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Fatty acids fulfill important roles in physiology. The plasma concentrations of fatty acids are principally regulated by insulin,

which suppresses the release of fatty acids from lipid stores, and catecholamines, which increase their release from lipid

stores. Although insulin regulates the concentration of plasma free fatty acids (FFAs), little is known about the relative effects

of insulin on the saturated compared with the unsaturated plasma fatty acids. In the current study, we specifically measured

the plasma concentration of 3 saturated and 4 unsaturated fatty acids along with an estimate of lipolytic activity using a

stable isotope of glycerol during a 3-hour, 1-step, euglycemic clamp study in humans. The data showed the expected decline

in plasma fatty acids from 0.26 � 0.02 to 0.06 � 0.01 �mol/mL. Saturated fatty acids were reduced from 0.12 � 0.01 to 0.05 �
0.005 �mol/mL and unsaturated fatty acids were reduced from 0.11 � 0.01 to 0.01 � 0.001 �mol/mL after 3 hours of insulin

infusion. At baseline, the ratio of saturated to unsaturated fatty acid was 55:45, which increased to 82:18 by the end of study.

The changes in fatty acids were evident within 1 hour. Whole body lipolytic rates were measured with deuterated glycerol and

decreased from 1.48 � 0.56 �mol � kg-1 � min-1 to 0.75 � 0.34 �mol � kg-1 � min-1. Baseline postabsorptive plasma fatty acid

concentrations were significantly correlated to insulin sensitivity (M value) as measured during the euglycemic clamp. There

were no significant differences between the more insulin-sensitive subjects when compared with the more insulin-resistant

subjects with respect to the relative decreases in saturated and unsaturated fatty acids during insulin infusion. These data

demonstrate a sustained differential effect of insulin on the plasma fatty acid profile.

Copyright 2002, Elsevier Science (USA). All rights reserved.

FATTY ACIDS SERVE important roles in physiology,
including fuel sources, participants in membrane struc-

ture, mediators of metabolic processes, such as prostaglandin
and leukotriene pathways, and the exertion of hemodynamic
effects.1,2 Most fatty acid transport is via esterification to glyc-
erol and incorporation of these triglycerides into very–low-
density lipoprotein (VLDL) particles, which are then released
into the circulation. A smaller portion of nonesterified fatty
acids are transported directly bound to serum proteins. The
concentrations of these free fatty acids (FFA) are closely reg-
ulated by several systems, principally insulin, which suppresses
the release of fatty acids from lipid stores, and catecholamines,
which increase the release of fatty acids from lipid stores, in
addition to other regulators.3-5

The plasma FFA profile is composed of both saturated and
unsaturated fatty acids in roughly equal amounts. Intake of
saturated fatty acids are thought to contribute to atherosclerosis,
while unsaturated fatty acids may have a protective role in
atherosclerosis.

Although insulin regulates the concentration of plasma FFA
through its inhibitory effect on FFA release by lipolysis,6 little
is known about the relative effects of insulin on saturated
compared with unsaturated plasma fatty acids. Recent data
suggests that serum concentrations of specific fatty acids may
be important in the pathogenesis of cardiovascular endpoints,
such as myocardial infarction,7 and clinical interest in fatty
acids remains engaged because of their role in the pathogenesis
of insulin resistance and type 2 diabetes.8 We hypothesized that
the plasma concentration of unsaturated fatty acids was reduced
to a greater degree during insulin and glucose infusion when
compared with saturated fatty acids based on preliminary ob-
servations of subjects in whom we measured lipolytic rates and
individual plasma FFA concentrations during euglycemic
clamp studies.9-11 In the current study, we specifically mea-
sured the plasma concentration of 3 saturated (C14:0,C16:0,
and C18:0) and 4 unsaturated fatty acids (C16:1,C18:1,C18:2,
and C18:3) along with an estimate of whole-body lipolytic
activity using the rate of appearance (Ra) of a stable isotope of
glycerol during euglycemic clamp studies in humans. In addi-

tion, changes in fat oxidation were measured by indirect calo-
rimetry during euglycemic clamp testing. Finally, to determine
whether insulin sensitivity influenced the relative reduction in
the saturated and unsaturated plasma FFA profiles, we com-
pared the changes in saturated and unsaturated FFA in subjects
who were more insulin sensitive compared with those who
were less insulin sensitive, as determined by the M value
(glucose uptake during stable hyperinsulinemia) during the
euglycemic clamp study.

MATERIALS AND METHODS

All procedures were approved by the Institutional Review Boards of
The University of Texas Medical Branch at Galveston and the Univer-
sity of Pennsylvania, and each subject gave informed, written consent.
Details of the insulin sensitivity of some of these subjects have been
previously published.9,11,12

Euglycemic Clamp Procedure

Each subject underwent a standard history and physical exam and a
complete biochemical profile prior to study participation. No subject
was receiving routine medication, and 6 subjects (5 men, 1 woman)
with a history of essential hypertension had not received antihyperten-
sive medication for at least 4 weeks prior to participation. Twenty-six
of the 32 subjects (the normotensive subjects) underwent an oral
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glucose tolerance test (75 g of glucose) to exclude subjects with
glucose intolerance. The other 6 subjects had no clinical history of
diabetes and had normal fasting blood sugar concentrations.

The euglycemic clamp and indirect calorimetry studies were per-
formed in the General Clinical Research Center (GCRC). Subjects were
admitted to the GCRC at 5:00 to 6:00 PM on the evening prior to the
euglycemic clamp study. A 12-hour urine collection was obtained (6:00
PM to 6:00 AM) to estimate protein oxidation from urea nitrogen
excretion.13 At 6:00 AM, an intravenous (IV) catheter was inserted in
each arm. One catheter was placed in the hand or wrist and warmed to
55°C to 60°C (to “arterialize” the blood14), from which all blood
sampling was performed. The other catheter was placed in the opposite
forearm and used for all infusions. Subjects rested for approximately 30
minutes before any studies were initiated.

Beginning at 7:00 AM, blood was sampled every 10 minutes to
demonstrate stable whole blood glucose concentration by the glucose
oxidase method on a glucose analyzer (YSI model 23A; YSI, Yellow
Springs, OH). At 9:00 AM, a euglycemic clamp was initiated. A priming
bolus of regular human insulin ( � 0.5 U; Humulin R, Eli Lilly,
Indianapolis, IN) was followed by a constant infusion at a dose of 40
mU � m-2 � min-1 for 3 hours (9:00 AM to noon). Whole blood glucose
concentrations were determined every 5 minutes, and a 15% dextrose
solution was administered at a rate sufficient to maintain whole blood
glucose concentration between 80 and 85 mg � dL-1 (4.4 to 4.7 mmol �

L-1). Commencing with dextrose infusion, potassium chloride was
administered at 0.1 mmol � kg-1 � hr-1 until insulin infusion was
complete. Following 3 hours of insulin infusion, all infusion solutions
except dextrose were discontinued. The subjects were fed, and the
dextrose infusion tapered and discontinued between noon and 1:30 PM.

Expired air was collected by a face mask system connected to a
SensorMedic calorimeter (Sensormedic, Yorba Linda, CA) for deter-
mination of carbon dioxide production and oxygen usage just before
and during the last 30 minutes of the euglycemic clamp study. Expired
air was analyzed at 30-second intervals for a total of 9 minutes on each
subject. Calorimetry was performed between 8:30 and 9:00 AM (basal)
and again between 11:30 AM and noon during the last 30 minutes of
insulin infusion.

Analyses

Plasma insulin levels were determined by radioimmunoassay (INC-
STAR, Stillwater, MI). Plasma glycerol concentrations were measured
with an AutoAnalyzer (Bayer-Technicon, Tarrytown, NY). Enrichment
of plasma with 2H5-glycerol was determined by gas chromatography/
mass spectroscopy using an MSD 5971 system (Hewlett Packard, Palo
Alto, CA) with an HP-1 12 � 0.2 mm fused silica capillary column
after formation of the trimethyl-silyl derivative.10,15 The rate of appear-
ance of glycerol (glycerol Ra) was determined using the Steele equa-
tion for steady state isotope kinetics16 and the nonsteady state17 induced
by insulin infusion. Plasma fatty acids were determined using gas
chromatography as described previously.10,18 Indirect calorimetry data
were analyzed for substrate oxidation according to published formu-
lae.13

Data

Data are expressed as mean � SEM. The data were analyzed using
the statistical package SigmaStat v2.0 (Jandel Scientific, San Rafael,
CA). Differences in plasma FFA concentrations at the beginning com-
pared with the end of the euglycemic clamp were compared with a
paired t test. The relationship between insulin sensitivity (M value) and
plasma FFA concentrations was evaluated with Pearson’s product
moment correlation (r). A Mann-Whitney test was performed when the
data failed an Equal Variance test. Two-tailed P values for the t tests of
less than .05 were considered significant.

RESULTS

Subject characteristics are presented in Table 1. The majority
of the subjects were males ranging in age from 18 to 56 years.

The plasma concentrations of 7 fatty acids (C14:0, C16:0,
C16:1, C18:0, C18:1, C18:2, and C18:3) were measured indi-
vidually, and total fatty acid concentration represents the sum
of these 7; saturated fatty acid is the sum of (C14:0 � C16:0 �
C18:0), whereas unsaturated fatty acid is the sum of (C16:1 �
C18:1 � C18:2 � C18:3) in this study. In general, these 7 fatty
acids account for more than 90% of the plasma FFA in the
postabsorptive state.

Figure 1A depicts the decline in total fatty acid concentration
(thick solid line) during insulin infusion. Total FFA decreased
from 0.26 � 0.02 to 0.06 � 0.01 �mol/mL. Also, the decline
in saturated FFA (thin solid line) and unsaturated FFA (thin
dashed line) is shown during the 180 minutes of insulin (and
dextrose) infusion during euglycemic clamp conditions in Fig
1A. In Fig 1B, the relative concentrations of saturated FFA and
unsaturated FFA at baseline and hourly intervals are shown in
the pie charts. At 0 minutes (baseline) saturated FFA consti-
tuted 55% � 2% of the total FFA, and at 180 minutes, saturated
FFA constituted 82% � 2% of the total FFA. As is evident
following 60 minutes of insulin infusion and continuing
throughout the entire 3 hours of insulin infusion, the percentage
decline in unsaturated fatty acid was significantly greater than
the decline in saturated fatty acid (P � .001 comparing pro-
portions of saturated with unsaturated FFA at the end of study).

The changes in the glycerol Ra (not shown), a measure of
whole body lipolysis, during the euglycemic clamp roughly
paralleled the changes in total plasma FFA. The baseline glyc-
erol Ra was 1.48 � 0.56 �mol � kg-1 � min-1, which declined to
0.75 � 0.34 �mol � kg-1 � min-1 at the end of insulin infusion.
The absolute reduction in glycerol Ra (50%) was not as great as
the reduction in total FFA (70%).

Fat oxidation roughly paralleled the changes in total plasma
FFA. Indirect calorimetry estimates of fat and carbohydrate
oxidation are shown in Fig 1C. Lipid oxidation declined from
0.8 � 0.06 to 0.2 � 0.06 mg � kg-1 � min-1, while carbohydrate
oxidation increased from 1.6 � 0.1 to 3.4 � 0.2 mg � kg-1 �
min-1.

For the whole group, the total glucose uptake (M value)
during the euglycemic clamp demonstrated a significant corre-
lation with the total FFA at baseline (r � -.46; P � .01) as
shown in Fig 2. The subjects were subsequently divided into
the more (n � 16; mean glucose uptake 10.3 � 0.3 mg � kg-1 �
min-1) and less (n � 16; mean glucose uptake 6.3 � 0.5 mg �

Table 1. Demographics

Subjects (M/F) 31/1
Age 30 � 2 yr
Body mass index 23.5 � 0.5 kg/m2

Glucose 95 � 2 mg/dL
Total cholesterol 174 � 6 mg/dL
High-density lipoprotein 44 � 2 mg/dL
Triglycerides 116 � 11 mg/dL
Low-density lipoprotein-cholesterol 110 � 6 mg/dL
FFA 0.26 � 0.02 �mol/mL
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kg-1 � min-1) insulin-sensitive subjects by separating the entire
group into 2 subgroups based on the M value. There were no
significant differences in insulin suppression of total plasma
FFA in the more compared with the less insulin-sensitive
subjects, nor were there significant differences in the decrease
in saturated compared with unsaturated FFA concentrations in
the more compared with the less insulin-sensitive subjects.

DISCUSSION

These data show the expected suppression of lipolysis, total
plasma FFA, and changes in fat and carbohydrate oxidation,
which typically occur during a euglycemic insulin infusion. In
addition, they show that whereas total plasma fatty acids de-
creased about 70% from baseline, the reduction in unsaturated
fatty acids (decrease of 90%) was larger than the reduction in
saturated fatty acids (decrease of 60%). Although both satu-
rated and unsaturated FFA declined during insulin infusion, the
55:45 ratio of saturated:unsaturated FFA increased to a 77:23
ratio of saturated:unsaturated following 1 hour of insulin and
dextrose infusion, increasing further to 82:18 during the last 2
hours of insulin infusion.

There is a small literature on the changes in plasma FFA

profile following glucose load, the glucose load in general
being given orally,19,20 or IV push.21 In the study of Nakamura
et al,20 3 normal volunteers who received an oral glucose load
of 100 g had a 40% decline in total FFA 1 hour later, with a
reduction in saturated FFA of 22% and decline in unsaturated
FFA of 54%, roughly similar to the changes in the current
study, but with a small number of subjects studied and an oral
route of glucose administration. In another human investigation
by Yue et al,19 the plasma FFA in both diabetic and nondiabetic
subjects declined after an oral glucose tolerance load, with the
largest changes in palmitate (the main saturated FFA) and
oleate (the main unsaturated FFA). Our study differs from these
investigations in that the administration of an oral or IV glucose
load is typically accompanied by transient increases in both
glucose and insulin, while in our study, the glucose and insulin
levels were kept in a stable range for a period of 3 hours.

FFAs diminish during an insulin/dextrose infusion for at
least 4 reasons: (1) suppressed release from cells (ie, decreased
lipolysis, as confirmed by the decrease in Ra glycerol in the
current study [and previous studies22], (2) inhibition of carrier-
mediated transport across cell membranes,23 (3) increased re-
esterification relative to lipolytic rate within cells,3 and (4) FFA
removal by tissues.24 The methods used in the current study
were not designed to differentiate how these various insulin-
mediated mechanisms could have differentially affected satu-
rated versus unsaturated fatty acids, although the relatively
greater suppression of plasma FFA compared with total lipo-
lytic rates supports the mechanisms of increased intracellular
re-esterification and decreased lipolysis as noted by others.3

The importance of fatty acids stem, in part, from their role in
insulin sensitivity,25 which, in turn, is thought to participate in
the pathogenesis of atherosclerosis.26 In this study, the plasma
FFAs were higher in those with reduced insulin sensitivity as
measured by euglycemic clamp methodology (Fig 2). How-

Fig 2. Plot of insulin sensitivity (M value each point representing

the average glucose uptake during the last 30 minutes of the eugly-

cemic clamp of each subject) v baseline total FFA concentration

measured at the beginning (just prior to insulin infusion) of the

euglycemic clamp. Solid line represents regression line, r � -.46; P <
.01).

Fig 1. (A) Total (thick black line), saturated (thin sold black line),

and unsaturated (thin dashed black line) FFA concentrations at base-

line (0 minutes) and hourly throughout 3 hours (until 180 minutes) of

insulin infusion during euglycemic clamp study (data are mean �

SEM). (B) Proportions of saturated (black) and unsaturated (grey)

FFA in pie chart during each hour of euglycemic clamp and corre-

sponding to same time points as FFA in (A). (C) Fat (FAT) and carbo-

hydrate (CHO) oxidation at baseline (before insulin infusion) and at

end of euglycemic clamp study (during the third hour of insulin

infusion).
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ever, the degree of suppression of both saturated and unsatur-
ated FFA was the same when the insulin-resistant were com-
pared with the insulin-sensitive subjects.

Although there were no significant differences in the degree
of FFA suppression in the more insulin-resistant group com-
pared with the more insulin-sensitive group, the remarkable
findings in this study were the differential and sustained effects
of the insulin infusion on the unsaturated FFA compared with
the saturated FFA. This effect was apparent within an hour and
maintained throughout the 3 hours of study. These findings, if
extrapolated to increases in insulin concentration following
ingestion of a meal, would suggest that subjects who have a
more prolonged duration of insulin increase following food
intake expose their tissues to relatively longer periods of satu-
rated FFA excess. Thus, one possible mechanism whereby
insulin resistance predisposes to atherogenesis could relate to a
longer exposure of tissues to a relative excess in saturated
compared with unsaturated FFA. Such a mechanism is sup-
ported by the finding that insulin-resistant subjects show a

higher plasma insulin concentration and a more prolonged
plasma insulin response after an oral glucose load.27

There are several limitations to this study. Individual FFA
turnover was not directly measured, however, other studies
have shown that the Ra of the main saturated FFA (palmitate)
parallels that of total FFA.3 Most of the study subjects were
males (only 1 woman participated), thus these data do not
readily generalize to women. The subjects were free of cardio-
vascular disease and were relatively young, thus the results may
not be applicable to older subjects or those with clinical car-
diovascular disease.

In summary, these data show a rapid and sustained reduction
in plasma FFA during euglycemic clamp conditions that was
paralleled by a similar (although smaller) decrease in lipolytic
activity as measured by the glycerol Ra. The degree of satu-
rated FFA reduction was less than the degree of unsaturated
FFA reduction, and this was independent of the degree of
insulin sensitivity present in subjects as measured by the M
value on a euglycemic clamp study.
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