were defined as having mild Type 2 dia- 
betes (fasting plasma glucose concentration < 10 mmol/1), and six 
were considered to have severe Type 2 diabetes (fasting plasma glu- 
cose >10 mmol/1). Some relevant clinical characteristics of these 
subjects are shown in Table 1. The ratio of men to women, age, and 
degree of obesity, as estimated by body mass index (BMI) were com- 
parable in all three groups. The body mass index (BMI) was less 
than 30 kg/m 2 in all individuals, attesting to the fact that the experi- 
mental population could be considered to be non-obese [4]. None of 
the diabetic patients had ever been treated with insulin, and those 
using sulphonylurea agents had stopped their medications at least 
one month prior to study. No subject was taking any medication 
known to interfere with carbohydrate or lipid metabolism, and all 
were in good general health with the exception of Type 2 diabetes. 

Individuals were admitted to the General Clinical Research Cen- 
ter of the Stanford University Medical Center, and informed consent 

Table 1. Subject characteristics. (mean + SEM) 

Group n M/F Age BMI Glucose a Insulin" FFA a 
(years) (kg/m 2) (retool/l)(mU/1) (pEq/1) 

Normal 6 4/2 63+2 27+1 5.2+0.1 14+2 533+15 
subjects 

MildType2 6 4/2 67+2 27+1 7.3+0.518+3 699+59 
diabetes 

SevereType26 4/2 58+3 28+1 14.5+0.9 20+5 775+55 
diabetes 

a Values after a 14-h overnight fast 
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was obtained. The study protocol was approved by the Stanford Hu- 
man Subjects Committee. All studies were begun at 08.00 hours after 
an overnight fast following three days of an isocaloric diet of 17% 
protein, 43% carbohydrate and 40% fat. No beverages containing 
methylxanthines were consumed over the twelve hours prior to 
study. At 07.30 hours on the day of study, a hand vein was cannulat- 
ed and the hand placed in a 60 ~ chamber to provide "arterialised" 
blood. A needle was inserted for administration of fluids in the con- 
tralateral arm. After 30 rain, blood was obtained for measurement of 
fasting glucose [5], insulin [6], and FFA [7] concentrations. Beginning 
at time zero, somatostatin (cyclic, tetradecapeptide, purchased from 
Peninsula Labs, Belmont, Calif, USA) was infused for 280 rain at a 
rate of 350 ~tg/h. Insulin was not infused during the first 70 rain, but 
was increased at 70-min intervals to rates of 5 m U / m  2 per min, 
(70-140 min), 10 m U / m  2 per rain (140-210 min), and 20 m U / m  2 per 
min (210-280 min). Glucose was infused at a variable rate through- 
out the 280 min, with the rate of glucose administration adjusted 
manually to maintain isoglycaemia by bedside glucose monitoring 
with a Beckman Glucose Analyzer II (Beckman Instruments, Palo 
Alto, Calif, USA). Plasma was sampled at regular intervals through- 
out the study (30, 50, 60, and 70 min into each phase) for the mea- 
surement of plasma glucose, FFA, and insulin concentrations. 

Statistical analysis 

Data are expressed as mean + SEM, and analysed by a Statistical 
Analysis System (SAS) program (SAS Inc., Cary, NC, USA) using 
the general linear models procedure. In order to evaluate the differ- 
ence between patients with Type 2 diabetes and normal subjects over 
the course of the study, data were compared [8, 9] by two-way analy- 
sis of variance (ANOVA). For this analysis, the two independent 
variables were "time" (minutes of study) and "group" (normal vs 
mild Type 2 diabetes vs severe Type 2 diabetes). 

Results 

Mean ( _  SEM) plasma glucose concentrations during 
the clamp studies for all groups are illustrated in Fig- 
ure 1, and indicate that we were able to maintain 
steady plasma glucose levels throughout the study peri- 
od. Mean ( _  SEM) values were 4.7 +0.1 mmol/1 for 
nondiabetic subjects, 7.5 + 0.1 mmol/1 for mildly dia- 
betic patients, and 13.3_ 0.2 mmol/1 for severely dia- 
betic patients. 

The changes in plasma insulin produced during the 
280-min infusion period are shown in Figure 2. It is 
apparent that the curves for the three groups are essen- 
tially identical. Plasma insulin concentrations during 
the last 40 min of each time period were quite con- 
stant, and the mean ( +  SEM) values achieved during 
this period for all three groups are summarised in 
Table 2. The value for the first period is based upon a 
measurement made at 70 min in each individual, while 
the remainder are based upon averaging three mea- 
surements made at 10-min intervals during the last 
30 min of each time period. It is obvious that the insu- 
lin levels were similar in the three groups, and any dif- 
ferences in resultant plasma FFA concentrations can- 
not be due to differences in insulin concentration. 

Mean ( + S E M )  plasma FFA levels during the 
280 min infusion period are seen in Figure 3, and four 
general points can be made from these data. In the first 
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Fig.t.  Mean (-+ SEM) plasma glucose concentrations during the 
clamp studies in normal individuals (~----Q), patients with mild 
Type 2 diabetes (O----K)), and patients with severe Type 2 diabetes 
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Fig.2. Mean (-+SEM) plasma insulin concentrations during the 
clamp studies in normal individuals (0--- -0) ,  patients with mild 
Type 2 diabetes (O----O), and patients with severe Type 2 diabetes 
(zx--a) 

Table 2. Mean (___ SEM) steady-state plasma insulin concentrations 
(mUM) during the infusion study 

Group Time (rain) 

0-70 70-140 140-210 210-280 

Normal subjects 5_+2 13+2 21+3 54-+6 
Mild Type 2 diabetes 5-+1 14+2 20+2 53-+5 
Severe Type 2 diabetes 6-+1 13-+2 22___1 55-+4 
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place, plasma FFA concentrations were much higher 14oo 
following 70 min of a somatostatin infusion in the ab- 
sence of insulin than they were in the overnight fasted 1300 

state, emphasising the relatively enormous effect that 
small amounts of circulating insulin have on mainte- 12oo 
nance of basal FFA levels. Secondly, it is apparent that 
plasma FFA concentrations declined dramatically 1100 

from 70-280 min in all three groups, presumably in re- 
sponse to the incremental increases in plasma insulin looo 
concentration. Thirdly, it is also clear that plasma FFA 
concentrations did not reach steady-state levels during 9oo 
the successive 70-min study periods. Fourthly, it can be 

A 800 seen that mean plasma FFA concentrations throughout ~. 
o "  the entire study were highest in patients with severe ,,, 

Type 2 diabetes, lowest in normal subjects, and inter- 3 7oo 
< 

mediate in patients with mild Type 2 diabetes. When " i i  

these values were compared by two-way ANOVA it 6oo 
was seen that plasma FFA levels throughout the 
280 min study period were significantly higher than 500 
normal in patients with either mild or severe Type 2 
diabetes (p< 0.001). Since there was no statistically sig- 4o0 
nificant interaction between "group" and "time", the 
statistical significance of the difference between FFA 300 
level in the three groups at any given time point is 

200 equal to that observed when comparison is made of 
the entire response (p< 0.001). 

lOO 
In order to quantify the ability of  insulin to sup- 

press plasma FFA concentration, we utilised the mea- 0 
surements of insulin and FFA concentration made at 
70, 140, 210, and 280 min for each individual. The 
plasma FFA concentration at 70 min was considered 
as the basal value for each individual, and the subse- 
quent insulin-induced fall in plasma FFA concentra- 
tion was expressed as a percent of this initial concen- 
tration. These latter data points for each individual are 
shown in Figure 4. It is apparent that plasma FFA con- 
centrations fell strikingly as plasma insulin concentra- 
tion increased. In order to approximate the amount of 
insulin required to suppress plasma FFA levels to half 
the initial value, we linearised the dose response curve 
by log transformation of the insulin concentration. The 
results of these calculations are given in Table 3, and 
indicate that plasma FFA concentrations were reduced 
to approximately half the basal value at plasma insulin 
concentrations of approximately 20 mU/l ,  and this fig- 
ure was quite similar for all three groups. These calcu- 
lations should not be viewed as measurements of the 
EDs0 of insulin suppression of plasma FFA concentra- 
tion, but rather as an approach that is useful in docu- 
menting the sensitivity of this process. 

Discussion 

The data presented in this paper indicate that plasma 
FFA concentrations in patients with Type 2 diabetes 
were higher than normal over a wide range of plasma 
insulin concentrations. At the simplest, this can be seen 
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Mean (+SEM) plasma FFA concentrations during the Fig.& 
clamp studies in normal individuals (Q----O), patients with mild 
Type 2 diabetes (O-----~), and patients with severe Type 2 diabetes 
( A - - A ) ,  FFA levels were significantly higher than normal (p < 
0.001 ; two-way ANOVA) in both groups of patients with Type 2 dia 
betes 

Table 3. Plasma insulin concentration needed to suppress free fatty 
acid concentration to half the basal value 

Group Insulin concentration (mU/1) 

Normal subjects 20.0 
Mild Type 2 diabetes 19.6 
Severe Type 2 diabetes 20.7 

by comparing baseline fasting plasma insulin and FFA 
concentrations of the three groups shown in Table 1. 
When this is done, it is apparent that fasting plasma 
FFA concentrations were 42% higher than normal in 
patients with severe Type 2 diabetes, despite the fact 
that plasma insulin levels were also 43% higher than 
normal in these patients. Furthermore, plasma FFA 
concentrations were significantly higher (two-way 
ANOVA, p<0.001) than normal in patients with 
Type 2 diabetes, mild or severe, over a plasma insulin 
dose range of from approximately 5 to 55 mU/1. 

On the other hand, the fact that plasma FFA con- 
centrations were higher than normal in patients with 
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Fig.4. Relationship between increases in plasma insulin 
concentration and suppression of plasma FFA level in all 
18 experimental subjects. Plasma FFA concentrations at 
140, 210 and 280 min and expressed as a percent of the val- 
ue at 70 min, and related to the plasma insulin concentra- 
tion at that time point in normal subjects ( � 9  patients with 
mild Type 2 diabetes (�9 and patients with severe Type 2 
diabetes (A)  

Type 2 diabetes when measured at the same insulin 
concentration should not obscure the fact that plasma 
FFA concentrations in patients with Type 2 diabetes 
responded to quite small changes in plasma insulin 
concentration. Perhaps the most dramatic point to be 
made in this regard is the observation that basal plas- 
ma FFA concentrations, which averaged 775 p.Eq/l in 
patients with severe Type 2 diabetes, rose to a value of 
1170 lxEq/1 70 min after the somatostatin infusion had 
lowered the plasma insulin concentration from ap- 
proximately 20 to 6 mU/1. In a similar fashion, plasma 
FFA levels fell to 330 ~Eq/1 when steady-state plasma 
insulin levels were raised from 6 to 55 mU/1 during the 
clamp study. Quantitatively, similar changes in the 
plasma FFA response to variations in plasma insulin 
concentration were seen in normal individuals. Sup- 
port for the view that relatively moderate increases in 
plasma insulin concentration can markedly suppress 
plasma FFA concentration in normal subjects can be 
derived from results of earlier studies [10, 11] docu- 
menting low plasma FFA concentrations during glu- 
cose clamp studies carried out at insulin levels of 
50-60 mU/1. The results of the current study confirm 
these observations, and extend them by making mea- 
surements of plasma FFA during periods of graded hy- 
perinsulinaemia. By performing our studies in this 
manner we have been able to demonstrate that an in- 
crease in plasma insulin concentration from approxi- 
mately 5 to 20 mU/1 was capable of reducing plasma 
FFA levels to half their original value in normal sub- 
jects. Furthermore, the data presented demonstrate 
that a comparable increment in insulin was able to 
suppress plasma FFA concentration to half-maximal 
levels in patients with Type 2 diabetes. 

The observation that plasma FFA concentrations 
were significantly higher than normal in diabetic pat- 
ients throughout the insulin dose range used in these 
studies can be viewed as indicating that resistance to 
insulin-suppression of plasma FFA levels is present in 
these individuals. A similar conclusion has been 

reached by our research group as the result of studies 
employing a variety of experimental protocols [1, 12, 
13], and it seems reasonable to suggest that this repre- 
sents a characteristic defect in patients with Type 2 dia- 
~betes. If this notion is accepted, two obvious questions 
arise. In the most general sense, it is necessary to con- 
sider the possible relationship that the defect in insulin 
regulation has to the pathogenesis of the syndrome of 
Type 2 diabetes. In this regard it should be noted that a 
significant direct relationship has been documented 
between the level of glycaemia and plasma FFA con- 
centrations in Type 2 diabetes, and it has been suggest- 
ed that the increase in plasma FFA level may be re- 
sponsible for development of fasting hyperglycaemia 
[12, 14]. Obviously, this suggestion is quite speculative 
at this time, but seems worthy of further consideration. 
A more focussed question relates to the mechanism re- 
sponsible for the defect in insulin regulation of FFA 
metabolism in Type 2 diabetes. For example, it is often 
assumed that changes in plasma FFA concentration 
are directly related to variations in adipose tissue lipo- 
lytic rate, but it is certainly possible that elevated plas- 
ma FFA levels in patients with Type 2 diabetes result 
from a decrease in hepatic utilisation of FFA, rather 
than an increase in their rate of release from adipose 
tissue. Finally, the precise mechanism responsible for 
the observed abnormality of FFA metabolism in 
Type 2 diabetes has not been defined. In an earlier 
study we had noted a direct relationship between am- 
bient plasma FFA and glucagon concentrations, rais- 
ing the possibility that increases in plasma glucagon 
concentration may be responsible for elevated plasma 
FFA levels in Type 2 diabetes [12]. However, demon- 
stration in the current study that plasma FFA levels 
were higher than normal at every insulin concentration 
in diabetic patients during an infusion of somatostatin 
tends to minimise the importance of glucagon in this 
phenomenon. However, it is well-recognised that mul- 
tiple factors play a role in regulation of adipose tissue 
metabolism, i.e. level of circulating lipolytic hormones, 



626 A.L.M. Swislocki et al.: Insulin suppression of plasma FFA 

adipose tissue adrenergic activity, adenosine receptor 
activity, etc., and changes at any of these levels could 
contribute to the abnormalities noted. Fortunately, all 
of these factors can be evaluated experimentally, and 
our understanding of why plasma FFA levels are ele- 
vated in patients with Type 2 diabetes should advance 
rapidly. 

In conclusion, we have determined plasma FFA 
concentration over a range of plasma insulin concen- 
trations from approximately 5 to 55 mU/1. Since plas- 
ma FFA concentrations in patients with Type 2 diabe- 
tes were significantly higher then normal throughout 
the range of insulin concentrations studied, insulin reg- 
ulation of plasma FFA levels is defective in Type 2 dia- 
betes. These data emphasise the fact that relatively 
small increments in plasma insulin concentration have 
the ability to markedly suppress plasma FFA concen- 
tration. 
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