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Insulin Regulation of Plasma Free Fatty Acid Concentrations Is Abnormal
in Healthy Subjects With Muscle Insulin Resistance

Fahim Abbasi, Tracey McLaughlin, Cindy Lamendola, and Gerald M. Reaven

This study evaluated the ability of insulin to regulate free fatty acid (FFA) concentrations in heaithy nondiabetic subjects
selected to be either insulin-resistant or -sensitive on the basis of insulin-mediated glucose disposal by muscle. Comparisons
of steady-state plasma glucose (SSPG), insulin (SSPI), and FFA concentrations were made at the end of 3 infusion periods: (1)
under basal insulin conditions (~10 pU/mL]}, (2) in response to isoproterenol-induced stimulation of lipolysis at the same basal
insulin concentration, and (3) following inhibition of isoproterenol-induced lipolysis by a 2-fold increase in the insulin
concentration. The resuits showed that steady-state FFA concentrations were significantly higher under basal conditions
(360 = 73 v 158 = 36 wEq/L, P = .02), in response to isoproterenol-induced lipolysis {809 + 92 v433 x 65 pnEq/L, P = .005), and
following insulin inhibition of isoproterenol-induced lipolysis (309 = 65 v 159 + 37 nEq/L, P = .06). These differences were
found despite the fact that SSPG concentrations were also higher in insulin-resistant individuals during all 3 infusion periods.
These results demonstrate that the ability of insulin to regulate plasma FFA concentrations is impaired in healthy subjects with
muscle insulin resistance, indicating that insulin-resistant individuals share defects in the ability of insulin to stimulate muscle

glucose disposal and to inhibit adipose tissue lipolysis.
Copyright © 2000 by W.B. Saunders Company

HE ABILITY of physiological hyperinsulinemia to stimu-
late muscle glucose disposal is usually measured under
steady-state conditions in response to a continuous infusion of
insulin and glucose.'? In this situation, the phrase “insulin
resistance” refers to a relative reduction in the ability of a given
increase in plasma insulin to stimulate glucose disposal by
muscle during such infusion studies. Abnormalities in the
ability of insulin to regulate plasma free fatty acid (FFA)
concentrations are difficult to demonstrate under similar condi-
tions, related to the sensitivity of adipose tissue to the antilipo-
Iytic effects of insulin.? However, evidence has been published
indicating that the ability of insulin to suppress FFA concentra-
tions is decreased in obese subjects and patients with type 2
diabetes.>® On the other hand, relatively little is known about
defects in the ability of insulin to suppress plasma FFA
concentrations in healthy non-obese subjects, as compared with
our knowledge of insulin-mediated glucose disposal in this
same population.”$
The present study was initiated to test the hypothesis that
abnormalities in insulin regulation of plasma FFA concentra-
tions are present in healthy non-obese subjects with muscle
insulin resistance. To test this hypothesis, we selected 9
insulin-sensitive and 9 insulin-resistant individuals and com-
pared their steady-state plasma FFA concentrations in response
to a variety of physiological interventions.

SUBJECTS AND METHODS

Eighteen healthy individuals were recruited for these studies, defined
as either insulin-sensitive (n = 9) or insulin-resistant (n = 9) as de-
scribed subsequently. The 2 groups were similar in terms of age (54 * 4
v 56 + 3 years, gender (4 males and 5 females), and body mass index
(25.0 = 0.5 v 25.3 = 0.9 kg/m?). All participants were in good health
with a normal medical history and physical examination, normal values
on a routine hematological survey and chemical screening battery, and
normal glucose tolerance on the basis of the fasting plasma glucose
concentration.?

After providing written informed consent, the participants were
admitted to the General Clinical Research Center on 2 occasions after
an overnight fast for the following tests. Firstly, insulin-mediated
glucose disposal by muscle was evaluated by a modification!® of the
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insulin suppression test (IST) as initially described by our laboratory.!!
Briefly, an intravenous (IV) catheter was placed in each of the patient’s
arms. Blood was sampled from 1 arm for measurement of plasma
glucose,!2 insulin,'? and FFA concentrations, and the contralateral arm
was used for administration of test substances. Octreotide acetate
(Sandostatin; Sandoz Pharmaceuticals, East Hanover, NJ) was adminis-
tered at a rate of 0.27 yg/m¥min to suppress endogenous insulin
secretion. Simultaneously, insulin and glucose were infused at rates of
32 mU/m¥min and 267 mg/m*min, respectively. Blood was sampled
every 30 minutes until 150 minutes into the study, and then every 10
minutes until 180 minutes had elapsed. The 4 values obtained from 150
to 180 minutes were averaged and considered to represent the steady-
state plasma glucose (SSPG) and insulin (SSPI) concentrations achieved
during the infusion. Since SSPI concentrations are comparable in all
individuals (~60 pU/mL), SSPG concentrations provide a direct
estimate of insulin-mediated glucose disposal in each individual. The
higher the SSPG, the more muscle insulin-resistant the individual. The
mean SSPG concentration in the insulin-resistant group was 200 * 14
mg/dL (range, 157 to 267), in contrast to a value of 80 * 7 mg/dL
(range, 46 to 121) in the insulin-sensitive individuals. The insulin-
resistant and insulin-sensitive groups had essentially identical values for
both plasma glucose (88 =8 v 87 =4 mg/dL, P =.89) and FFA
(531 £ 59 v 469 * 46, P = .42) on blood drawn before the IST began,
whereas plasma insulin was significantly higher (14 £2 v 8§+ 1
pU/mL, P = .01) in the insulin-resistant individuals.

On a separate day, insulin’s ability to regulate plasma FFA concentra-
tions was assessed during a 260-minute infusion study. As for the IST,
catheters were placed in each of the patient’s arms and octreotide
acetate was infused to suppress endogenous insulin secretion. To
simulate basal conditions, insulin and glucose were infused at rates of 6
mU/m¥min and 50 mg/m*min, respectively. Blood was drawn for
measurement of plasma glucose, insulin, and FFA concentrations every
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30 minutes until 100 minutes into the study, and then every 10 minutes
until 120 minutes had elapsed. The 3 values obtained from 100 to 200
minutes were averaged to represent the basal SSPG, SSPI, and FFA
concentrations. At 120 minutes, isoproterenol was infused at a rate of
6.67 ng/kg/min to induce lipolysis, while the infusion rates were
maintained. Blood was sampled every 10 minutes from 160 to 180
minutes to obtain SSPG, SSPI, and FFA concentrations in response to
the isoproterenol infusion. At 180 minutes, the insulin infusion rate was
increased to 15 mU/m*min to achieve an approximate doubling of the
plasma insulin concentration, the glucose infusion rate was increased to
100 mg/m*min, and the isoproterenol infusion rate was unchanged.
Blood was sampled every 10 minutes from 240 to 260 minutes to obtain
SSPG, SSPI, and FFA concentrations.

Data are expressed as the mean +SEM and were analyzed using the
Systat 7.0.1 package (SPSS, Chicago, IL). The insulin-resistant and
-sensitive groups were compared with Student’s unpaired 2-tailed 1 test.

RESULTS

The top panel in Fig 1 presents SSPG, SSPI, and FFA
concentrations in response to the basal insulin infusion in the 2
groups of subjects. Plasma insulin concentrations were similar
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Fig 1. Steady-state plasma glucose, insulin, and FFA concentra-
tions at the end of each infusion period under basal conditions, in
response to isoproterenol-induced lipolysis, and following insulin
inhibition of isoproterenol-induced lipolysis.
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in the 2 groups, whereas plasma glucose under these conditions
was higher in the insulin-resistant group (101 £5 v 79 *+ §,

= .03). At the same time, steady-state plasma FFA concentra-
tions were significantly (P = .02) higher in the insulin-resistant
group (360 = 73 v 158 % 36 uEqg/L).

The steady-state responses when isoproterenol was added to
the infusion are shown in the middle panel of Fig 1. In this
situation, SSPG concentrations were also higher (124 = 9 v
99 = 6 mg/dL, P = .03) in the insulin-resistant individuals.
Plasma insulin concentrations did not change in either group
following the addition of isoproterenol to the infusion. Al-
though steady-state plasma FFA concentrations increased in
both groups in response to isoproterenol, the steady-state
concentrations were much higher (P = .005) in the insulin-
resistant group (809 = 92 pEqg/L) compared with the insulin-
sensitive group (443 = 65 pEq/L).

The ability of an approximate doubling of the SSPI concentra-
tion to suppress isoproterenol-induced lipolysis is shown in the
bottom panel of Fig 1. The data in the middle panel demonstrate
that plasma insulin concentrations were similar in the 2 groups,
whereas both plasma glucose (149 = 10 v 112 £ 11, P = .02)
and FFA (309 = 65 v 159 % 37, P = .06) were higher in the
insulin-resistant individuals.

DISCUSSION

By selecting 2 dichotomous groups with regard to the ability
of steady-state physiological hyperinsulinemia to stimulate
muscle glucose disposal, we have been able to clearly document
differences in insulin’s ability to regulate plasma FFA concentra-
tions in non-obese healthy subjects. Individuals who were
selected because their muscles were relatively resistant to the
effects of physiological hyperinsulinemia on glucose disposal
also demonstrated abnormalities in the ability of insulin to
regulate plasma FFA concentrations. More specifically, steady-
state plasma FFA concentrations were significantly higher in the
insulin-resistant group when measured at basal insulin, in
response to stimulation of adipose tissue lipolysis by isoproter-
enol, and following insulin inhibition of isoproterenol-
stimulated lipolysis. In other words, individuals who are
resistant to insulin’s action on muscle are also unable to
maintain plasma FFA concentrations in a normal manner. These
findings are consistent with previous results from our research
group.'® However, the conclusions in our earlier study relied on
the identification of statistically significant correlation coeffi-
cients within a population in which the relevant variables were
distributed continuously, with reliance on our ability to adjust
for relevant covariates. In the present instance, we have created
2 distinct groups, with the only apparent difference at the outset
being their degree of muscle insulin resistance. We have thus
avoided the reliance on statistical adjustments, and can directly
compare the ability of insulin to regulate plasma FFA concentra-
tions in groups dichotomous for muscle insulin resistance.

In addition to the differences in plasma FFA concentrations,
plasma glucose concentrations were also higher during every
infusion period in the insulin-resistant group. One obvious
explanation for this difference during the first 2 infusion periods



ADIPOSE TISSUE AND MUSCLE INSULIN RESISTANCE

is that the higher plasma FFA concentrations led to a decrease in
muscle glucose uptake in the insulin-resistant individuals at
basal insulin concentrations.!® However, both glucose and
insulin infusion rates were increased during the last infusion
periods, and the higher plasma glucose concentrations in this
instance might be related to the combined effect of higher FFA
concentrations and the defect in insulin-stimulated glucose
disposal by muscle in the insulin-resistant subjects.

The simplest explanation for the results shown in Fig 1 is that
comparable defects exist within a given individual as regards
the ability of insulin both to stimulate glucose uptake and to
suppress adipose tissue lipolysis. This conclusion is persuasive
concerning insulin regulation of plasma FFA concentrations
under basal conditions, and is consistent with previous results
showing that insulin inhibition of plasma FFA concentrations is
decreased in association with obesity and type 2 diabetes.’¢
Although the higher plasma FFA concentrations in response to
isoproterenol suggest that muscle insulin resistance is associ-
ated with enhanced catecholamine-induced lipolysis, this find-
ing appears to be in conflict with the results from Connacher et
al'7 showing that the increase in FFA flux in response to an
infusion of adrenaline was reduced in obese compared with lean
individuals. However, obese individuals also had significantly
higher plasma glucose and insulin concentrations during the
adrenaline infusion. Given the sensitivity of adipose tissue to
the antilipolytic effect of insulin® and the evidence that hypergly-
cemia per se is antilipolytic,'? an attenuated effect of adrenaline
to increase FFA flux in obese subjects!” may not be unexpected.

The antilipolytic effects of an increase in plasma glucose and
insulin also might have contributed to our observation that the
difference in plasma FFA concentrations between the 2 groups
following insulin suppression of isoproterenol-induced lipolysis
was of marginal statistical significance (P = .06). Specificaily,
plasma glucose was significantly higher during this infusion
period in the insulin-resistant subjects, and their plasma insulin
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concentration was also somewhat higher (P = .19). It is cer-
tainly possible that these differences could have falsely accentu-
ated the decrease in steady-state plasma FFAs in the insulin-
resistant group. Finally, the decision to increase the plasma
insulin concentration 2-fold was arbitrary, and the differences in
steady-state plasma FFA concentrations might have reached the
level of statistical significance if another infusion rate were
chosen.

In conclusion, the present results provide strong evidence that
the ability of insulin to normally regulate plasma FFA concentra-
tions is impaired in healthy subjects with muscle insulin
resistance. The simplest explanation for these findings is that
insulin-resistant individuals share defects in the ability of
insulin to stimulate muscle glucose disposal and to inhibit
adipose tissue lipolysis. On the other hand, measurement of
plasma FFA concentrations only provides a surrogate estimate
of lipolysis. In general, plasma FFA concentrations and total
body FFA turnover are highly correlated,!” but there are
certainly exceptions to this generalization. For example, Wolfe
and Peters®® have shown that reesterification of FFA within
adipose tissue is significantly increased during infusions of
glucose and insulin. As such, the decrease in plasma FFAs is
less useful as a marker of lipolysis under these conditions. On
the other hand, this phenomenon was observed at higher
glucose and insulin infusion rates and higher plasma glucose
and insulin concentrations than in the current study. Conse-
quently, it is likely, under the conditions of our protocol, that
plasma FFA concentrations provide a reasonable estimate of
adipose tissue lipolysis. In any event, the goal of our study was
to test the hypothesis that the ability of insulin to regulate
plasma FFA concentrations would be decreased in healthy
subjects with muscle insulin resistance. Determining whether
this phenomenon is due to a defect in antilipolysis and/or
reesterification was not the aim of our study.

REFERENCES

1. Shen S-W, Reaven GM, Farquhar JW: Comparison of impedance
to insulin mediated glucose uptake in normal and diabetic subjects. J
Clin Invest 49:2151-2160, 1970

2. DeFronzo RA, Tobin JD, Andres R: Glucose clamp technique: A
method for quantifying insulin secretion and resistance. Am J Physiol
237:E214-E223, 1979

3. Swislocki ALM, Chen Y-DI, Golay A, et al: Insulin suppression of
plasma-free fatty acid concentration in normal individuals and patients
with type 2 (non—insulin-dependent) diabetes. Diabetologia 30:622-
626, 1987

4. Chen Y-DI, Golay A, Swislocki ALM, et al: Resistance to insulin
suppression of plasma free fatty acid concentrations and insulin
stimulation of glucose uptake in noninsulin-dependent diabetes melli-
tus. J Clin Endocrinol Metab 64:17-21, 1987

5. Jensen MD, Haymond MW, Rizza RA, et al: Influence of body fat
distribution on free fatty acid metabolism in obesity. J Clin Invest
83:1168-1173, 1989

6. Groop LC, Saloranta C, Shank M, et al: The role of free fatty acid
metabolism in the pathogenesis of insulin resistance in obesity and
noninsulin-dependent diabetes mellitus. J Clin Endocrinol Metab
72:96-107, 1999

7. Hollenbeck C, Reaven GM: Variations in insulin-stimulated

glucose uptake in healthy individuals with normal glucose tolerance. J
Clin Endocrinol Metab 64:1169-1173, 1987

8. Reaven GM, Brand RJ, Chen Y-DI, et al: Insulin resistance and
insulin secretion are determinants of oral glucose tolerance in normal
individuals. Diabetes 42:1324-1332, 1993

9. American Diabetes Association: Report of the Expert Committee
on the Diagnosis and Classification of Diabetes Mellitus. Diabetes Care
20:1183-1197, 1997

10. Pei D, Jones CNO, Bhargava R, et al: Evaluation of octreotide to
assess insulin-mediated glucose disposal by the insulin suppression test.
Diabetologia 37:843-845, 1994

11. Greenfield MS, Doberne L, Kraemer FB, et al: Assessment of
insulin resistance with the insulin suppression test and the euglycemic
clamp. Diabetes 30:387-392, 1981

12. Kadish AH, Litle RL, Sternberg JC: A new and rapid method for
determination of glucose by measurement of rate of oXygen consump-
tion. Clin Chem 14:116-131, 1968

13. Hales CN, Randle PJ: Immunoassay of insulin antibody precipi-
tate. Biochem J 88:137-146, 1963

14. Noma A, Okabe H, Kita M: A new calorimetric micro-
determination of free fatty acids in serum. Clin Chim Acta 43:317-320,
1973



154

15. Pei D, Chen Y-DI, Hollenbeck CB, et al: Relationship between
insulin-mediated glucose disposal by muscle and adipose tissue lipoly-
sis in healthy volunteers. J Clin Endocrinol Metab 80:3368-3372, 1995

16. Randle PJ, Hales CN, Garland PB, et al: The glucose fatty-acid
cycle. Its role in insulin sensitivity and the metabolic disturbances of
diabetes mellitus. Lancet 1:785-789, 1963

17. Connacher AA, Bennet WM, Jung RT, et al: Effect of adrenaline
infusion on fatty acid and glucose turnover in lean and obese human
subjects in the post-absorptive and fed states. Clin Sci 81:635-644, 1991

ABBASI ET AL

18. Shulman GI, Williams PE, Liljenquist JE, et al: Effect of
hyperglycemia independent of changes in insulin or glucagon on
lipolysis in the conscious dog. Metabolism 29:317-320, 1980

19. Groop LC, Bonadonna RC, DelPrato S. et al: Glucose and free
fatty acid metabolism in non-insulin-dependent diabetes mellitus:
Evidence for multiple sites of insulin resistance. J Clin Invest 8§4:205-
213, 1989

20. Wolfe RR, Peters EJ: Lipolytic response to glucose infusion in
human subjects. Am J Physiol 252:E218-E223, 1987



