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Introduction

Type 2 diabetes is an epidemic multi-factorial disease,
frequently associated with a cluster of pathologies

Dehydroepiandrosterone (DHEA) prevents
the prostanoid imbalance in mesenteric
bed of fructose-induced hypertensive rats

Abstract Background In previ-
ous studies we reported an altered
prostanoid (PR) release-pattern in
mesenteric vessels in fructose (F)-
overloaded rats, an experimental
model of insulin resistance and
hypertension. Dehydroepiandros-
terone (DHEA) and its precursor
Dehydroepiandrosterone sulfate
(DHEA-S) are the most abundant
circulating steroid hormones pro-
duced by the adrenal and recent
studies in both cells and animals
suggest that DHEA may have acute
non-genomic actions that mimic
both metabolic and vascular ac-
tions of insulin. Aim of the study
This study was to analyze in F-
overloaded rats, the effects of
DHEA treatment on arterial blood
pressure and the PR production in
mesenteric vessels and aorta.
Methods Male 6 week-old Spra-
gue-Dawley rats were randomly
divided in four groups: a control
group (C), a DHEA (30 mg/kg/sc/
48 h)-treated group (D), a fructose
(10% w/v in drinking water)-fed
group (F), and both treatments
simultaneously group (FD). The
systolic blood pressure (SBP) was

measured by tail cuff method and
glycemia and triglyderidemia were
measured by enzymatic assays.
The mesenteric beds of all groups
were dissected, and incubated in
Krebs solution. The PR released
were measured by HPLC. Results
F overload increased SBP and
triglyceridemia and decreased the
mesenteric vasodilatory PR re-
lease. DHEA treatment prevented
the increment in SBP and trigly-
ceridemia and decreased vaso-
constrictor PR in F-treated rats.
Conclusion  DHEA normalize the
PGIL,/TX ratio, diminished in F-
overloaded rats, through the de-
crease in thromboxane (TX) pro-
duction and this could be one of
the mechanisms by which DHEA
prevented the slight hypertension
in F-animals.
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including hypertension, hypertriglyceridemia, obes-
ity, impaired glucose tolerance and insulin resistance,
collectively referred to as the metabolic syndrome

[39]. Recent studies have linked soft drink con-
sumption with increased risk for hypertension and
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type 2 diabetes. In this regard, F has a low glycemic
index but may be causally linked with the epidemic of
obesity and cardiovascular disease [42]. Male rats fed
a high F diet (F-rats) develop mild degree of hyper-
tension, hypertriglyceridemia, insulin resistance but
not fasting hyperglycemia, a pathologic status
resembling type 2 diabetes mellitus [17, 40, 46]. An
elevation of peripheral resistance has been postulated
as one of the mechanisms that trigger the blood
pressure increase in this model. The development of
increased vascular tone could be derived from the
activation of several vasoconstrictor and antinatri-
uretic systems as the renin-angiotensin [47] and
sympathetic nervous systems [26]. We also found
alterations in vascular contractility [8], increased
thickness and area of mesenteric vessels and prosta-
glandin (PG) production [37] in F-fed rats.

PR, metabolites of arachidonic acid through the
cyclooxygenase (COX) pathway, include the vasodi-
lator substances prostacyclin (PGL,) (measured by its
stable metabolite 6-keto PGF,a), PGE,, and the vaso-
constrictor substances TXA, (measured by its stable
metabolite TXB,) and PGF,a. These vasoactive sub-
stances, synthesized and released by the vascular wall,
may diffuse across the vascular smooth muscle and
have been implicated in the modulation of vascular
tone. In previous studies we have reported an altered
PR release-pattern in mesenteric vessels in an exper-
imental model of type 2 diabetes in rats [34] and F-
overloaded rats [35-37]. It has also been reported that
a TX synthesis inhibitor prevents blood pressure in-
crease in F-overloaded rats [13]. Recently, an imbal-
ance between endothelium-derived relaxing and
contracting factors in mesenteric arteries in a model of
experimental type 2 diabetes has been reported [25].

DHEA and its precursor DHEA-S are the most
abundant circulating steroid hormones produced by
the adrenal gland [4, 32]. The plasma concentrations
of DHEA and DHEAS progressively decline with age
[5, 18]. Moreover, several epidemiological studies
have shown an inverse correlation between DHEA/
DHEAS plasma concentrations and mortality, partic-
ularly due to cardiovascular disease in aged men [3],
and postmenopausal women [20]. In addition, DHEA
replacement (50 mg daily for 12 weeks) in hypoad-
renal women improves insulin sensitivity [9]. DHEA
is widely available as a nutritional supplement with-
out prescription that is touted for its putative anti-
aging properties and beneficial effects on metabolic
and cardiovascular health. However, molecular
mechanisms mediating DHEA action are poorly
understood.

Steroid hormones regulate vascular function indi-
rectly through metabolic modifications, but mostly
through actions exerted directly on the vessel wall
[45]. Recent studies in both cells and animals models

suggest that DHEA may exert acute non-genomic
actions that mimic both metabolic and vascular ac-
tions of insulin. Interestingly, specific binding of
DHEA to the plasma membrane of endothelial cells
has been reported [22], and recently it has been
demonstrated that DHEA caused an acute increased
in nitric oxide production through the activation of PI
3-kinase (PI3-K) and phosphorylation of Akt (PKB)
and endothelial NO synthase (eNOS) in vascular
endothelial cells [12]. Taken together, these studies
suggest that DHEA mimics acute actions of insulin.

Insulin resistance causes decreases in plasma
DHEA levels [49] and on the other hand, acute
hyperinsulinemia in humans causes a decline in ser-
um DHEA-S concentrations [33]. Interestingly, F-en-
riched diets could induce decreased levels of plasma
DHEAS [15]. We propose that DHEA treatment could
prevent the altered PR release described in mesenteric
vessels of F-induced hypetension. Therefore, the aim
of the present study was to analyze the effects of
DHEA treatment on arterial blood pressure and PR
production in mesenteric vessels and aorta of F-
overloaded rats.

Materials and methods
Animals and experimental design

Twenty four male 6 week-old Sprague-Dawley rats
weighing 180-240 g at the beginning of the study were
randomly divided in four groups of six rats each: a
control (tap water ad libitum plus 0.5 ml of sunflower
oil/sc, every alternate day)-group (C), a DHEA
(30 mg/kg/sc in 0.5 ml of sunflower oil every alternate
day)-treated group (D). Rats treated with DHEA
(30 mg/kg, every alternate day) induces a circulating
DHEA sulfate level of ~0.2 uM (60 ng/ml) after
3 weeks [6], a F (10% w/v in tap water plus 0.5 ml of
sunflower oil/sc, every alternate day)-fed group (F)
[8], and both treatments-group (FD). All treatments
were administrated during 9 weeks. Animals were
maintained in a room at 22 £ 2°C and the air was
adequately recycled and were fed with standard ro-
dent diet (Asociacion Cooperativas Argentinas) in
pellets, with the following composition (w/w): 20%
proteins, 3% fat, 2% fiber, 6% minerals and 69%
starch and vitamins supplements, containing the
same amount of calories. In addition, rats were
weighed before dietary manipulation and weekly
during the study for the DHEA- doses calculations.
The experiments were approved in advance by the
local ethics committee on animal research. Proce-
dures involving animals and their care were con-
ducted in conformity with the institutional guidelines
that are in compliance with international laws (Guide
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for the care and use of laboratory animals, US Na-
tional Research Council, 1996).

Measurement of systolic blood pressure and
metabolic parameters

The rats were trained to the procedure of SBP mea-
surement at 10.00 A.M., twice a week, and the SBP was
registered during 2 weeks prior to the sacrifice by
decapitation. The mean of three to four consecutive
readings was used as the reported value of the SBP for
each rat. Indirect SBP was measured by means of a tail-
cuff using a microphone connected to a Grass D.C.
driver amplifier (model 7DAC, Grass Instruments Co.
Quincy, MA, USA) in series with a Grass polygraph
(model 79D, Grass Instruments Co. Quincy, MA, USA).

At week 8 of treatment, all animals were fasted
overnight and subjected to an oral glucose tolerance
test (OGTT) as described [24]. At time 0 min, a blood
sample (0.5 ml) was collected by cutting the tail tip,
and then a glucose solution (2 g/ml/kg body weight)
was immediately administrated by oral gavage. Five
more blood samples were collected from the tail tip at
15, 30, 60, 90, and 120 min after glucose administra-
tion. All blood samples were collected in tubes pre-
rinsed with heparin solution and centrifuged (3,500xg
at 4°C for 10 min). The plasmas were immediately
assayed for glycemia (Color GPO/GP, enzymatic
methods, Wiener Labs, Rosario, Santa Fe, Argentina)
and insulinemia (Rat insulin enzyme immunoassay
kit, A05105—96 wells, SPI-BIO).

After 9 weeks, all groups were fasted for 12 h,
weighed and sacrificed by decapitation. Blood sam-
ples collected from the bleeding trunk were centri-
fuged (3,500xg at 4°C for 10 min). Plasma glucose and
triglyceride levels were measured by means of spec-
trophotometry (Automatic Analyzer Abbott Spectrum
CCX, Abbot Diagnostics, Abbott Park, IL, USA) and
commercial kits for glycemia and triglyceridemia
(Color GPO/PAP AA, enzymatic methods, Wiener
Labs, Rosario, Santa Fe, Argentina).

Prostanoid release measurement

The mesenteric beds from all groups were dissected,
transferred to a Petri dish with saline solution at 4°C

in order to wash the blood and incubated in Krebs
solution with the following composition (mM): NaCl
118, KCl 4.7, MgSO, 1.2, NaH,PO, 1.0, CaCl, 2.6,
NaHCO; 25.0, glucose 11.1 during 60 min at 37°C. In
order to measure the PR release, at the end of the
incubation period, the media were acidified to pH 3.5
with 1 M formic acid and extracted three times with
two volumes of chloroform. The chloroform fractions
were pooled and evaporated to dryness. Reversed-
phase HPLC was carried out on a C;g column (Ul-
tropack Lichrosorb E. Merck, Darmstadt, Germany).
The solvent system was 1.7 mM H;PO, 67.2: aceto-
nitrile 32.8 v/v. The flow rate was 1 ml min~"' and UV
absorption was measured at 218 nm. Dried samples
were resuspended in 0.15 ml of the mobile phase and
injected into the HPLC system. Standards PR: 6-keto
PGF,0, PGE,, PGF,o and TXB, (Sigma Chemical Co.,
Saint Louis, MO, USA) were run along with the
samples and a bracket assay was performed to
determine the amount of PR in the samples. All values
were corrected for recovery loss as determined by
parallel standards. Results were expressed as nano-
grams of PR per milligram of wet tissue weight.

Statistical analysis

All data are expressed as mean = SEM. Intergroup
comparisons were made by one-way analysis of var-
iance (ANOVA) and a P value of 0.05 or less was
considered statistically significant. When necessary
the Tuckey post test was applied.

Results

Chronic administration of F as a 10% in tap water
during 9 weeks was able to induce some of the
alterations included in the cluster of risk factors called
metabolic syndrome. There was no significant differ-
ence in the body weight (Table 1) or in the epididy-
mal fat pads among groups at the end of the
experiment (data not shown). Plasma triglycerides
were increased in F-rats (F vs. C, P < 0.01) and
diminished by DHEA treatment in control animals
(D vs. C, P < 0.01). Hipertriglyceridemia in F-rats was
prevented by DHEA treatment (F vs. FD, P < 0.05)

Table 1 Physical and biochemical
parameters of the rats in the C, D, F

and FD groups at the end of the
experiment

C D F FD
Body weight (g) 459.7 £ 19.9 436.0 + 20.1 474.5 + 30.2 4885 + 209
Plasma glucose (mg dI™") 88.5 £ 6.0 78.6 £ 1.2 87.7 £26 96.84 + 5.6
Plasma triglycerides (mg d 93.7 £ 13.6 36.6 + 5.25* 191.1 + 35.2%" 106.6 + 11.2%

Mean values with their standard deviations, n = 6
C control, D DHEA; F fructose, FD fructose and DHEA
*P < 0.01vs. C; P < 0.01 vs. D; P < 0.05 vs. F
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Fig. 1 Changes in plasma glucose (% of basal) (a) and insulin (b) in an oral
glucose tolerance test (OGTT) (2 g glucose/kg BW) performed after 9 weeks of
treatment from control (C), DHEA (D), Fructose (F) and Fructose and DHEA (FD)
(n=6 in all groups). Values are shown as the mean + SD *P < 0.05
compared to group C

(Table 1). Fasting serum glucose levels were similar
among groups at the end of the study (Table 1). The
analysis of the OGTT during 120 min showed that F
overload during 9 weeks did not produced glucose
intolerance, and that DHEA treatment did not modify
it as shown in Fig. 1. Fasting hyperinsulinemia was
only observed in the F-group (Fig. 1).

Although blood pressure in F-rats at the end of the
treatment did not reach those levels corresponding to
a severe hypertension, there was a significant differ-
ence compared to control levels (F vs. C, P < 0.01).
DHEA treatment had no effect in control animals (D
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Fig. 2 Systolic blood pressure (mmHg) after 8 weeks of treatment from
control (C), DHEA (D), Fructose (F) and Fructose and DHEA (FD) (n = 6 in all
groups). Values are shown as the mean = SD. *P < 0.01 vs. C, /P < 0.05 vs. F
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Fig. 3 Release of vasodilator PR (6-keto PGF;, and PGE,) by mesenteric
vascular beds from control (C), DHEA (D), Fructose (F) and Fructose and
DHEA (FD) (n =6 in all groups). Values are shown as the mean * SD
(ng.mg tissue™") *P < 0.01 vs. G; P < 0.01 vs. DHEA

vs. G, n.s.), however DHEA prevented the increase in
SBP levels of F-treated animals (F vs. FD, P < 0.05)
(Fig. 2).

To evaluate the possible mechanisms by which
DHEA treatment prevented the slight increase in SBP
in F-animals, we measured the PR release from the
mesenteric vascular bed in all experimental groups.
As shown in Fig. 3, F-overload diminished 6-keto
PGF,o and PGE, release (F vs. C P < 0.01) and the
treatment with DHEA in control and F-animals
did not affect these vasodilator PR (D vs. C n.s.; FD
vs. F n.s.).

On the other hand, in spite of the fact that F
treatment did not modify vasoconstrictor PR release
in the vascular bed, DHEA treatment decreased TXB,
and PGF,, in F-rats (FD vs. F P < 0.01) (Fig. 4).
Moreover, the ratio PGL,/TX is a parameter of endo-
thelial dysfunction and F-feeding caused a significant
decrease in this indicator which was prevented by
DHEA treatment (Fig. 5).

Discussion

It has been reported that F feeding lowers plasma
DHEAS levels in rats, a potentially important side
effect of diabetes [15]. Although several studies have
investigated the effects of DHEA supplementation in
other experimental models [6, 14, 28, 44, 50], no
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Fig. 4 Release of vasoconstrictor PR (PGF,,, and TXB,) by mesenteric vascular
beds from control (C), DHEA (D), Fructose (F) and Fructose and DHEA (FD) at the
end of the treatment (n =6 in all groups). Values are shown as the
mean + SD (ng mg tissue™") *P < 0.01 vs. G *P < 0.01 vs. F
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Fig. 5 Ratio PGl,/TX from control (C), DHEA (D), Fructose (F) and Fructose and
DHEA (FD) at the end of the treatment (n = 6 in all groups). Values are shown
as the mean + SD *P < 0.01 vs. C; TP < 0.01 vs. DHEA; *P < 0.01 vs. F

experiments were conducted so far looking in parallel
the vascular and metabolic actions of DHEA supple-
mentation in conscious, chronically overloaded F-
rats, an experimental model of insulin resistance. The
vascular and metabolic profiles associated with this
animal model could provide information about the
possible mechanisms underlying the etiology of
hypertension in the metabolic syndrome and the
possible role of DHEA in vascular production of PR.
Our results demonstrate for the first time that treat-
ment with DHEA prevents the development of F-in-
duced hypertriglyceridemia, insulin resistance and
hypertension in male rats.

It has been reported that rats treated with DHEA
(30 mg/kg, every alternate day) induces a circulating
DHEA sulfate level of ~0.2 uM (60 ng/ml) after
3 weeks [6]. The baseline level of DHEA in humans is
~10 nM. However, when DHEA supplements ranging
from 50 to 2,250 mg/day are taken, the DHEA level in
serum has been shown to increase to as high as
230 nM. Even thought the amount of DHEA required
in rats was high to achieve an effect on vascular
function, the amount of DHEA in the serum of the
rats after the treatment, is achievable in humans when
oral supplements are taken [50]. In the same paper,
Yorek et al has reported that when serum DHEA
levels achieved 100~ ng/ml (0.35 uM), the estrogen
level is ~150 pg/ml (0.5 nM). However, the increase
in estrogen level in the serum was not significant
compared with the level in control rats. They dem-
onstrated that estrogen, at a concentration similar to
estrogen levels found in rats fed 0.25% DHEA
(~0.5 nM), did not induced vasodilatation in epi-
neurial vessels in vitro [50]. It is unlikely that the
effect of DHEA in improving insulin resistance-in-
duced impairment in vascular relaxation was due to
an increase in estrogen levels.

Pérez de Heredia et al. [38] showed that a high fat
diet supplemented with DHEA (0.5% w/w) induced, in
female and aged (77 weeks old) Sprague Dawley rats,
significantly higher DHEA-S concentrations than
control rats (829.0 = 93.3 and 71.8 + 26.0 ng/ml
respectively). They found significant changes in food
intake and in total weight and body fat in aged rats
treated with DHEA during 12 weeks. We could not
find any change in body and epididymal fat weight.
These results are in accordance with other studies
[14]. These differences could be a consequence of the
length of the treatment, the way of administration, the
age and sex of the animals, and the doses of DHEA. In
our experimental conditions, male and young rats,
treated with DHEA during 9 weeks, had circulating
DHEA sulfate level of ~0.2 uM (60 ng/ml) after
3 weeks [6].

Nagal and cols. have demonstrated that the
expression of PPARa was downregulated in the liver
of F-fed rats and in hepatocytes incubated in a high F
condition, indicating a direct effect of F or its
metabolites on PPARx expression [31]. DHEA has
been characterized as a peroxisome proliferator [23]
that increases the rate of lipolysis, increases flux of
fatty acids through the f-oxidation pathway, and re-
duces the lypogenesis “de novo” in adipose tissue,
accompanied by an increase in energy expenditure
[21]. The reduced expression of PPAR« in the liver
reported in the liver of F-rats promotes the idea that
stimulation of fatty acid oxidation and lypolysis by
DHEA through the activation of PPARx and PPARy is
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other way by which DHEA prevents the increase in
triglycerides found in F-rats.

In agreement with previous reports [35-37], the
vascular mesenteric bed of F-rats showed a dimin-
ished release of PGE, and PGI,, as well as an increased
peripheral resistance associated to the inhibition of
vasodilator PR release. This alteration could be one of
the mechanisms that lead to the elevation of SBP
levels in F-treated rats. DHEA treatment in F-rats
diminished the release of vasoconstrictor PR such as
PGF,, and TXB, without any change in vasodilator
PR. The PR release of DHEA treated animals tended
to be lower than that of controls, but the difference
was not statistically significant. Probably the action of
DHEA is different between normal and insulin resis-
tant rats. Metabolic insulin resistance is typically
associated with selective impairment in NO produc-
tion in the vasculature, predisposing to imbalanced
intracellular signaling pathways that favor prohyper-
tensive and proaterogenic effects of endothelin-1 [12].
As DHEA stimulates the same vasoactive substances
as insulin, then the net vasoactive effect of DHEA may
depend upon the balance between vasodilator and
vasoconstrictor substances as PRs. Therefore, in ani-
mals with metabolic syndrome, DHEA treatment
prevents the increases in SBP, normalizing the pros-
tacyclin/tromboxane (PGI,/TX) ratio, an indicator of
endothelial dysfunction found diminished in F-rats.
This could be one of the mechanisms by which DHEA
prevents the mild increase of SBP in F-rats.

Although we did not investigate the regulatory
mechanisms of PR production, we have previously
reported that F-overloaded rats showed an impair-
ment in the NO-dependent vascular contractility [8]
which is the effector molecule in the insulin induced
vasodilatation [29, 30]. Decreased eNOS activity was
shown in aorta and mesenteric arteries from F-fed
rats [27]. On the other hand, it has been recently
demonstrated that DHEA caused an acute increase in
NO production in vascular endothelial cells through
PI3-K activation and PKB and eNOS phosphorylation
[12] by a putative G protein coupled receptor [22].
NO acts mainly by two pathways: activation of gua-
nylyl cyclase to yield cGMP and stimulation of COX 1-
2 activities to produce PG [41]. Therefore, it is pos-
sible to speculate that the F-treated animals have an
impaired insulin-dependent endothelial NO release
which could also affect the vasodilator PR production
and that DHEA increased NO production in F-rats,
which induces the COX 1-2 activation and preventing
the SBP increase.

Abnormalities in the arachidonic acid cascade
pathways have been observed in diabetic animals [16,
43] and such disturbances disappeared when rats
were treated with DHEA [2]. Platelet activation has
been implicated in the atherogenesis and DHEA exert

antiatherogenic and cardioprotective actions through
the inhibition of platelet aggregation [19]. Mitogen-
activated protein kinase (MAPK) is a central com-
ponent of the growth factor stimulated protein kinase
cascade. Yoshimata et al. [51] reported that DHEA
significantly lessened platelet derived growth factor
(PDGF) induced MAPK activation in human male
aortic smooth muscle cells, probably via PGE, over-
production. Although in our experimental conditions
DHEA treatment did not significantly modify the
PGE, production, this regulation of MAPK cascade
regulation could be involved.

We did not identify any change in PR production
in the aorta. The mesenteric bed is a resistance vas-
cular bed that contributes actively to the blood flow
control during altered demands [7], and seems to be
more sensitive than aorta, a conductance vessel, to the
effects of F and DHEA regarding PR production. The
important role of resistance vessels in the regulation
of the peripheral resistance and consequently blood
pressure could justify these differences.

We confirmed the development of insulin resis-
tance and the elevation of triglycerides, already found
in this model [11, 48]. DHEA treatment did not
modify the insulin levels in C rats and impaired the
insulin resistance without increasing insulin concen-
trations in F rats. DHEA is known to improve the
effectiveness of insulin [9]. As insulin per se has some
vasodilatory effects and an increase in insulin sensi-
tivity would increase the vasodilatory effects of insu-
lin per se, we can not conclude whether the
prevention of endothelial dysfunction by DHEA, de-
tected by impairment of mesenteric PGI, release in F
rats, was directly related to insulin, DHEA, or both of
them. However, Galipeau et al. had demonstrated that
treatment with dazmegrel, an inhibitor of TX syn-
thase, prevents the development of F-induced hyper-
tension in male rats without any change in
hyperinsulinemia or insulin resistance [13].

Estrogen (E,) increases COX-2 expression in vas-
cular tissues and augments PGI, production in vitro
[1]. Egan et al had demonstrated that E,-mediated
COX-2-derived PGI, confers atheroprotection on fe-
male LDLR mice [10]. We cannot rule out the
endogenous conversion of DHEA to E, but under our
experimental conditions we were not able to detect
any change in mesenteric vascular production of PGI,
in animals treated with DHEA.

We reported here that DHEA has vasodilatory
properties through the inhibition of TX production in
a mimetic model of acquired insulin resistance char-
acterized by diminished PGs production. In this way,
our work contribute the original finding that DHEA
normalize the PGI,/TX ratio, diminished in F-over-
loaded rats, through the decrease in TX production
and this could be one of the mechanisms by which
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DHEA prevented the slight hypertension in F-animals.
Therefore, in pathophysiological situation of under-
production of vasodilatory PR, DHEA could regulate a
compensatory mechanism diminishing the produc-
tion of vasoconstrictor PR. On the basis of the present
data and others reports [25], alterations in COXs-
dependent modulation of vasomotor function should

be taken into consideration in future investigations of
type 2 diabetes.
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