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Abstract

To test the hypothesis that insulin acutely enhances the met-
abolic clearance rate (MCR) of dehydroepiandrosterone in
humans, the effect of a short-term insulin infusion on the
MCRof dehydroepiandrosterone was assessed in 10 men

and 7 women. After an overnight fast, dehydroepiandroster-
one was infused at 3.47 jumol/h for 6.5 h. At 240 min, a

hyperinsulinemic-euglycemic clamp was begun by infusing
insulin at 21.5 pmol/kg per min for 2.5 h. MCRof dehydro-
epiandrosterone was calculated at baseline (210-240 min)
and during the insulin infusion (360-390 min). A control
study was conducted at least 1 wk later, in which 0.45%
saline was substituted for the hyperinsulinemic-euglycemic
clamp. During the insulin clamp study, serum insulin rose

from 34±2 to 1084±136 pmol/liter (P = 0.0001) in men

and from 40±5 to 1357+175 pmol/liter (P = 0.0003) in
women, while serum glucose remained constant in both
groups. MCRof dehydroepiandrosterone rose in men dur-
ing the insulin infusion from 2443±409 to 3599±500 liters/
24 h (P = 0.003), but did not change during the control
saline infusion. In contrast, MCRof dehydroepiandroster-
one in women did not change in the insulin clamp study
during insulin infusion (2526±495 liters/24 h at baseline vs.

2442±491 liters/24 h during insulin infusion; P = 0.78).
These findings suggest that insulin acutely increases the
MCRof dehydroepiandrosterone in men but not in women.

(J. Clin. Invest. 1994.94:1484-1489.) Key words: dehydroe-
piandrosterone - insulin * metabolism * steroid * metabolic
clearance rate

Introduction

The steroid dehydroepiandrosterone (DHEA)' is derived pri-
marily from the adrenal glands in both men and women (1).
DHEAexhibits a very high turnover, which is characteristic
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of a biologically active hormone (2), and mounting evidence
suggests that DHEAmay play an important biological role in
preventing heart disease in men (3-10). In animal studies,
administration of DHEAprotects against the development of
experimentally induced aortic (11, 12) and coronary ( 13) ath-
erosclerosis. DHEAmay exert these cardioprotective actions
by inhibiting cellular proliferation (14), lowering serum lipids
(15, 16), and suppressing platelet reactivity (17). Moreover,
some studies in humans (18-20) and animals (21-23), al-
though not all (15, 24, 25), suggest that DHEAmay improve
insulin sensitivity.

Circulating DHEAdemonstrates a striking and unexplained
age-related decline. Peak serum DHEAlevels occur around age
20-30 yr, decline progressively thereafter, and are reduced by
> 90% by age 80 yr (26, 27). This pattern contrasts markedly
with adrenal glucocorticoids, whose serum levels and respon-
siveness to adrenocorticotropin remain relatively stable with
aging (1). While it has been known for some time that adrenal
androgen metabolism is regulated differently from adrenal glu-
cocorticoids or mineralocorticoids, little is known about the
mechanism(s) subserving the distinct metabolism of DHEA.

Insulin may regulate DHEAmetabolism in men. Serum
DHEAlevels decline progressively in men during an acute
elevation of circulating insulin (24). Conversely, chronic reduc-
tion of circulating insulin in men is associated with a rise
in serum DHEAlevels in some (27a), although not all (28),
studies.

Evidence suggests that a mechanism for insulin's reduction
of circulating DHEAin men (24) might be enhanced DHEA
clearance. For example, the metabolic clearance rate (MCR) of
adrenal androgens is increased two- to fivefold in obesity (29-
32), which is an insulin-resistant and hyperinsulinemic state.
The MCRof adrenal androgens declines with fasting (31, 33),
even when weight loss is minimal but circulating insulin pre-
sumably falls. Although investigators have attributed the ele-
vated MCRof adrenal androgens in obesity to increased deposi-
tion of androgens into fat tissue, studies have failed to show a
clear relationship between indices of overall adiposity (body
mass index or percent ideal body wt) and serum adrenal andro-
gen levels (34, 35). In contrast, it has been reported that a
significant positive correlation exists between fasting serum in-
sulin and the MCRof adrenal androgens in women (29, 32).
On the basis of the above observations, it seems likely that
the hyperinsulinemia of obesity is directly responsible for the
increased MCRof adrenal androgens, although fat tissue may
act as a storage site.

To test the hypothesis that insulin acutely enhances the
MCRof DHEA(MCRDHEA) in humans, the effect of a short-
term insulin infusion on the MCRDHEAwas assessed in both
men and women. Weobserved a sex-based disparity in insulin
action, in that insulin increased the MCRDHEAin men but not
in women.
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Table I. Serum DHEAConcentrations and the MCRDHEAin Men and Womenduring the Hyperinsulinemic-Euglycemic Clamp Study

Mean [DHEA] from Mean [DHEA] from Mean [DHEA] from MCRDHEAduring
Subject -20-0 min 210-240 min 360-390 min Baseline MCRDHEA insulin-glucose clamp

nmok/liter nmol/iter nmol/Iiter liters/24 h liters/24 h

Men (n = 10)
1 14.7 56.6 37.2 1984 3688
2 27.8 82.9 72.8 1472 3607
3 15.5 72.0 38.6 1472 3607
4 40.0 73.1 54.7 2515 5666
5 33.5 49.0 46.7 5347 6304
6 21.0 76.5 70.0 1498 1695
7 20.5 41.3 38.0 3996 4744
8 14.7 66.8 51.2 1599 2281
9 35.3 82.6 68.4 1759 2514

10 34.2 64.5 57.0 2745 3648
Mean±SEM 25.7±3.0 66.5±4.4 53.5±4.3 2443±409 3599±500*

Women(n = 7)
1 16.4 93.5 103.3 1078 957
2 32.3 73.9 81.2 1997 1701
3 22.3 87.7 76.5 1273 1535
4 17.7 56.0 48.1 2175 2740
5 16.9 47.5 59.1 2719 1971
6 17.6 35.3 41.6 4690 3466
7 16.1 38.3 33.7 3749 4721

Mean±SEM 19.9±2.2 61.7±8.9 63.4±9.4 2526±495 2442±491

* P = 0.003 when compared to baseline value in same group.

Methods

Study design. A total of 10 men and 7 premenopausal women were

enrolled into the study, and all subjects completed the study. Subjects
were healthy, nonobese, and 20-30 yr old. The study was approved by
the Committee on the Conduct of Human Research at the Medical
College of Virginia, and informed written consent was obtained from
each subject.

Subjects were studied on two occasions. For men the two study
sessions were separated from one another by 1 wk. For normally cycling
women (n = 4; subjects 1, 2, 3, and 6 in Table I), the two study
sessions were separated by 28 d and each was performed during the
early follicular phase of the menstrual cycle (days 3-5). Womentaking
oral constant-dose estrogen contraceptives (n = 2; subjects 4 and 5 in
Table I) were asked to take the medication daily for 6 wk, and were

studied during weeks 5 and 6. The two study sessions were separated
by 1 wk in the single woman (subject 7 in Table I) using a transdermal
delivery system contraceptive (Norplantg; Wyeth-Ayerst Laboratories,
Philadelphia, PA).

Exogenously infused DHEAis taken up by the ovary in vivo (36).
Therefore, MCRDHEAwas determined by the nonisotopic method de-
scribed by Belisle et al. (37) to optimize safety for and recruitment of
premenopausal women. This methodology yields results similar to those
obtained by isotopic methods (37), and has been utilized by other
investigators for this purpose (29, 32).

For the first (experimental) study session, subjects were admitted
to the General Clinical Research Center after an overnight fast at 0800
hours and two intravenous catheters were placed in contralateral antecu-
bital veins of each subject: one for blood withdrawal and the other for
DHEA, insulin, and glucose infusions. After baseline blood samples
were obtained at 0830 hours (time 0), crystallized and sterilized DHEA
(dissolved in 33% ethanol and 0.9% saline) was administered intrave-
nously at a rate of 3.47 yrmol/h (1.0 mg/h) for 6.5 h. Blood samples
were drawn for determination of DHEA, insulin, and glucose concentra-

tions at (-20, -10, 0, 30, 60, 90, 120, 150, 180, 210, 220, 230, and
240 min. Serum DHEAlevels attain steady state after 3 h of a constant
DHEAinfusion (29, 32), and steady state of serum DHEAin this study
at 210, 220, 230, and 240 min of DHEA infusion was documented
using a mixed-model ANOVA.The mean baseline (preinfusion) DHEA
concentration was considered the average of the -20, -10, and 0 min
values. The four serum DHEAvalues from 210-240 min were used to
calculate the baseline MCRDHEAas previously described (29, 32, 37),
using the formula: MCRDHEA= DHEA infused (jOmol/24 h) . A
DHEAconcentration at plateau (nmol/liter), where A DHEAconcen-
tration at plateau represents the mean serum concentration of DHEAat
equilibrium minus the mean baseline (preinfusion) DHEAlevel.

A hyperinsulinemic-euglycemic clamp was initiated immediately
after the 240-min blood sample was drawn and while the DHEAinfusion
continued. This was done in a manner similar to studies we published
previously (24, 38, 39). The insulin infusion was designed to attain a
high physiologic serum insulin concentration of - 1200 pmol/liter. At
this concentration, the metabolic effects of insulin should attain steady
state after 2 h. Each subject received an intravenous bolus dose of
21.5 nmol (3 U) human regular insulin (Humulin®; Eli Lilly and Co.,
Indianapolis, IN), followed immediately by an insulin infusion at a rate
of 21.5 pmol/kg per min (3.0 mU/kg per min) for 2.5 h infused via a
Harvard pump. Euglycemia was maintained as previously described
(15) by checking the blood glucose level every 5 min and adjusting the
rate of a 25%dextrose infusion as needed. Blood samples for determina-
tion of DHEA, insulin, and glucose concentrations were obtained at
270, 300, 330, 360, 370, 380, and 390 min. The four DHEAvalues from
360-390 min were used to calculate MCRDHEAunder hyperinsulinemic
conditions.

The second (saline control) study session was performed identically
to the hyperinsulinemic-euglycemic clamp session, except that a saline
infusion was substituted for the insulin and dextrose infusions. DHEA
alone was infused from 0-240 min, and the baseline MCRDHEAwas
determined during 210-240 min. Starting at 240 min, while the DHEA
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infusion continued, a 2.5-h 0.45% saline infusion was initiated at a rate
equal to the combined insulin and dextrose infusion rates during the
first study session. The saline infusion rate was adjusted every 15 min,
and the MCRDHEAdetermined again during 360-390 min. The study
sessions were not randomized, because the individual hourly saline infu-
sion rates required for each subject during control sessions could not
be anticipated a priori.

Assays. Blood samples were centrifuged immediately, and sera sepa-
rated and stored at -20'C in glass tubes until assayed. Serum insulin
levels were determined by a double antibody radioimmunoassay (Diag-
nostic Products Corp., Los Angeles, CA). Serum glucose levels were
determined by the glucose oxidase method (Glucose Analyzer; Beck-
man Instruments, Inc., Fullerton, CA). Serum DHEAconcentrations
were determined after organic extraction from serum by solid phase
radioimmunoassay (Diagnostic Products Corp.). 3H-labeled steroid was
added to serum before extraction to correct for procedural losses. To
avoid interassay variation (which is 7% for the insulin assay and 10%
for the DHEAassay), all hormone measurements were determined in
a single assay. The intraassay coefficients of variation for the insulin
and DHEAassays were < 5% and < 7%, respectively.

Statistical analysis. Results are reported as mean±SEM. Within a
group, results before treatment (baseline MCR)were compared to those
during treatment (MCRduring insulin or saline infusion) by Student's
two-tailed paired t test. Comparisons between groups were made by
Student's two-tailed unpaired t test. P < 0.05 was considered significant.

Results

Results in men. Mean age of the men was 24.2±0.5 yr, and
mean body mass index was 24.1+0.6 kg/M2.

In the hyperinsulinemic-euglycemic clamp study, serum
insulin rose from a basal concentration (mean of -20-240 min
values) of 34±2 to 1084+136 pmol/liter (mean of 270-390
min values) during the insulin infusion (P = 0.0001; Fig. 1).
In contrast, serum insulin fell slightly but significantly during
the saline control study (50±4 pmol/liter at baseline vs. 34±2
pmol/liter during saline infusion; P < 0.03; Fig. 1). Serum
glucose remained constant at the fasting level during both the
hyperinsulinemic-euglycemic clamp and saline control studies
(Fig. 1).

In the hyperinsulinemic-euglycemic clamp study, MCRDHEA
rose in each man during the insulin infusion (Table I). Mean
MCRDHEArose by 47% from a baseline value of 2443+409 to
3599±500 liters/24 h during the insulin infusion (P = 0.003;
Table I and Fig. 2).

Baseline MCRDHEAduring the saline control study did not
differ from baseline MCRDHEAduring the insulin study
(2443+409 vs. 2560+323 liters/24 h, respectively; P = NS;
Fig. 2). In the saline control study, MCRDHEAdid not change
during the saline infusion (2560±+323 liters/24 h at baseline
vs. 2313±356 liters/24 h during saline infusion; P = NS;
Fig. 2).

Results in women. Mean age of the women was 23.7+1.3
yr, and mean body mass index was 22.0±1.0 kg/M2. The
women did not differ from the men with respect to age (P
= 0.70). Although the women tended to have a lower body
mass index than the men, this was not statistically significant
(P = 0.07).

In women, serum insulin rose in the hyperinsulinemic-eu-
glycemic clamp study from a mean of 40±5 pmol/liter to
1357+175 pmol/liter during the insulin infusion (P = 0.0003;
Fig. 1). In contrast, serum insulin fell slightly but significantly
during the saline control study (47±8 pmol/liter at baseline vs.
37+5 pmol/liter during saline infusion; P < 0.05; Fig. 1).

During both the hyperinsulinemic-euglycemic clamp and saline
control studies serum glucose remained constant at the fasting
level (Fig. 1).

In contrast to the men, insulin did not affect the MCRDHEA
in women (Table I and Fig. 2). In the hyperinsulinemic-eugly-
cemic clamp study, the MCRDHEAduring the insulin infusion
did not differ from that at baseline (2442±491 liters/24 h versus
2526±495 liters/24 h, respectively; P = 0.78) (Fig. 2).

Of note, in the hyperinsulinemic-euglycemic clamp study,
the basal MCRDHEAdid not differ between the normally cycling
women (n = 4) or the womenon contraceptive therapy (n = 3)
(2259+834 liters/24 h vs. 2881±462 liters/24 h, respectively;
P = 0.58). Furthermore, insulin did not alter the MCRDHEAin
either group (normally cycling women: 2259±834 liters/24 h
vs. 1915±541 liters/24 h during insulin infusion; P = 0.35;
women on contraceptive therapy: 2881+462 liters/24 h vs.
3144±818 liters/24 h during insulin infusion; P = 0.66).

Baseline MCRDHEAduring the saline control study did not
differ from baseline MCRDHEAduring the insulin study
(2524+209 liters/24 h vs. 2526±495 liters/24 h, respectively;
P = NS; Fig. 2). Moreover, the MCRDHEAdid not change during
the saline control study (2524±209 liters/24 h at baseline vs.
2380±203 liters/24 h during saline infusion; P = NS; Fig. 2).

Discussion

The findings of the present study indicate that insulin acutely
increases the MCRDHEAin men. The MCRDHEArose in each of
the 10 men during acute hyperinsulinemia, but did not change
during control saline infusions. The serum insulin concentra-
tions attained during the insulin infusions were within the physi-
ologic range, in that they were similar to those that might be
observed after a meal. Hence, the study's findings support the
idea that insulin acts as a physiologic regulator of DHEAmetab-
olism in men (7). A theoretical mechanism by which insulin
could increase the MCRDHEAin men might involve insulin's
well-described vasodilatory action (40-43). By acting as a
vasodilator, insulin would acutely enhance delivery of DHEA
to fat depots, where this lipophilic steroid could accumulate.

An additional, and perhaps the most intriguing, finding of
this study was that insulin increased the MCRDHEAonly in men,
and did not affect the MCRDHEAin women. While we were
surprised by this finding, insulin's sex-specific action on the
MCRDHEAwas not entirely unexpected. In contrast to reports in
men (24), serum DHEAlevels in womendo not fall during an
acute insulin infusion (44,45) and do not change during chronic
suppression of serum insulin levels (27a). These observations
suggest that insulin lowers serum DHEA levels in men, but
does not affect circulating DHEAlevels in women.

Several other lines of evidence also suggest that sex-based
differences in DHEAmetabolism exist. In vivo hydrolysis of
isotopically labeled DHEA-sulfate to DHEA appears to be
greater in women than in men (46), as is the serum ratio of
DHEAto DHEA-sulfate (47). Some studies, although not all,
suggest that serum DHEAand DHEA-sulfate levels are lower
in women than in men (1, 27, 47, 48), despite the fact that
these steroids are almost exclusively of adrenal origin in both
sexes (1). A recent genetic study indicates that heritable factors
are the primary determinants of circulating DHEA-sulfate con-
centrations in women, whereas in men heredity plays a minor
role and other unidentified factors appear to dominate (49).
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mFigure 1. Serum insulin and glucose concentrations in 10
men and 7 women during a hyperinsulinemic-eugly-
cemic clamp study and a saline control study. DHEAwas
infused intravenously from 0-360 min at a rate of 3.47

r Omol/h (1.0 mg/h). At 240 min either a hyperinsulin-
IIIIII I II emic-euglycemic clamp was initiated with insulin infused

'0 0 60 120 180 240 300 360 390 at a rate of 21.5 pmol/kg per min (3.0 mU/kg per min)
(insulin-glucose clamp study) or 0.45% saline was in-

MINUTES fused (control study).

Collectively, these observations support the idea that DHEA
metabolism may be regulated differently in men than in women.

The sex specificity of insulin's acute action on the MCRDHEA
may explain why the experimental elevation of circulating insu-
lin is associated with a decline in serum DHEAlevels in men

(24) but not in women (44, 45). The reason or reasons for
the disparate responses of MCRDHEAto acute hyperinsulinemia
based on sex is unknown. Although speculative, perhaps the
presence of certain sex steroids is necessary for insulin to affect
the MCRDHEA.This would be the case, for example, if a high
ambient testosterone concentration were required for maximal
insulin-induced vasodilation. In support of this idea, sex steroids
have been shown to modulate the vasopressor and vasodilatory
effects of several agents (50-53). Furthermore, evidence sug-

gests that differences in circulating sex steroids may account for
the differential vascular responses to thromboxane A2 observed
between male and female rats (53).

Finally, it should be noted that this study's findings appear

to contrast with the report by Farah et al. (32), which described
a positive correlation between the MCRDHEAand fasting serum

insulin levels in normal women. A potential explanation for this
apparent discrepancy is that chronic effects of insulin on DHEA
metabolism likely differ from acute actions. For example, under
chronic conditions hyperinsulinemia has been shown to increase
capillary density in muscle (54). If this action of insulin were

to extend to other tissues, chronic exposure to hyperinsulinemia

could result in increased vascularization of adipose tissue and
enhanced delivery of DHEAto fat storage sites. Under acute
experimental conditions, this action of insulin would not be
observed.

The clinical relevance of these findings is at least threefold.
Firstly, some epidemiologic studies report that serum DHEA
and/or DHEA-sulfate levels in men are reduced in pathological
states characterized by insulin resistance and hyperinsulinemia,
such as obesity (55, 56), hypertension (9, 57), and untreated
type II diabetes mellitus (58). The findings of this study suggest
that enhancement of the MCRDHEAby insulin may contribute to
the reduced serum DHEA levels observed in some of these
pathologic conditions, at least as far as men are concerned.

Secondly, mounting evidence suggests that DHEAand its
ester, DHEA-sulfate, exert multiple antiatherogenic and cardio-
protective actions (3, 7-9, 11-13). A higher serum DHEA-
sulfate level lowers the risk in men for the development of
atherosclerosis (4-6, 8, 10). An epidemiological association
between hyperinsulinemia and macrovascular disease has been
well documented (59, 60), and it has been proposed recently
that hyperinsulinemia may promote atherosclerosis by lowering
circulating DHEAand DHEA-sulfate concentrations (7). The
findings of this study bolster this hypothesis, in that they support
the idea that insulin regulates DHEAmetabolism in men under
physiological conditions.

Thirdly, we and others have at times extrapolated to women
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Figure 2. MCRDHEAin 10 men and 7 womenduring a hyperinsulinemic-
euglycemic clamp study and a control saline study. For each study
MCRDHEAwas determined at baseline and during either an insulin infu-
sion (insulin-glucose clamp study) or saline infusion (control study).

the results of studies examining insulin's effects on DHEA
metabolism that were performed in men, and vice versa (61).
The sex specificity of insulin action observed in the present
study indicates that this practice may not be valid. Studies need
to be performed in both men and women to obtain an accurate
understanding of insulin's actions on human DHEAmetabo-
lism.

In summary, the results of this study suggest that insulin
acutely increases the MCRDHEAin men. In contrast, insulin does
not appear to acutely change the MCRDHEAin women. These
findings suggest that a sex-based difference exists in insulin
regulation of human DHEAmetabolism.
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