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Summary--Dehydroepiandrosterone (3fl-hydroxy-5-androsten-17-one; DHA) and DHA- 
sulfate are abundantly produced adrenal steroids, whose serum concentrations exceed those 
of other adrenal steroids. Serum concentrations of DHA and DHA-sulfate, in contrast to other 
adrenal steroids, exhibit a progressive age-related decline. The mechanism(s) for this selective 
decline in serum DHA and DHA-sulfate levels and the biologic function of these steroids 
remain unknown. Studies examining insulin's regulation of adrenal androgens are reviewed. 
These studies show that experimentally-induced hyperinsulinemia lowers serum DHA and 
DHA-sulfate levels, and suggest that insulin reduces serum concentrations of these steroids 
by inhibiting production rather than by increasing clearance. Studies examining the actions 
of short-term pharmacologic DHA administration to young nonobese and obese men are 
also reviewed. These studies suggest that DHA may possess hypolipidemic and, possibly, 
anti-obesity properties. They have failed, however, to demonstrate any effect of DHA on tissue 
insulin sensitivity. 

INTRODUCTION 

Dehydroepiandrosterone (3fl-hydroxy-5-andro- 
sten-17-one; DHA) and DHA-sulfate are in- 
triguing steroids. DHA-sulfate is the most 
abundantly circulating adrenal steroid [1], yet its 
physiologic role and that of its parent steroid, 
DHA, remain unknown. In addition, the metab- 
olism of these steroids is unique among adrenal 
steroids. Serum DHA and DHA-sulfate levels 
peak at age 25--30 years and decline progress- 
ively thereafter, so that by age 60 years serum 
levels of these steroids are only 5-10% of what 
they were during youth [1, 2]. In contrast, serum 
concentrations of cortisol and other adrenal 
steroids remain relatively unchanged with 
aging [3]. The mechanism(s) of this selective 
age-related decline in serum DHA and DHA- 
sulfate levels is not known. Furthermore, the 
fall in serum concentrations of DHA and DHA- 
sulfate occurs as the incidence of atherosclero- 
sis, obesity and diabetes rise, suggesting that 
higher levels of DHA or DHA-sulfate may be 
protective against the development of these 
degenerative processes. These characteristics 
bespeak an important biologic function for 
DHA, and suggest that its relative lack may 
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contribute to some of the degenerative changes 
that accompany the aging process. 

Over the past two decades numerous studies 
have been conducted examining the effects of 
DHA in animals. Many of these studies have 
shown that DHA administration (1) improves 
serum lipids and retards the development 
of atherosclerosis[4-8], (2) results in lower 
body weight without affecting appetite or food 
intake [5, 9-31], (3) prevents the development of 
diabetes in genetically diabetic (-db/db) or obese 
(-ob/ob) mice[15-19] and (4) increases tissue 
sensitivity to insulin in aged normal mice [17]. 
Studies examining the effects of DHA in 
man, however, are limited. In this paper we will 
review studies of ours examining both the regu- 
lation of DHA and DHA-sulfate metabolism by 
insulin [32-34] and possible biologic actions of 
these steroids in man [35-37]. 

METHODS AND RESULTS 

Effects of hyperinsulinemia on DHA and DHA- 
sulfate metabolism 

Our interest in DHA was stimulated by 
the unexpected finding of a decline in serum 
DHA-sulfate levels in normal women during 
experimentally-induced hyperinsulinemia [32]. 
To study the effects of acute hyperinsulinemia 
on serum androgens, 5 normal women received 
a 0.1 U/kg (0.72 nmol/kg) insulin bolus dose 
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followed by an insulin infusion at a rate of 
10 mU/kg/min (72 pmol/kg/min) for 12 h (achiev- 
ing a mean serum insulin concentration of 
11,500-14,350 pmol/l), while the serum glucose 
concentration was kept constant at the fasting 
level via a variable glucose infusion (i.e. hyper- 
insulinemic-euglycemic clamp). 

Serum testosterone and progesterone levels 
remained relatively constant during the insulin 
infusion. In contrast, serum DHA-sulfate con- 
centrations decreased progressively, declining 
significantly by 39% at 12 h (3.91 vs 6.35 #mol/l 
at zero time) (Fig. 1). This steady decline in 
serum DHA-sulfate levels was shown not to be 
due to diurnal variation, suppression of adreno- 
corticotropin (ACTH) release, or alterations in 
serum prolactin levels[32]. Subsequently, a 
fall in serum DHA-sulfate levels when serum 
insulin levels were raised into the physiologic 
range (700-1450 pmol/1) has also been demon- 
strated by 3 independent groups of investi- 
gators [38--40]. 

To determine whether this fall in serum 
DHA-sulfate levels might have been due to 
insulin-stimulated (1) hydrolysis of DHA- 
sulfate to DHA, (2) conversion of DHA/DHA- 
sulfate to androstenedione and/or (3) urinary 
excretion of these steroids, 10 additional 
men were studied by the hyperinsulinemic- 
euglycemic clamp technique and during a 
control saline infusion [33]. Each man received 
a 0.1 U/kg (0.72 nmol/kg) insulin bolus dose, 
followed by a 10 mU/kg/min (72 pmol/kg/min) 
insulin infusion for 4 h. An average insulin 
level of 12390 + 259 pmol/l was achieved, while 
the serum glucose level was maintained at the 
fasting level of 5.0 + 0.1 mmol/l. 

In these men serum DHA-sulfate levels also 
declined progressively during experimentally- 
induced hyperinsulinemia, and were only 
79.1 + 3.2% of the baseline value by the end of 
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Fig. 1. Mean serum DHA-sulfate levels in 5 normal women 
studied by the hyperinsulinemic-euglycemic clamp tech- 

nique. Adapted from results reported in Ref. [32]. 

the study (hour 6) (P < 0.05). Serum DHA 
levels fell concurrently, and were 52.9 + 10.2% 
of the baseline value by the end of the study 
(P < 0.05). Since serum DHA-sulfate and DHA 
levels fell concurrently, hyperinsulinemia does 
not appear to reduce serum DHA-sulfate levels 
by increasing the hydrolysis of DHA-sulfate to 
DHA. 

DHA is converted by the enzyme 3#- 
hydroxysteroid dehydrogenase to androstene- 
dione, and enhanced conversion of DHA to 
androstenedione by insulin could theoretically 
explain the fall in serum DHA/DHA-sulfate 
levels during hyperinsulinemia. If this were so, 
one might expect serum androstenedione levels 
to rise as serum DHA/DHA-sulfate levels fell. 
In this study, however, serum androstenedione 
levels also fell progressively during experimen- 
tally-induced hyperinsulinemia, and were only 
48.1 + 3.3% of the baseline value at the end of 
the study (P < 0.05). This suggests that the 
decline in serum DHA and DHA-sulfate levels 
was also not due to insulin-stimulated conver- 
sion of DHA/DHA-sulfate to androstenedione. 

Notably, no change in serum DHA-sulfate, 
DHA or androstenedione levels occurred in 
paired control studies, during which 0.45% 
saline was infused at rates matched exactly to 
the rates of the dextrose and insulin infusions 
during the hyperinsulinemic clamp studies. 
Thus, neither dilution nor diurnal variation 
were responsible for the insulin-mediated 
decline in serum levels of these steroids. 

Finally, we also considered the possibility 
that hyperinsulinemia might lower serum DHA 
and DHA-sulfate levels by increasing urinary 
excretion of these steroids. Indeed, despite de- 
creasing serum DHA and DHA-sulfate levels 
during hyperinsulinemia, urinary DHA-sulfate 
and DHA-glucuronide excretions were in- 
creased by 50% (P < 0.05) and 86% (P < 0.05), 
respectively, when compared to urinary ex- 
cretion of these steroids during the control 
studies. In contrast, urinary excretion of uncon- 
jugated DHA was unchanged. Quantitatively, 
however, increased urinary excretion of conju- 
gated DHA during hyperinsulinemia could 
account for only about 5% of the concomitant 
fall in serum DHA-sulfate concentrations. 

These observations indicate that hyper- 
insulinemia reduces serum DHA-sulfate, DHA 
and androstenedione levels in men, and suggest 
that neither insulin-stimulated hydrolysis of 
DHA-sulfate nor increased conversion of DHA/ 
DHA-sulfate to androstenedione are likely 
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mechanisms for the fall in serum DHA-sulfate 
levels. Moreover, although hyperinsulinemia in- 
creases urinary excretion of conjugated DHA, 
the contribution of this mechanism to the in- 
sulin-induced fall in serum DHA-sulfate levels is 
negligible. Thus, it is l ikelythat  insulin, in 
addition to its stimulation of urinary steroid 
excretion, must either decrease adrenal DHA- 
sulfate production and/or increase DHA-sulfate 
catabolism. 

Recent in vivo [40] and in vitro [41] studies 
suggest that hyperinsulinemia inhibits DHA 
production. Since hyperinsulinemia appears to 
specifically decrease adrenal androgen pro- 
duction without affecting adrenal production of 
glucocorticoids [32], it seems likely that hyperin- 
sulinemia exerts its effect by inhibiting 17,20- 
lyase activity, which is a branch point between 
androgen production and the production of 
glucocorticoids and mineralocorticoids. Pre- 
liminary results from an in vivo study of ours 
show that the ACTH-stimulated molar ratio of 
17~-hydroxyprogesterone to androstenedione 
rises significantly after an insulin infusion 
but remains unchanged after a control saline 
infusion[34]. These results suggest that the 
acute elevation of serum insulin into the high 
physiologic range can indeed inhibit adrenal 
17,20-1yase activity. 

Metabolic effects of  DHA administration to nor- 
mal man 

This decline in serum DHA and DHA-sulfate 
levels in response to hyperinsulinemia was in- 
triguing in view of recent reports which demon- 
strated that DHA administration prevented the 
development of diabetes mellitus in genetically 
diabetic (-db/db) or obese (-oh/ob) mice [15-19] 
and increased tissue sensitivity to insulin in aged 
normal mice[17]. We speculated that in re- 
sponse to insulinopenia the body might raise 
DHA and DHA-sulfate levels in order to in- 
crease its sensitivity to insulin, whereas during 
hyperinsulinemia serum DHA and DHA-sulfate 
would be reduced [32]. In this manner DHA 
and/or DHA-sulfate would act as an endogen- 
ous regulator of tissue sensitivity to insulin. 

In addition, DHA had been reported to exert 
beneficial effects on lipids[4-6] and obes- 
ity [9-31] in animals. In man an inverse corre- 
lation exits between fetal serum DHA-sulfate 
and low-density lipoprotein (LDL) levels [43], 
while a more recent study demonstrated an 
inverse correlation between DHA-sulfate levels 
and death from cardiovascular disease in 

adult men [44]. It seemed plausible that DHA 
might exert some of its beneficial effects on 
lipids and obesity by altering tissue sensitivity to 
insulin. 

To test the hypotheses that DHA adminis- 
tration would increase tissue sensitivity to in- 
sulin, decrease serum cholesterol levels, and 
decrease body fat content, we conducted a 
prospective, randomized, double-blind study in 
which 5 normal men ingested oral DHA 
[1600 mg/day (554.7 mmol/day)] and 5 normal 
men ingested placebo for 28 days[35]. The 
DHA and placebo groups were matched for age, 
weight and body mass index. Before and after 
DHA or placebo administration, tissue sensi- 
tivity to insulin, serum lipid levels and anthro- 
pometric parameters were determined. To assess 
compliance, serum DHA-sulfate levels were 
checked weekly. Serum DHA-sulfate levels did 
not change in the placebo group, but rose 2.5- 
to 3.5-fold in the DHA group [the mean value 
rose from 10.9+ 1.9#mol/l on day 0 to 
38.8 + l 1.2 #mol/l on day 28 (P < 0.05)]. 

Serum androstenedione concentrations were 
similar in the placebo and DHA groups on day 
0 (5.5 + 0.2 vs 4.3 + 0.6 nmol/1, P = N), and 
serum androstenedione levels did not change in 
the placebo group during the study. In the DHA 
group, however, the mean serum androstene- 
dione concentration increased 2-fold from 
4.3 + 0.6 to 8.6 + 1.2 nmol/l (P < 0.004). Serum 
concentrations of estrone, estradiol, total testos- 
terone, free testosterone and sex hormone- 
binding globulin did not change in either the 
placebo or DHA group. 

Serum concentrations of high-density lipo- 
protein (HDL) cholesterol, very low density 
lipoprotein (VLDL) cholesterol, and triglyce- 
rides did not change in either the placebo or 
DHA group. In the DHA group, however, the 
mean serum total cholesterol concentration fell 
by 7.1% from 4.82 -t- 0.21 to 4.48 _ 0.29 mmol/l 
(P < 0.05), whereas no change occurred in the 
placebo group. This fall in serum total choles- 
terol in the DHA group was due almost entirely 
to a 7.5% fall in serum LDL cholesterol concen- 
trations from 3.21 _ 0.11 to 2.97 ___ 0.14 mmol/l 
(P < 0.01). Again, no change in serum LDL 
cholesterol levels occurred in the placebo 
group. 

In addition, serum apolipoprotein B (apoB) 
levels fell in all 5 men who ingested DHA, with 
a fall of 24.0% in the mean value (from 
1229 + 108 to 934 + 56 #g/ml; P < 0.01) [37]. In 
contrast, in the placebo group no significant 
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Table 1. Anthropometric data in normal men before and after 28 
days of oral placebo or DHA [1600mg/day (554.7retool/day)] 

administration 

Day 0 Day 28 

Placebo group (n = 5) 
Weight (kg) 75.7 _+_+ 7.0 74.3 + 7.0 
Body fat (%) 16.9 +_ 3.5 16.7 + 2.2 

DHA group (n = 5) 
Weight (kg) 77.5 _+ 3.4 78.2 + 3.5 
Body fat (%) 15.9 + 3.7 10.9 + 1.2 

Adapted from results presented in Ref. [35]. 

change in the mean value occurred. It should 
be noted, however, that in contrast to the 
LDL cholesterol results, the magnitude of apoB 
reduction between the DHA and placebo 
groups was not statistically different. 

No statistically significant change in anthro- 
pometric measurements occurred in either the 
placebo or DHA group (Table 1). In the DHA- 
treated group, however, despite no change in 
overall body weight, the percentage of body fat 
(determined by hydrostatic weighing) appeared 
to decrease an average of 31% in 4 of the 5 men 
studied (Table 1). In contrast, no change in any 
anthropometric parameter was observed in the 
men given placebo. 

We recently utilized a slightly different single- 
blind study design to determine whether obese 
men might be more susceptible to DHA's puta- 
tive anti-obesity actions [36]. Six young obese 
men were administered a placebo daily for 
28 days, and then switched over to 1600 mg 
(554.7 mmol/day) of DHA daily for another 28 
days. Inconsistent effects of DHA on weight and 
body fat mass were noted. In 2 men body fat 
mass was lower after DHA administration, but 
for the group as a whole neither total weight nor 
body fat mass changed during the study. In this 
study DHA also failed to affect serum lipids. 
The discrepancies between our two studies 
may have been due to differences in study design 
(a placebo group studied in parallel with a 
DHA group [35] vs a single group receiving 
serially first placebo and then DHA [36]) or the 
daily dose of DHA administered on a total 
weight basis (20.8___ 1.0mg/kg in nonobese 
men [35] vs 16.7 + 0.9 mg/kg in obese men [36]; 
P < 0.015). 

In neither our study of young nonobese [35] 
nor obese men [36] did DHA admin- 
istration affect either fasting serum insulin or 
glucose levels or tissue sensitivity to insulin (as 
determined by either the hyperinsulinemic- 
euglycemic clamp technique [45] or Bergman's 
modified minimal model technique [46], 
respectively). 

D I S C U S S I O N  

Our studies show that acute hyperinsulinemia 
results in a reduction in serum DHA and 
DHA-sulfate levels in man. The mechanism(s) 
subserving these reductions remains unknown, 
although studies examining DHA/DHA- 
sulfate clearance have failed to show increased 
catabolism of these steroids during experimen- 
tally-induced hyperinsulinemia[33], and evi- 
dence exists that insulin may inhibit DHA 
production [34, 41,42]. Since suprapharmaco- 
logic serum insulin levels were attained in 
our studies, the physiologic relevance of our 
findings is unclear. Nonetheless, it should be 
noted that other investigators have reported a 
similar decline in serum DHA-sulfate levels 
during physiologic elevations of serum insulin 
levels [38-40]. Although speculative, the 
increased insulin resistance that accompanies 
aging [47]--and, consequently, the progressive 
increase in insulinemia--may in some way 
contribute to the steady decline in serum DHA 
and DHA-sulfate levels as one grows older. 
Thus, insulin may function as a physiologic 
regulator of adrenal function. This nonpituitary 
control mechanism may partly explain why 
serum DHA and DHA-sulfate levels fall with 
aging, while serum levels of other adrenal an- 
drogens and glucocorticoids, as well as adrenal 
responsiveness to ACTH, remain stable [3]. 

Although we hypothesized that DHA might 
function as a physiologic regulator of tissue 
sensitivity to insulin, short-term administration 
of DHA to healthy young men does not appear 
to alter fasting serum insulin or glucose levels or 
tissue sensitivity to insulin. It should be empha- 
sized, however, that the apparent lack of effect 
of DHA on tissue insulin sensitivity should be 
interpreted with caution. The techniques for 
measuring tissue insulin sensitivity employed in 
our studies [35, 36], although state of the art, 
may miss a subtle but significant improvement 
in insulin sensitivity. For example, it has re- 
cently been reported that a mean intraindividual 
coefficient of variation in insulin sensitivity (S0 
of 26% was observed in 9 subjects studied on 3 
occasions by Bergman's modified minimal 
model technique [48]. 

Furthermore, DHA's beneficial actions on 
glucose tolerance may involve mechanisms 
other than tissue insulin sensitivity, such as 
improved insulin release or beneficial effects on 
hepatic glucose output. Our studies were per- 
formed in young nondiabetic men whose serum 
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DHA and DHA-sulfate concentrations were at 
peak levels. Thus, these studies do not exclude 
the possibility that DHA might alter insulin 
sensitivity if administered for a longer duration, 
to a group of individuals with preexisting insulin 
resistance (e.g. Type II diabetic patients), or 
to individuals whose serum DHA and DHA- 
sulfate levels are low (e.g. the elderly). Support- 
ing this possibility, it should be noted that even 
in animal models DHA does not exert an anti- 
diabetic action in normal young animals--only 
in animals with a genetic susceptibility [(-db/db) 
or (-ob/ob)] for developing diabetes [15-19] or 
in aged animals [17]. Studies in elderly individ- 
uals (whose basal DHA/DHA-sulfate levels are 
low) or in individuals with diabetes mellitus 
(who are resistant to insulin) still need to be 
conducted. 

Of our observations, the one that has engen- 
dered the most public interest is the association 
of DHA administration with a reduction in 
body fat mass. This is not surprising, since 
obesity is such a common disorder and effective 
therapies remain elusive. We caution, however, 
that in our studies DHA exerted a variable effect 
on body fat mass, and no statistically significant 
effect of DHA on body composition was ob- 
served [35, 36]. Nonetheless, we should note that 
these studies were performed in young healthy 
men, whose serum DHA and DHA-sulfate 
levels were presumably at their zenith, and that 
studies in elderly individuals, whose basal DHA 
and DHA-sulfate levels are low, still need to be 
conducted. 

The most promising therapeutic effect of 
DHA may lie in its hypolipidemic and, possibly, 
anti-atherogenic properties. The reductions in 
serum LDL cholesterol and apoB levels which 
we observed in our study of nonobese men [35] 
are particularly striking, since young normo- 
cholesterolemic men were studied in whom 
basal serum DHA and DHA-sulfate concen- 
trations were presumably at peak levels. The 
lack of effect of DHA on serum lipids in young 
obese men [36] remains unexplained. Further- 
more, several animal studies have shown a 
protective effect of DHA against the develop- 
ment of aortic [6, 7] and coronary [8] atheroscle- 
rosis without a significant change in serum 
lipids. In one of these studies, which employed 
a cholesterol-fed heart-transplanted rabbit 
model of accelerated atherosclerosis, coronary 
luminal stenosis in rabbits fed DHA was re- 
duced by 72% compared to paired control 
rabbits not fed DHA [8]. Although DHA may 

confer protection against the development of 
coronary atherosclerosis via a subtle hypolipi- 
demic action, the possibility exists that DHA 
may exert anti-atherogenic effects through other 
mechanisms as well (e.g. interpolation into cel- 
lular membranes, alterations in the physico- 
chemical properties of lipoproteins, suppression 
of superoxide radical generation etc.). 

In summary, a steroid produced as abun- 
dantly as DHA, and whose metabolism is 
regulated so distinctly from other steroids, is 
likely to serve an important biologic function. 
Although numerous animal studies suggest such 
functions, their applicability to human physi- 
ology remains uncertain. A renewed interest in 
DHA has emerged over the past decade, which 
will hopefully result in an increasing number of 
human studies designed to delineate DHA's 
metabolic actions in man. 
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