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creased to 26 ± 1, 32 ± 3, 70 ± 4, and 115 ± 6 JJLU

ml. The rate of glucose appearance was suppressed
100%, whereas the rate of appearance of glycerol was
maximally suppressed only 85%. Nevertheless, the insulin concentration that produced half-maximal
suppression of glucose appearance was twice as great
as that required for half-maximal suppression of glycerol appearance (26 ± 2 vs. 13 ± 2 |xU/ml, P < .001).
Insulin decreased both the absolute rate of glycerol
conversion to plasma glucose and the percent of glycerol disposal appearing in plasma glucose (both P <
.001). These results indicate that in normal humans the
suppression of lipolysis is more sensitive to insulin
than is the suppression of hepatic glucose production
and that in addition to reducing glycerol availability,
insulin suppresses glycerol incorporation into plasma
glucose by another (presumably hepatic) mechanism.
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T

he major metabolic actions of insulin include not
only its suppression of hepatic glucose production
and stimulation of peripheral glucose utilization but
also its inhibition of lipolysis in adipose tissue. In
the basal (postabsorptive) state, suppression of release of
glucose from the liver and suppression of release of free
fatty acids (FFA) from adipose tissue are probably the more
important actions of insulin because 60-80% of glucose
uptake in the postabsorptive state is non-insulin mediated12
and because a slight reduction in circulating insulin levels
increases glucose output and plasma FFA concentrations
without decreasing glucose utilization.34
In humans the suppression of hepatic glucose output
(HGO) is more sensitive to insulin than is the stimulation of
glucose utilization.56 In vitro studies of isolated human
adipocytes7 and studies in human volunteers389 indicate that
suppression of lipolysis is also more sensitive to insulin than
is stimulation of glucose utilization.3 However, no direct information is presently available concerning the relative insulin sensitivity of hepatic glucose production and adipose
tissue lipolysis.
Howard et al.,8 Zierler and Rabinowitz,9 and Bakir and
Jarret10 found that increases in plasma insulin to —20-50
(xU/ml suppressed plasma FFA concentrations —50%. Although none of these studies assessed HGO, these results
suggest that suppression of lipolysis and HGO might be
comparably sensitive to insulin because the half-maximal
effective dose (ED50) for suppression of HGO in normal humans is —30 |xU/ml.5
Nevertheless, these studies used changes in plasma FFA
levels as an index of lipolysis,8"10 and this could have resulted
in an error in estimation of the insulin sensitivity of lipolysis
because FFA can be reesterified and the insulin sensitivity
of FFA reesterification might differ from that of lipolysis. In
contrast, glycerol formed during lipolysis cannot be reesterified to a significant extent in human adipose tissue.11
Consequently, the rate of appearance of glycerol should be
a more precise index of lipolysis.
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SUMMARY

To compare the dose-response characteristics for
suppression of lipolysis and suppression of glucose
production by insulin, 13 normal nonobese individuals
were infused with insulin at rates of 0.1, 0.2, 0.4, 0.8,
and 1.6 mU • k g 1 • m i n 1 while normoglycemia was
maintained with the glucose clamp technique. Glucose
appearance and glycerol appearance (taken as index of
lipolysis) were measured isotopically with simultaneous infusions of 3-[3H]glucose and U-[14C]glycerol.
Baseline glucose and glycerol rates of appearance
were 14 ± 0.5 and 1.7 ± 0.2 (xmol • kg~1 • min~1, respectively. Approximately 3% of plasma glucose originated from glycerol, and this accounted for - 5 0 % of
glycerol disposal. During the insulin infusions, arterial
insulin (basal, 9.8 ± 0.6 fxll ml) increased to 14 ± 0.5,
20 ± 0.5, 31 ± 1, 58 ± 2, and 104 ± 6 (xU/ml; calculated portal venous insulin (basal, 24 ± 2 jA.U/ml) in-
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Therefore, in this study, we compare the dose-response
characteristics for insulin-induced suppression of glycerol
and glucose appearance rates to assess the relative insulin
sensitivity of suppression of lipolysis and glucose production
in postabsorptive normal humans. Moreover, because —50%
of the glycerol produced in the postabsorptive state is converted to glucose,12 we examined the effect of insulin on
glycerol incorporation into plasma glucose as a function of
glycerol disposal to determine whether insulin inhibited glycerol incorporation into plasma glucose exclusively by decreasing glycerol availability to the liver (inhibition of lipolysis) or whether another mechanism was also involved.
METHODS
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FIG. 1. Arterial plasma C-peptide and insulin concentrations and calculated portal venous insulin concentrations during sequential insulin infusions.
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Subjects. Informed consent was obtained from 13 normal
male volunteers (aged 27 ± 1 yr). They weighed 77 ± 3 kg,
all were within 10% of their ideal body weight (Metropolitan
Life Insurance Company Tables, 1985), and none had a
family history of diabetes mellitus. Subjects consumed a
weight-maintenance diet (~30 kcal/kg) containing 200300 g carbohydrate for at least 3 days before the experiments. On the evening before the experiments, subjects
were admitted to the Mayo Clinic General Clinical Research
Center after dinner and subsequently fasted until completion
of the studies.
Between 0600 and 0800 h, contralateral arm veins were
cannulated with 18-gauge catheters (Jelco, Raritan, NJ).
One, a wrist vein, was used for continuous blood withdrawal
by a Biostator (Life Science, Miles, Elkart, IN), which was
used solely for constant glucose monitoring5; the other, an
antecubital vein, was used for infusion of glucose and insulin
via separate Harvard pumps (Harvard Instruments, Model
600-00, Boston, MA). In addition, a hand vein was cannulated retrogradely with a No. 19 butterfly needle (Surflo, Terukmo, Tokyo, Japan). Both the wrist vein (Biostator) and the
hand vein were maintained at 55°C in a thermoregulated
Plexiglas box. The hand vein was used for intermittent sampling of arterialized venous blood13 for determination of
plasma glucose concentrations; these values were used to
recalibrate the Biostator at 10-min intervals to permit clamping at arterial glucose concentrations. This was done with
the Biostator-pump ratio-adjustments knob. These adjustments, when necessary, were small (1-3 mg/dl).
Three hours before initiating the insulin dose-response experiments, a primed continuous infusion of 3-[3H]D-glucose
(25 fjiCi, 0.25 M-Ci/min; New England Nuclear, Boston, MA)
and U-[14C]glycerol (6 |xCi, 0.3 |xCi/min; Research Products
International, Mount Prospect, IL) was started for the determination of glucose and glycerol fluxes. After a 2-h isotopeequilibration period, insulin was infused at either 0.1, 0.2,
0.8, and 1.6 mU • kg" 1 • min- 1 (N = 7) or 0.2, 0.4, 0.8, and
1.6 mil • kg* 1 • rnin"1 (A/ = 6) for 2 h. Euglycemia was maintained throughout the experiments with the glucose clamp
technique described previously.5
Blood samples for plasma glucose and glycerol concentrations, [3H]glucose and [14C]glucose sp act, [14C]glycerol
sp act, and C-peptide and insulin levels were taken before
and at 10-min intervals during the last 30 min of each insulin
infusion.
Analytical procedures. Plasma glucose was measured with
a YSI glucose analyzer (Yellow Springs, Yellow Springs, OH).

Plasma glycerol was determined by an enzymatic microfluorometric method14 with a detection limit (95% confidence
interval) of 10 UJTIOI/L and with an inter- and intra-assay
variability of <5%. Plasma insulin15 and C-peptide16 concentrations were determined by standard radioimmunoassays.
For determination of their specific activities, glucose and
glycerol were isolated from plasma by ion-exchange chromatography: 4 ml of plasma were deproteinized by addition
of an equal volume of chilled 7% (wt/vol) perchloric acid.
After centrifugation, the supernatant was decanted into a
separate tube, the pellet was washed once with 1 ml of
distilled water, and the wash was added to the previously
decanted supernatant. After neutralization to a pH between
6.7 and 7.2 with 4 N KOH, the sample was transferred to
three stacked (1 x 7-cm) polypropylene columns (BioRad,
Richmond, CA). The top column contained 9 ml of AG1 (formate form) anion-exchange resin (100-200 mesh, Bio-Rad);
the middle column contained 6 ml of AG50 (hydrogen form)
cation-exchange resin (100-200 mesh, Bio-Rad). Glycerol,
glucose, and other neutral compounds were eluted off the
AG1 and AG50 columns with two washes of 20 ml distilled
water,17 and the wash was passed through the bottom column containing 6 ml of AG1 (borate form). The borate columns were prepared by first converting an AG1, chloride
form (100-200 mesh, Bio-Rad) to the hydroxide form with
six 20-ml washes of 2 N NaOH and then converting it to the
borate form by 3-4 20-ml washes of 0.5 M boric acid until
the pH reached 4.2-4.3.18 Glycerol was eluted from the borate column with 20 mM K-tetraboric acid in three fractions
of 20 ml each. An additional wash with 20 ml of 20 mM Ktetraboric acid was performed before eluting the glucose
with 0.5 M acetic acid in two fractions of 20 ml each. The
eluates were evaporated under vacuum (Speedvac Concentrator, Savant, Hicksville, NY) and resuspended in 1 ml

RESULTS
Plasma insulin and C-peptide concentrations. Basal arterial plasma insulin and C-peptide concentrations were
9.8 ± 0.6 |xU/ml and 1.4 ± 0.1 ng/ml, respectively. During
infusions of insulin, arterial plasma insulin increased to 14 ±
0.5, 20 ± 0.5, 31 ± 1, 58 ± 2, and 104 ± 6 |xU/ml during
theO.1-, 0.2-, 0.4-, 0.8-, and 1.6-mU • kg" 1 • m i n 1 infusions,
respectively; plasma C-peptide decreased progressively to
- 7 0 % of basal values (1.0 ± 0.1 ng/ml) by the 0.4-mU •
kg" 1 • min~1 insulin infusion and did not decrease further.
Calculated portal venous insulin increased from a basal
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FIG. 2. Arterial plasma glucose and glycerol concentrations and rates
of appearance (Ra) of glucose and glycerol during sequential insulin
infusions.

concentration of 24 ± 2 to 26 ± 1, 32 ± 1, 43 ± 2, 70 ± 2,
and 115 ± 6 jill/ml during the ascending insulin infusions
(Fig. 1).
Plasma glucose and glycerol concentrations and Ra values. Basal plasma glucose was 5.3 ± 0.1 mM; during the
insulin infusions, it was maintained between 5.1 and 5.4 mM
with the glucose clamp technique (coefficient of variation,
<5%). Plasma glycerol decreased from a basal concentration of 86 ± 5 |xM to 14 ± 2 |JLM during the highest insulin
infusion ( P < .01) (Fig. 2).
Basal glucose and glycerol Ra values were 14 ± 0.5 and
1.7 ± 0.2 ixmol • kg" 1 • min~\ respectively. Both decreased
during the insulin infusions. The first significant decrease in
glucose Ra was observed during the second (0.2 mU -kg" 1 •
min~1) insulin infusion (5.4 ± 1.1 ixmol • k g ' 1 • min~1 P<
.001), and it was totally suppressed during the highest insulin
infusion. Glycerol Ra decreased >40% to 1.0 ± 0.1 fiimol •
kg^ 1 • min" 1 during the first (0.1 mU • kg~1 • min"1) insulin
infusion (P < .01), and it was suppressed - 8 5 % (to 0.3 ±
0.04 jjimol • kg- 1 • min"1) during the highest insulin infusion.
Because this rate was not significantly lower than that observed during the preceding insulin infusion, it was considered to represent maximal suppression (Fig. 2).
Dose-response characteristics for insulin-induced suppression of glucose and glycerol Ra values. The liver is
primarily exposed to and presumably predominantly influenced by portal venous insulin concentrations, whereas adipose tissue is exposed to arterial insulin concentrations.
Consequently, the dose-response characteristics for insulininduced suppression of glucose Ra were examined in terms
of calculated portal venous insulin concentrations, whereas
those for glycerol Ra were examined in terms of arterial in-
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of distilled water; the fractions of glycerol and glucose were
separately pooled. Ten milliliters of liquid scintillation cocktail (Safety-Solv, Research Products International, Mount
Prospect, IL) was added to the pooled eluates for liquid
scintillation counting. Correction was made for recoveries of
glycerol and glucose from plasma (~60 and - 8 0 % , respectively) by adding [3H]glycerol as an internal standard and
[I4C]glucose as an external standard before deproteinization
of plasma. With the above isolation technique, <0.6% of
20,000 dpm [3H]glycerol were found in the glucose fraction,
and no counts from 20,000 dpm [14C]glucose were found in
the glycerol peak.
Calculations. Rates of glucose and glycerol appearance
(Ra) and disappearance (Rd) were calculated from the
Steele equations modified for non-steady-state conditions,
as described by DeBodo et al.19 For both substrates, a fractional pool size of 0.5 was used; distribution spaces of 200
and 650 ml/kg were used for glucose19 and glycerol,20 respectively. During the glucose clamp experiments, rates of
exogenously infused glucose were subtracted from overall
rates of glucose appearance to obtain rates of endogenous
glucose appearance.5 Values obtained during the last 30
min of each insulin infusion were averaged and used for
dose-response calculations.
The percent of plasma glucose derived from glycerol
was determined from the ratio of plasma [14C]glucose and
plasma [14C]glycerol sp act, as described by Kreisberg et
al.21 The rate of glycerol conversion to glucose was calculated by multiplying the percent of glucose derived from
glycerol by glucose Ra. The percent of glycerol disposal
incorporated into plasma glucose was calculated by dividing
the rate of glycerol conversion to glucose by glycerol Rd.
Portal venous insulin concentrations were calculated from
changes in arterial plasma insulin and C-peptide concentrations with the non-steady-state equations of DeFeo et al.22
The plasma insulin ED50 values for suppression of glucose
and glycerol appearance were determined in individual subjects from standard log-logit plots.23 Log[Y/(100 - Y)] is
plotted versus log(plasma insulin concentration), where V is
the percent of maximal inhibition. The apparent ED50 is the
x-intercept, which was determined by least-squares linear
regression. The ED50 for suppression of hepatic glucose production was determined from calculated portal venous insulin concentrations. Arterial insulin concentrations were
used to estimate the ED50 for suppression of lipolysis.
Statistical analysis. Data in the text and figures are given
as means ± SE. Statistical evaluation was performed with
the paired two-tailed Student's t test. A P value <.O5 was
considered to be statistically significant.
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sulin concentrations (Fig. 3). Maximal suppression of glucose and glycerol Ra values occurred at approximately the
same plasma insulin concentrations (—60-80 (xU/ml). In
contrast, half-maximal suppression of glycerol and glucose
Ra differed significantly (P < .001). Based on log-logit analyses of data from individual subjects, the ED50 for suppression of glucose Ra (25.6 ± 2.1 uAJ/ml) was about twice as
great as the ED50 for suppression of glycerol appearance
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DISCUSSION

Our studies were undertaken to assess the relative insulin
sensitivity of suppression of lipoiysis and suppression of glucose production in postabsorptive humans. Using arterial
plasma insulin concentrations to assess the dose-response
characteristics for suppression of lipoiysis and calculated
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Effect of insulin on incorporation of glycerol into plasma
glucose. In the postabsorptive (basal) state, glycerol was
incorporated into plasma glucose at a rate of 0.78 ± 0.1
jxmol • kg~1 • min~1; this represented 45 ± 3% of glycerol
turnover and accounted for 2.7 ± 0.2% of the plasma glucose Ra (Fig. 4).
Both the rate of conversion of glycerol into plasma glucose
and the percent of plasma glucose derived from glycerol
decreased during the initial insulin infusion (calculated portal
venous insulin, —26 |xll/ml) (both P < .05) and were completely suppressed at calculated portal plasma insulin concentrations of - 4 5 |iU/ml during the 0.4-mll • kg" 1 • min~1
insulin infusion (P<.001). Theoretically, both of these
changes could have been due to reduced availability of
glycerol to the liver as a consequence of insulin-induced
suppression of lipoiysis. However, the percent of glycerol
disappearance converted to plasma glucose also decreased during infusions of insulin (from 45 ± 3 to 0.2 ±
0.08% during the 0.4-mll • k g 1 • min~1 insulin infusion, P <
.001). This therefore suggests that some other, presumably
hepatic, mechanism was also involved.
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portal venous insulin concentrations to assess the dose-response characteristics for suppression of hepatic glucose
production, we found that the ED50 for suppression of lipoiysis, as reflected by glucose Ra, was about half the ED50 for
suppression of glucose production (i.e., —13 vs. 26 |xU/ml).
The difference in ED50 values for these two processes would
still have been statistically significant if we had merely used
arterial plasma insulin concentrations in our calculations (i.e.,
13 ± 1 uAJ/ml for lipoiysis vs. 19 ± 1 uAJ/ml for glucose
production, P < .05). Thus, these results indicate that
suppression of lipoiysis in adipose tissue is more sensitive
to insulin than is suppression of henatic glucose production.
Our results are consistent with those of previous investigators, 810 who found a 50% decrease in plasma FFA release
with plasma insulin concentrations of —20-50 |xU/ml in normal volunteers, although glucose production was not assessed in these studies. We used glycerol Ra as an index
of lipoiysis because, in contrast to FFA, glycerol cannot be
reesterified in adipose tissue. Although the ED50 for suppres-

INSULIN SUPPRESSION OF LIPOLYSIS
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It has been suggested that the major factor regulating
glycerol conversion to glucose is the supply of glycerol originating from lipolysis35 and that this is the major site at which
insulin influences gluconeogenesis from glycerol.35 The findings by Keller et al.36 that hepatic uptake of glycerol paralleled arterial glycerol concentrations and was independent
of changes in plasma insulin and glucagon support this concept. Nevertheless, to further assess this concept, we examined glycerol incorporation into plasma glucose as a percent of glycerol Rd because plasma glycerol, and hence its
availability, decreased due to inhibition of lipolysis during
the insulin infusions. If insulin influenced glycerol conversion
to plasma glucose merely by affecting the supply of glycerol,
the rate of incorporation of glycerol into plasma glucose
should have remained a constant percentage of glycerol Rd.
However, we found that this percentage also decreased during insulin infusion. Thus, these results indicate that insulin
affects glycerol incorporation into plasma glucose by another mechanism in addition to its limiting the supply of glycerol from the periphery.
Because insulin does not appear to influence glycerol incorporation into plasma glucose by altering hepatic uptake
of glycerol,36 it must act at some subsequent intrahepatic
step. This could involve direct inhibition of gluconeogenesis
from glycerol, shunting of glycerol into oxidative or lipogenic
pathways, or diversion of glucose derived from glycero! into
glycogen rather than to plasma. The studies by Friedman et
al.37 demonstrating that injection of insulin into alloxan-induced diabetic rats increased glycerol incorporation into
glycogen without appreciably affecting overall glucose formation from glycerol support the latter explanation.
In conclusion, our studies demonstrate that in postabsorptive normal humans, the suppression of lipolysis is more
sensitive to insulin than is the suppression of glucose production. Furthermore, insulin suppressed incorporation of
glycerol into plasma glucose not only by decreasing delivery
of glycerol to the liver but also by altering intrahepatic glycerol disposition.
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