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Abstract. Two experiments were conducted to determine the effects of dehydroepian-
drosterone (DHEA) on de novo fatty acid synthesis and oxygen consumption in BHE rats
fed a 65% glucose diet. In Experiment 1, starved glucose-refed rats were injected ip
with 120 mg of DHEA/kg body wt and hepatic de novo fatty acid synthesis was measured.
DHEA-treated rats synthesized less fatty acid in response to starvation refeeding than
nontreated rats. In Experiment 2, weanling rats were fed the glucose diet for 4 weeks.
One-hundred twenty milligrams of DHEA/kg were injected daily for 3 weeks. Body
weight gain, epididymal fat pad weight, and carcass lipid were less in the DHEA-treated
rats than in the control rats, Mitochondrial respiration was less and liver size was greater
in DHEA-treated rats compared with control rats. Whole body oxygen consumption was
increased in DHEA-treated rats, suggesting that this steroid might be stimulating futile
energy cycles involving lipid and protein turnover possibly through its effect on gluco-

corticoid and thyroid hormone function.

[P.S.E.B.M. 1989, Vol 192]

metabolite dehydroepiandrosterone (DHEA)
due to its reported anti-obesity effects in genet-
ically obese mice and rats (1-7). These effects have been
thought to be mediated, in part, through an effect on
glucose-6-phosphate  dehydrogenase (G6PD, EC
1.1.1.49) because of the importance of this enzyme in
fatty acid synthesis. DHEA-treated rats have lower
G6PD activities and lower liver and carcass lipid levels
than nontreated rats (8-11). Aside from the DHEA
effect on lipid synthesis and accretion in genetically
obese rodents, there are differences in response to this
steroid among the different rat strains (10-12).
In an earlier publication, we reported that adrenal-
ectomized BHE rats were more sensitive to this com-
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pound than intact BHE rats, and, indeed, responded
quite differently than did Sprague-Dawley rats (10, 11).
DHEA treatment of intact starved-refed Sprague-Daw-
ley rats resulted in significantly lower hepatic lipid and
GO6PD activity than their nontreated cohorts. When
adrenalectomized, the response to DHEA was even
greater. This response was counteracted by glucocorti-
coid replacement. Similarly treated BHE rats did not
evidence this counteractive effect of glucocorticoid on
hepatic lipogenesis.

BHE rats are characterized by an age-related dete-
rioration of glucose tolerance as well as by a fatty liver
(13-20). Compared with Sprague-Dawley or Wistar
rats, they have significantly greater G6PD activities and
liver lipid levels when subjected to starvation-refeeding
(11, 13), significantly greater hepatic lipogenic activity
(13-16), and significantly less mitochondrial respiration
(16-19). They also have larger adrenals (20) although
circulating levels of adrenal steroids have not been
determined. DHEA has been shown to suppress the
lipogenic response to starvation-refeeding and has been
shown to interact with glucocorticoid in this process
(10, 11). Glucocorticoids determine the lipogenic re-
sponse to starvation-refeeding (21-24), and there is a
relationship of the glucocorticoids to mitochondrial
respiration (25, 26). Given these observations and the
observation that BHE rats are hyperlipogenic yet have
less active mitochondria, we wanted to know whether
DHEA would affect the large increase in de novo fatty



acid synthesis that occurs in BHE rats subjected to
starvation-refeeding and whether DHEA would affect
their hepatic mitochondrial respiration. The latter
measures were made in an attempt to relate the hepatic
response to that of the whole body when rats are treated
with DHEA.

Materials and Methods

Two experiments were conducted using male BHE-
cdb rats (UGA colony). The rats were housed individ-
ually in hanging wire mesh cages in a room controlled
for temperature (21 + 2°C), humidity (45-50%), and
light (lights on, 0600-1800 hr). Unless otherwise noted,
food and water were always available. In experiment 1,
food intakes and body weights were determined daily.
In experiment 2, they were determined weekly. The
diet consisted of (w/w) glucose 65, casein 10, lactalbu-
min 10, corn oil 5, cellulose (alphacel) 4, AIN Mineral
Mix 5, AIN Vitamin Mix 1. Diet ingredients were
purchased from Nutritional Biochemicals, Cleveland,
OH.

Experiment 1 examined the effects of DHEA and
starvation-refeeding on the de novo synthesis of fatty
acids by the liver. Four groups of five rats with an
average initial weight of 200 g were used. Half of the
rats were fed ad [ibitum a 65% glucose diet for 4 days
while the remaining rats were starved for 48 hr and
refed the glucose diet for 48 hr. One half of the ad
libitum-fed (AL) and starved-refed (SR) rats were given
daily ip injections of vehicle or DHEA (120 mg/kg)
during the refeeding period. At the end of the 4-day
experiment, hepatic de novo fatty acid synthesis using
tritiated water (1 mCi [*H]JOH/100 g body wt ip) was
determined. Rats were killed 60 min after injection of
the label and the labeled hepatic fatty acids were deter-
mined using previously described methods (20). Signif-
icantly different means were identified by analysis of
variance (24). When two means were compared, Stu-
dent’s ¢ test was used.

Experiment 2 examined the effects of DHEA on
hepatic mitochondrial respiration, whole body respira-
tion, and body composition. Two groups of 10 male
weanling BHE rats were fed the 65% glucose diet for 4
weeks. One group was injected daily with DHEA (120
mg/kg) while the control group was injected with ve-

hicle only. The injections were begun 1 week after the
rats had been started on the diet. Thus, they were
treated with DHEA for 21 days prior to use. DHEA
acetate (Sigma Chemical, St. Louis, MO) was suspended
in an 80:20 saline:Emulphor (GAF, New York, NY)
mixture. Whole body respiration was determined in
conscious rats in a whole body respirometer the day
before the rats were killed or after 20 days of DHEA
treatment. The whole body respirometer consisted of
an airtight container of known volume containing a
rack suspended over soda ash to absorb CO,. Oxygen
consumption was determined manometrically.

The rats were killed by decapitation; the livers and
epididymal fat pads were quickly excised, chilled, and
weighed. Mitochondria were isolated by differential
centrifugation according to the methods of Johnson
and Lardy and quality was assured as described previ-
ously (16-19). Mitochondrial protein was determined
by biuret with egg albumin as the standard. Oxygen
consumption, with and without 0.16 mAM ADP was
determined using 10 mAf pyruvate plus 1 mAM malate,
10 mM B-hydroxybutyrate, or 10 maA succinate as
substrates. The residual carcass minus gut contents,
liver, and epididymal fat pads was used to determined
percentage of water, percentage of fat, percentage of ash
and percentage of protein. Percentage of fat was deter-
mined gravimetrically after lipid extraction, percentage
of water determined after drying, percentage of ash
after combustion in a muffle furnace, and percentage
of protein by difference. The significance of DHEA
treatments on these parameters was determined by
Student’s ¢ test (27).

Results

Consistent with previous reports (8-10, 18-21) rats
subjected to starvation-refeeding without DHEA treat-
ment weighed less and had larger livers than ad libitum-
fed control rats (14.21 + 0.69 vs 11.89 + 0.39) (Table
I). SR rats also synthesized more fatty acids than ad
libitum-fed rats and again this was expected. The treat-
ment of SR rats with DHEA resulted in a decrease in
de novo hepatic fatty acid synthesis; however, DHEA
treatment of AL-fed rats had the reverse effect. De novo
fatty acid synthesis was increased in the DHEA-treated

Table I. Effects of DHEA on Body Weight, Liver Weight, and Hepatic Fatty Acid Synthesis in Ad Libitum-Fed
and Starved-Refed BHE Rats (Experiment 1)

Tritium incorporation

Group Final body weight Liver weight into fatty acids
@ ) (umol acetyl units/g tissue/hr)
Control, ad libitum 254 + 3a 11.89 + 0.39a 0.30 £ 0.18a
DHEA, ad libitum 210 £ 22b 13.08 + 1.53a 1.82 = 0.80b
Control, starved-refed 227 £ 3b 14.21 £ 0.69b 12.95 £ 4.3¢
DHEA, starved-refed 222 £ 4b 13.68 £ 0.80a 4,97 = 1.45d

Note. Mean = SE; n = 5 means having unlike letters are significantly different (P < 0.05).
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AL-fed rats compared with their nontreated AL-fed
counterparts. DHEA had no effect on body weight in
SR rats but reduced body weight in AL-fed rats. This
was somewhat unexpected since Yen ef al. (1) reported
that DHEA treatment of A"/a mice synthesized and
accumulated less lipid than their nontreated controls.
However, the difference in the AL-fed rats of the present
work was not as striking as the difference between the
two groups of SR rats or between the ad libitum-fed
and SR groups. In the DHEA-treated rats, SR resulted
in more than a 2-fold increase in de novo fatty acid
synthesis whereas in the nontreated rats, SR elicited
more than a 40-fold increase above that of the AL-fed
rats. There was considerable variation around the mean
for the AL-fed rats. This suggests that although the
difference between the two groups was statistically sig-
nificant, it probably was biologically unimportant.

Table 1l. Effects of Daily DHEA Injections on Food
Intake, Body Weight Gain, Oxygen Consumption, and
Body Composition of BHE Rats (Experiment 2)

Parameter Control DHEA
Food intake (g/100 g body wt/ 7.3+ 0.2a 6.8 £0.2a
day)
Body weight gain (g) 142 £ 5a 97 £ 4b
Liver weight (g) 11.6 = 0.4a 14.0 = 0.6b

376 +£0.31a 5.85=0.15b
296 +0.13a 2.01 £0.11b

Relative liver size®
Epididymal fat pad weight (g)

% Lipid, carcass® 10.1 = 0.6a 8.4 +0.4b
% Ash, carcass 2.55+0.09a 2.86=*0.10b
% Protein, carcass 21.8+£0.2a 21.6 £ 0.2a
% Water, carcass 65.5 + 0.8a 67.2 + 0.5a

Whole body oxygen consump- 2.00+0.01a 2.62*0.22b

tion (ml Oz/min/100 g W 7%)

Note. Mean = SE; n = 10 for the control group; N = 9 for the DHEA
group. Means having different letters are significantly different (P <
0.05).

@ Relative liver size = liver weight/body weight x 100.

b Carcass = whole body — gastrointestinal tract contents ~ liver —
epididymal fat pads.

Food intake was not affected by DHEA but was in-
creased by SR. Ad /ibitum-fed DHEA and control rats
consumed 8 + [ g/100 g body wt whereas SR control
and DHEA-treated rats consumed 8 £ 1 g/100 g body
wt. These values were not significantly different.

The results of Experiment 2 in which rats were
treated for 3 weeks with 120 mg/kg/day with DHEA
are presented in Tables II and III. Food intake was not
affected by DHEA; however, body weight gain was
significantly less in the treated group compared with
the control group. Thus, there was a decreased feed
efficiency associated with DHEA. Liver weight, relative
liver size, carcass ash, and whole body oxygen con-
sumption were greater whereas carcass lipid and epidi-
dymal fat pad weights were less in DHEA-treated rats
compared with the control rats. The increase in whole
body oxygen consumption with DHEA is consistent
with the decreased feed efficiency observed in this
group. The observations of decreased weight gain and
carcass lipid are consistent with the reports of others
on the effects of DHEA on weight gain (1-7). Carcass
protein and carcass water were not significantly affected
by DHEA.

Isolated hepatic mitochondria from DHEA-treated
rats consumed significantly less oxygen in state 3 than
mitochondria from control rats when pyruvate, succi-
nate, or 8-hydroxybutyrate were used to support respi-
ration. In state 4, DHEA treatment significantly low-
ered pyruvate- and B-hydroxybutyrate-supported res-
piration. The respiratory control (RC) ratio is a
calculated value that uses the oxygen consumption in
the presence and absence of ADP as the numerator and
denominator, respectively (28). The RC values serve as
indicators of the quality of the mitochondrial prepara-
tions. Intact actively respiring mitochondria should
have RC values between 2 and 10. Values less than 2
indicate a large percentage of dead mitochondria or
mitochondria unable to respond to ADP addition by

Table Ill. Effect of DHEA on Hepatic Mitochondrial Respiration in BHE Rats (Experiment 2)

Oxygen consumed

Substrate ADP Addition®
Control DHEA
{umol Oz/mg protein/min)
Pyruvate - 5.60 = 0.34a 4.06 = 0.31b
+ 16.81 = 0.80a 14.82 = 0.75b
RC? 3.04 £ 0.13a 3.61 £ 0.21b
B-hydroxybutyrate - 7.09 £ 0.43a 5.37 £ 0.52b
+ 25.94 + 1.28a 20.48 £ 1.16b
RC 3.74 £ 0.24a 3.95 + 0.27a
Succinate - 19.18 £ 1.222a 15.06 £ 1.45b
+ 715+ 2.15a 5457 + 2.18b
RC 3.71 £ 0.26a 3.82 + 2.18a

Note. Mean = SEM. Ten rats in the control group; eight rats in the DHEA-treated group. Means having different letters are significantly different

(P < 0.05).

@ Successive additions of 0.16 mM ADP were added and oxygen consumption measured before and after each addition. State 3 respiratory
conditions were simulated by the addition of ADP; state 4 was presumed to occur when the oxygen consumption rate returned to its pre ADD

addition state.

®RC = mean oxygen consumption state 3 (+ADP)/mean oxygen consumption/state 4 (—ADP).
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increasing their oxygen consumption. Values higher
than 12 suggest that a degree of uncoupling or uncon-
trolled respiration has occurred; that there is a dissocia-
tion of oxygen consumption and ATP synthesis. DHEA
treatment resulted in a significant increase in the RC
for pyruvate-supported respiration but had little effect
on the RC for g-hydroxybutyrate- or succinate-sup-
ported respiration.

Discussion

The question asked in Experiment 1 was whether
DHEA would affect lipogenesis in the BHE rat as
assessed by tritium incorporation into fatty acids. This
question was answered in the affirmative. As expected,
in BHE rats subjected to the hyperlipogenic treatment
of starvation-glucose refeeding, hepatic de novo fatty
acid synthesis was decreased by 60% by DHEA. This
short-term result was supported by the results of the
longer term second experiment which indicated a de-
creased weight gain and decreased carcass fat in DHEA-
treated rats.

The increased whole body oxygen consumption by
the rats injected with DHEA suggested that this com-
pound might be acting via the thyroid gland and the
nonthyroidal conversion of thyroxine to triiodothyro-
nine. This conversion has been reported to be less active
in the hepatic, but not pituitary tissue of BHE rats than
in Sprague-Dawley rats (29). The activity of hepatic
deiodinase was negatively correlated with hepatic lipo-
genesis. That is, hepatic lipogenesis was higher in ani-
mals with inherently less active hepatic deiodinase ac-
tivity. This suggests that in the present work, DHEA
might have stimulated deiodinase and inhibited hepatic
lipogenesis as well as stimulated peripheral metabolism
with the net result of an increase in whole body oxygen
consumption. MacEwen et al. (30) recently reported a
40% reduction in circulating thyroxine levels in DHEA-
treated lean and obese dogs. This supports the hypoth-
esis that DHEA stimulates the conversion of thyroxine
to triiodothyronine with the result of a higher turnover
rate of the active hormone in the tissue which stimulates
respiration. In addition, Foldes er al. (31) reported
significantly lower circulating sulfate conjugated and
free DHEA in hypothyroid patients than in normal
patients. Thus, there seems to be a link between DHEA,
thyroid status, and obesity.

In DHEA-treated animals having an increase in
whole body oxygen consumption and a decrease in
carcass lipid, we also observed a larger liver and a
decreased hepatic mitochondrial respiration. Although
mitochondrial respiration in the DHEA-treated rats was
~80% that observed in the control rats, the 20% larger
livers with presumably more mitochondria probably
compensated for this decrease. Oxygen consumption
was calculated on a per milligram protein basis, so on
a whole organ basis the livers from the DHEA-treated
rats presumably consumed more oxygen than livers

from the control rats.

Mohan and Cleary (32) reported that 3- or 7-day
treatment of Zucker lean and obese rats also resulted
in an increased liver weight relative to body weight but
no change, due to DHEA, in respiration regardless of
substrate when expressed per milligram of mitochon-
drial protein. When they expressed their results per
gram liver or per liver, a DHEA effect (increase) was
shown when succinate supported the respiration. The
present experiment with BHE rats used a longer (21
days) DHEA treatment period and a decrease in mito-
chondrial respiration expressed on a milligram protein
basis was shown.

Mohan and Cleary (32) also suggested that one of
the reasons why DHEA has an anti-obesity effect is that
it might potentiate the activity of a fatty acid deacyla-
tion-reacylation futile cycle. The energy wasted by this
futile cycle would be, however, quite small compared
with the loss in energy or rather the lack of energy
gained as fat. Thus, there must be some other mode of
action for DHEA.

One possibility is a decrease in energetic efficiency
created when mitochondrial coupling is less tight. Mi-
tochondrial respiration and coupling to ADP synthesis
is a very well-controlled metabolic scheme. It must be
well controlled to ensure survival. We observed in this
study a decreased feed efficiency and an increased
respiratory ratio when pyruvate supported respiration.
Presumably this was due to “looser” coupling. This
suggests that DHEA might be interfering with the action
of glucocorticoid in the regulation of ATP export from
the mitochondria via the calcium accumulation scheme
of Kimura and Rasmusson (25).

However, looser coupling was not observed when
the other substrates were used to support respiration,
thus a DHEA effect on mitochondrial energetic effi-
ciency must be discarded. Our earlier studies of the
interaction of DHEA and glucocorticoid (10, 11) sug-
gested that these hormones might be competitive for
the same intracellular receptor. Their molecular struc-
tures are quite similar so it might be reasonable to
suggest that DHEA might be an antiglucocorticoid and
vice versa. Glucocorticoid is quite important to the
regulation of hepatic lipogenesis (21-24) as well as the
regulation of several anabolic and catabolic pathways
important in energy balance. Lamontagne et al. (33)
have shown that single functional group modifications
of glucocorticoid can result in antiglucocorticoid activ-
ity. If DHEA is an antiglucocorticoid and was admin-
istered ip once daily, there might be a glucocorticoid-
antiglucocorticoid cycle which could result in energy
wastage. Both steroids have a relatively short half-life.
When DHEA was present, competition for the cytosolic
receptor could interfere with the glucocorticoid effect
on lipogenesis and lipolysis might be stimulated. After
this exogenous DHEA was degraded the endogenous
glucocorticoid would prevail and lipogenesis stimu-
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lated. Thus, a futile cycle of lipogenesis-lipolysis might
be established and energy lost. This would be consistent
with the hypothesis of Mohan and Cleary (32) of fatty
acid deacylation-reacylation and would include fatty
acid oxidation and synthesis as well as protein degra-
dation and resynthesis. Glucocorticoids have long been
known to affect these processes as well. If such futile
cycling does occur, then such would explain the signif-
icant increase in whole body oxygen consumption.

Increased turnover of protein would also increase
oxygen use. Tagliaferro et al. (34) reported an increase
in resting metabolic rate and the relative protein con-
tent of male and female Sprague-Dawley rats treated
with DHEA compared with that of control rats. Given
the high energy cost of protein synthesis and degrada-
tion, the observed changes in body composition could
account for a portion of the energy lost associated with
DHEA treatment. Although we did not observe a sig-
nificant change in carcass protein, our study was not as
long as the [1-week study of Tagliaferro er al. (34).
Whole body substrate cycling will have to be deter-
mined before such an hypothesis can be found accept-
able.
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