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Abstract

Purpose Hypotestosteronemia is an aging-associated disease. Little is known about experimental evidence linking androgen
deficiency to hypertension. Various androgens are acute vasodilators, both in vitro and in vivo. We aimed to systematically
investigate blood pressure (BP) in male normotensive intact or orchidectomized (ORX) Wistar and Wistar-Kyoto rats.
Furthermore, we studied the acute antihypertensive responses of testosterone (TES), its precursor (DHEA), or its 5p-reduced
metabolite (5-DHT) in conscious, unrestrained, hypertensive Wistar rats caused by orchidectomy to determine their
potency and efficacy. Similarly, the mechanism of their action mediated by nitric oxide (NO) was studied in vivo.
Methods BP of ORX rats was evaluated weekly for 18 weeks by tail cuff plethysmography. Subsequently, BP of ORX
Wistar rats was measured by chronic indwelling vascular catheters, arterial, and venous catheters were implanted under
anesthesia for BP recording and androgen administration, respectively. Then, a dose-response curve of each androgen was
performed. Likewise, the dose-response curve of 5B-DHT, the most potent androgen, was repeated in the presence of a
nonselective NO synthase inhibitor (L-NAME) or an inhibitor of endothelial NO synthesis (Endothelin-1).

Results ORX rats progressively increased systolic/diastolic BP (167 +2.8/141 + 3.3 mmHg) over 18 weeks. No difference
was found between strains. The BP was reduced in a dose-dependent manner caused by i.v. bolus injection of each
androgen, with a rank order of potency of: 5p-DHT = DHEA>>TES. Dose-dependent antihypertension induced by 5g-DHT
in ORX rats was not abolished in the presence of L-NAME or Endothelin-1.

Conclusions These in vivo experimental findings reveal that hypotestosteronemia is a determining factor for the develop-
ment of hypertension which is powerfully reduced by androgen administration, and Sp-DHT induces a potent and effective
antihypertensive response by a NO-independent mechanism.

Keywords Androgens - 53-dihydrotestosterone * Androgen-regulated blood pressure * Antihypertensive response * Androgen
deficiency * Hypertension in aging men

Introduction

Cardiovascular diseases continue to increase worldwide, a
phenomenon that is particularly problematic among the
aging population. One of the most relevant cardiovascular
diseases is hypertension and is clearly a public global health
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challenge. In this context, large epidemiological and
observational studies report that androgen deficiency is the
most widely recognized and evaluated hormonal alteration
associated with male aging. Following this logic, it has been
hypothesized that testosterone (TES) deficiency could be a
catalyst for hypertension [1-7]. Such lines of evidence have
indicated that hypotestosteronemia is indeed an important
factor for the development of hypertension [8]. However,
little is known about experimental evidence linking andro-
gen deficiency to hypertension.

Our recent in vivo experimental contributions in animals
have reported that blood pressure (BP) regulation is
expected as a consequence of androgen-induced vasor-
elaxation [9-11]. In this respect, we have first reported that
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some metabolites of TES, are capable of blocking the
vasopressor responses to noradrenaline or a Ca>" channel
agonist in anesthetized vagosympathectomized, pithed
Wistar male rats [12]. Subsequently, we documented that
TES and its 5p-reduced metabolite (53-dihydrotestosterone,
5B-DHT) also induce a marked reduction of BP in both
conscious normotensive Sprague-Dawley and testicular
feminized male rats (Tfm; androgen receptor-deficient) [9].

Remarkably, androgens can also elicit a significant
antihypertensive responses in conscious spontaneously
hypertensive male rats (SHR), and TES deprivation by
orchidectomy increases BP in normotensive Wistar-Kyoto
(WKY) rats which was prevented by TES replacement
therapy [10]. More recently, it was demonstrated that in an
in vivo rat model of preeclampsia, the elevated mean arterial
BP (MAP) was reduced significantly by dehydroepian-
drosterone (DHEA), TES and its 5-reduced metabolites (Sa-
and 5pB-DHT) [11]. In parallel, these findings have also
shown that DHEA and 5B-DHT are greatly more potent
than TES to evoke an antihypertensive response.

On the basis that castration of male rats is an accepted
model for the study of androgen deficiency [13-15], this
study systematically investigated hemodynamics in this
experimental model; a general contribution to the knowledge
of hypertension in aging men. Particularly, in this study we
also analyzed the potential acute antihypertensive responses in
conscious hypertensive rats caused by orchidectomy of dif-
ferent vasoactive androgens, such as DHEA, TES, and
5B-DHT which have been previously reported as potent
antihypertensives in SHR and preeclamptic rats [10, 11].
Likewise, for the first time in vivo, we investigated the role of
nitric oxide (NO), which may play a role in the mechanism by
which androgens determine their antihypertensive response.
With this in mind, the role of the endothelial NO in androgen-
induced vasorelaxation in isolated vascular beds has been a
matter of debate and remains controversial due to the fact that
some studies have demonstrated that TES-induced vasor-
elaxation is inhibited by treatment with L-NAME [16-19],
while some others have documented a NO-independent
mechanism [12, 20, 21].

Materials and methods
Animals

The study was conducted in the Department of Cell Biology
and Physiology, Institute for Biomedical Research, National
Autonomous University of Mexico (UNAM). Animals
received humane care in compliance with the Guide for the
Care and Use of Laboratory Animals, published by the US
National Institutes of Health (NIH publication 86-23,
revised 2014). Male Wistar and WKY rats, 18-21 weeks

old age (body weight, range 250-300 g) were obtained from
the Animal Center of the Institute for Biomedical Research
and Institute of Cell Physiology, UNAM, respectively. Rats
were housed in a standard experimental laboratory rodent
housing for 2 weeks prior to the start of the experiments. All
rats were randomly divided into four groups: orchiecto-
mized (ORX) Wistar rats, intact Wistar rats (control), ORX
WKY rats, and intact WKY rats (control).

Castration of male rats

In order to detect a major predisposition of WKY strain to
develop hypertension to which spontaneously hypertensive
rats (SHR) are genetically related, both Wistar and WKY
rats were compared. Rats underwent a bilateral orchiectomy
surgery, and others intact rats were controls. Briefly, the rats
were anesthetized with 80/10 mg/kg of Ketamine/Xylazine
i.p. Each testis was excised through a small incision at the
posterior end of the scrotum, the spermatic cord was then
ligated with silk suture and transected distal to the ligature
to remove the testis. The transected cord was allowed to
retract into the inguinal canal and the scrotum was then
closed with silk suture. Then, changes in BP followed
weekly during the 18 weeks following orchiectomy surgery
of ORX groups, as well as the controls (intact rats). Sys-
tolic/diastolic and mean arterial blood pressure (MAP) was
measured before orchidectomy (day 0) and every week
during the next 18 weeks with an indirect method, by the
same researcher, in a conscious and slightly restrained rat
by tail cuff plethysmography using a small animal tail-cuff
BP system (LE 5002 storage pressure; Panlab Harvard
Apparatus, Spain). For these measurements, rats were
conditioned to minimal restraint in a warming chamber for
20 min/day for at least 3 days prior to initiating weekly BP
measurement. The warming chamber was kept at 32 °C; and
while one rat was tested, another rat was being warmed in
advance. After 5—-10 min of stabilization in the chamber, a
typical run involved five repetitions of the automated
inflation—deflation cycle. The mean of five readings within a
2-5 mmHg rang was recorded as the BP for each animal.

Chronic indwelling vascular catheters

On the basis that the development of hypertension by orch-
iectomy did not show any difference between Wistar and
WKY rats, only Wistar rats were used after 18 weeks, the
ORX rats were anesthetized with a combination of Ketamine
(80 mg/kg) and Xylazine (10 mg/kg) given intraperitoneally,
and chronic indwelling catheters were placed in the left car-
otid artery and right jugular vein, using polyurethane tubing
(internal diameter 0.36 mm, external diameter 0.84 mm,
“Microrenathane”, Braintree Scientific, Inc., USA). The
catheters were passed subcutaneously to the dorsal surface of
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the neck and exteriorized, and the rats were then fitted with
polyester cloth vests with Velcro closures that surrounded the
chest and neck to protect the catheters.

Evaluation of hemodynamic data

After the ORX rats had completely recovered from anesthesia
and catheter implant surgery (24-48 h), they were placed in
clear plexiglass rodent restrainers, which allowed some free
movement, and allowed to acclimate to experimental condi-
tions for 90 min. The carotid arterial catheter was connected
to a pressure transducer (Grass P23 XL) adapted to an MP150
Research System (Biopac Systems Inc., CA), and the output
combined with AcqKnowledge software for data acquisition
and analysis. When hemodynamic variables had been stable
for a period of at least 60 min, baseline values of BP, i.e.,
systolic BP (SBP), diastolic BP (DBP), and MAP in mmHg
and heart rate (HR) in beats per minute (beats min~!, BPM)
were monitored continuously during the experiment and cal-
culated in the AcqKnowledge software. In all groups, the
recording continued for at least 90 min after the highest dose
of androgen had been administered.

Response induced by androgens in hypertensive
rats by orchiectomy

After a 60-90-min stabilization period (baseline values),
dose-response curves were obtained from ORX rats for each
androgen (DHEA, TES or 5B-DHT; only a single androgen
was tested in each animal). Androgens were administered
intravenously by bolus injected (through the jugular vein
catheter) cumulatively at log doses of: —1.0, 0.0, 1.0, and
2.0log umol kg ' min~"!, doses used according to our pre-
vious reports [10, 11], which were administered over a one-
minute period by means of a digital programmable single-
syringe pump (KD Scientific, MA; Kds 100) with an interval
of ~20 min between each dose. The hemodynamic values
after each dose were compared with the baseline values to
report: (a) the difference in mmHg of BP (AmmHg) and (b)
the changes in HR (ABPM).The cumulative dose—response
curves for each androgen in ORX rats were determined
independently. The potency of each androgen was evaluated
by calculation of the effective dose 50 (EDsp). The anti-
hypertensive efficacy of each androgen was evaluated as the
maximal effect (E,,.x) for each androgen. The EDsy and E .«
values for each androgen were compared statistically.

Androgen-induced BP reduction in the presence of
L-NAME or Endothelin-1 (ET-1)

In different ORX Wistar rats, by using the same invasive
method: (i) 10 pmol kg’1 min~! L-NAME (nonselective NO

synthase inhibitor; N-o-nitro-L-arginine methyl ester) this dose
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causes a pressor response in BP [22]; or (i) 100 nmol kg~
min~' ET-1 (inhibitor of endothelial NO synthesis; ET-1), this
dose was chosen on the basis of previous experiments and we
determined, to a wide range of doses (1, 10, 100 nmol kg’1
min~! ET-1), that at 100 nmol kg ' min~! ET-1 increases the
BP significantly in conscious rats. Each drug was given i.v., by
bolus injected through the jugular vein catheter, independently
to different ORX rats after the usual stabilization period
(60-90 min). When the pressor response induced by L-NAME
or ET-1 attained a plateau, the most potent and effective
antihypertensive androgen, SB-DHT (selected from the
dose-response experiments), which is genomically inactive
and remarkably it is not aromatizable and exhibits the highest
efficacy and potency for reduction of systemic BP, was
administrated by i.v. bolus injected in the same range of dose
as in the dose-response experiments.

Control experiments with the vehicles used

After the stabilization period, in order to compare the
response of androgens and its vehicle (ETOH), separated
vehicle-controls were run for ORX rats with i.v. bolus
injection of the same volume of vehicle, absolute ethanol
(ETOH; all doses administered never exceeded 0.5 mL
ETOH in each rat) at identical time intervals as the andro-
gens. The same was performed for vehicle of L-NAME or
ET-1 (0.08 mL distilled water, respectively).

Data presentation and statistical analysis

Data are expressed as the means+SD (n=6, number of
animals). In the text and figures, changes in BP and HR
in vivo were expressed as the change from baseline (mmHg)
or beats per minute (Beats min~!, BPM), correspondingly. The
antihypertensive potency of each androgen in vivo was eval-
uated by calculation of the effective dose 50 (EDsy = dose of
androgen required to reduce BP by 50% of the maximal
response compared to control BP). The EDs, was calculated
by linear regression from the cumulative dose-response curve
obtained from each animal. The antihypertensive efficacy of
each androgen was evaluated by calculation of the maximal
effect (Epq; antihypertensive response at 2.0 log umol kg ™!
min~"). Nonpaired Student #-tests were used to compare the
responses between any two groups. To compare E,.x or EDs
values in BP studies, a two-way ANOVA followed by
Tukey’s test were used. Significance was accepted at p < 0.05.

Drugs and chemicals

With exception of ketamine (Pisa Farmaceutica, Mexico),
xylazine (Bayer, Germany), and 17p-hydroxy-5p-androstan-
3-one (5P-dihydrotestosterone; S5p-DHT) (Steraloids, Inc.,
Newport, RI), all other compounds were purchased from
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Sigma (St. Louis, MO) including: DHEA (3p-hydroxy-5-
androsten-17-one), TES (17p-hydroxy-4-andosten-3-one), L-
NAME, and ET-1. Each androgen was prepared as a stock
solution in absolute ETOH and then diluted in ETOH to the
dose needed for each experiment. The remaining drugs were
dissolved in distilled water.

Results
Development of hypertension by orchidectomy

Figure la shows that ORX rats displayed a progressive
increase (time-dependent response) in MAP to a maximum of
151 +2.1 mmHg and SBP/DBP 167 +£2.8/141 £ 3.3 mmHg at
18 weeks after ochidectomy, which was significantly different
than SBP/DBP (119 + 1.8/97 + 2.6 mmHg) and MAP (110 +
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Fig. 1 Mean arterial blood pressure (MAP) in male normotensive
intact (control) or orchidectomized (ORX) Wistar and Wistar-Kyoto
(WKY) rats. MAP was gradually increased after orchidectomy. a
Statistical significance between curves of ORX rats and intact rats *p <
0.0001; MAP values are different *p <0.0001 before orchidectomy

V Baseline value

1.8 mmHg) of rats prior to orchidectomy at week “0”; the
progressive increase in SBP/DBP and MAP of ORX rats
achieved statistical significance (p < 0.0001) at 5 weeks after
orchidectomy. No significant difference was observed in BP
from week 11 to week 18. In contrast, the intact rats, without
orchidectomy, did not increase BP during 18 weeks and these
values were significantly different (p < 0.0001) vs. ORX rats.
We did not observe any significant difference between Wistar
and WKY rats in the development of hypertension induced by
orchidectomy over 18 weeks (Fig. 1b), for this reason, in the
subsequent experiments only the ORX Wistar rats were used.

Response induced by androgen in high BP of ORX
rats

All androgens caused an immediate (~2 min) fall in BP. As
shown in Fig. 2, the i.v. bolus injection of each androgen at
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(week 0) as compared with week 18 after orchidectomy. b No dif-
ference was found between time-dependent curve between ORX
Wistar and ORX WKY rats. Arrow indicates the orchydectomy time.
Each symbol represents the mean + SD from six animals
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Fig. 3 Dose-dependent changes on mean arterial blood pressure
(MAP) elicited by each androgen in conscious ORX Wistar. The
vehicle (absolute ethanol at equivalent volume of all doses adminis-
tered) did not alter MAP significantly (p>0.5), but the changes in
MAP produced by each androgen were significantly different from the
vehicle-control (*p <0.01). DHEA and 58-DHT curves did not differ
(p>0.05), while these curves were significantly different compared
with TES curve (*p <0.05). The E,,, values of DHEA and 5p-DHT
were significantly different to E,, of TES (¥p <0.05)

cumulative doses produced dose-dependent reduction in BP
(SBP/DBP) until normotensive levels to TES, while BP
continued to decline until attaining hypotensive levels after
the last dose to DHEA (89 +7.1/56 £ 8.4 mmHg) and to
5B-DHT (93 £2.0/58 +4.1 mmHg). Figure 3 summarizes
the reduction of BP (MAP values) by the all androgens
tested; the vehicle-control did not significantly alter BP but
the response induced by each androgen was significantly
different from the vehicle-control at all doses tested (p <
0.01). HR significantly declined only at the highest dose to
DHEA or 58-DHT (p < 0.01) but was not altered by TES
(data no shown).

Comparison of antihypertensive potency of each
androgen

The analysis of the curves shows that no difference was
observed in the antihypertensive potency (EDsg) of 5f-DHT
of TES and DHEA (precursor of TES), which were equi-
potent between them, and remarkably they were 2.1 and 2.0
times more potent, respectively, than that of TES; thus, the
rank order of antihypertensive potency was: 5p-DHT =
DHEA>>TES. Likewise, the antihypertensive efficacy
(Emax) Was: 5p-DHT = DHEA>>TES, values are shown in
Table 1.

The potential role of NO in androgen-induced
reduction in BP

After 18 weeks of orchidectomy, in separate ORX Wistar
rats, we observed that the bolus injection of L-NAME

@ Springer

Table 1 Androgen-reduced blood pressure in  conscious

orchidectomized Wistar rats

Androgen EDs log umol Eox (AMAP r Potency”
kg’l min ™" mmHg)

DHEA 1.7+0.2 —65+1.9 0.86 20

TES 3.4£0.2%* —39+£2.2% 0.96 1.0

5p-DHT 1.6+0.1 —64+19 090 2.1

Half-maximal reduction (EDsg) and maximal reduction (E,,,) values
of mean arterial blood pressure (MAP). The values are mean (n =6+
SD), n=number of animals. EDsy= value of androgen dose (log
pmol kg ' min~!) required to inhibit 50% of MAP. EDs, was
calculated by straight-line regression from every cumulative
dose-response curve. E,, change in MAP (-mmHg) at the highest
dose. Pearson’s correlation coefficient (r) represents the fitness of the
straight line

*p <0.05, as compared to DHEA or 58-DHT
**p <0.01, as compared to DHEA or 58-DHT

“Potency was calculated from ED50 values by the formula: EDsy TES/
EDsy 5p-DHT or; EDsy TES/EDs, DHEA assuming a value of
1.0 to TES

potencies significantly (p <0.05) elevated BP by orchi-
dectomy, which means that basal MAP (135 +5.2 mmHg)
was elevated significantly following bolus administration of
L-NAME (164 +3.5mmHg) (Fig. 4a). Interestingly,
5p-DHT at —1.0, 0.0, 1.0, and 2.0logumol kg ' min~!
inhibited, in a dose-response manner, the pressor response
to L-NAME (Figs. 4a and 5). We observed that this
dose—antihypertensive response curve to 58-DHT was not
abolished in the presence of L-NAME but potentiated at the
last two doses administrated (Fig. 5).

Similarly, administration of ET-1 results in a biphasic
response characterized by a transient depressor response,
followed by a pronounced and persistent hypertension
(MAP; 134+7.3 vs. 151 £9.1 mmHg), which was effec-
tively inhibited in a dose-response manner by the different
doses of 5B-DHT (Fig. 4b), resulting an identical
dose—antihypertensive response to SB-DHT in the presence
of ET-1 (Fig. 5).

Outstandingly, these in vivo experiments display that L-
NAME or ET-1 did not eliminate the dose-dependent
antihypertensive response to Sp-DHT.

Discussion
General

Androgen deficiency regarding arterial BP is unclear. Our
aim was to determine whether androgen deficiency caused
by orchidectomy in rats as an experimental model of
androgen deficiency in aging men [13—15], may cause high
BP. In the present study, we observed that the decrease of
androgens by orchidectomy progressively raised BP
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Fig. 4 Representative recordings
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Fig. 5 Maximal changes in mean arterial blood pressure (MAP) in
conscious hypertensive Wistar rats caused by orchidectomy at
18 weeks. Dose-response antihypertensive curve to Sp-DHT in the
absence and in the presence of L-NAME at 10 umol kg~ min~! or ET-
1 at 100 nmol kg~' min~!. Androgen-reduced MAP with L-NAME
pretreatment was significantly potentiated at the last two doses of
androgen *p <0.01; **p <0.05. Data are mean + SD, n = 6 rats per bar

reaching high levels of hypertension (167 +£2.8/141 =+
3.3 mmHg). Previously, we have observed that androgen
deprivation by surgical castration of WKY rats increases the
arterial BP in a short time of 10 weeks, which can be
entirely prevented by TES replacement [10]. Our present
study focused on the changes of BP over a longer period of
time (18 weeks) after orchidectomy in two different strains.
When compared to week 10 [10], BP levels significantly
increased at 18 weeks (present data). A time-dependent
increment of BP was observed in ORX rats in both Wistar

0.00 30.00 60.00 90.00
Time (min)

and WKY rats. This datum correlates with the fact that as
men get older, the level of TES in the body gradually
becomes lower, which may lead to a number of health
problems, including hypertension. In this respect, it has
been widely demonstrated that the natural aging process
estimates that TES decreases by about 10% every decade
after men reach the age of 30. Consequently, this experi-
mental study, in a model of androgen deficiency in aging
men, indicates that no doubt exist to conclude that hyper-
tension is associated with androgen deficiency, thus
explaining the critical role that endogenous androgens may
play in the maintenance of normal BP. In contrast, several
laboratories have reported findings contradictory to those of
the present study; thus, a study [23] reported that high salt
diet-induced hypertension in Sprague-Dawley rats was
reversed by orchidectomy, while TES replacement pre-
vented the reversal. Loh and Salleh [24] also reported that
MAP and plasma TES levels decreased by orchidectomy.
Castration of Wistar rats did not alter SBP while treatment
with TES did increase BP [25]. On the contrary, orchi-
dectomy of SHR and WKY rats progressively raised MAP,
which was prevented by TES treatment [10]. One possible
explanation for these contradictory findings might be the
experimental conditions, such as animal age, and differ-
ences in experimental methods including use of anesthe-
tized rats with spontaneous ventilation, compared with
conscious rats used in the present study. In this context,
studies in anesthetized animals might sound similar to
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in vivo conscious animals but the anesthetic effect and the
damage caused by tracheostomy may confound the results.

In line with our findings, it has been hypothesized that
androgen levels are actually decreased in men with chronic
diseases, such as hypertension, obesity, heart diseases,
chronic kidney disease, and metabolic syndrome [26, 27].
In the present work we tested the hypothesis that low
androgen levels are associated to hypertension in older men.
Admittedly, the development and progression of hyperten-
sion are certainly multifactorial but may be explained, at
least in part, by lifetime patterns of sex hormone deficiency
in older men. In the present study, we did not measure
plasma levels of androgens due to the fact that this matter is
out of the scope of the present paper. To justify this, it is
also important to take into account the earlier findings of
Coyotupa et al. [13], who reported that orchidectomy
drastically decreased the physiological levels of TES and
50-DHT in rats, as well as a recent study indicated that
orchidectomy rapidly reduced plasma total TES con-
centrations [14].

Androgen-induced BP reduction and the chemical
structure relationship

Each androgen selected was capable of reducing of high BP
caused by orchidectomy in a dose—response manner, which
suggests that they may be important regulators of BP and
may also be of value for therapeutic use. Recently, we have
reported that these androgens are capable of inducing an
acute reduction in BP in conscious normotensive rats [9], as
well as in males and females models of hypertension, such
as: conscious SHR male rats [10] and preeclamptic female
rats [11]. To our knowledge, the present study is novel due
to the fact that this is the first time it is reported that the
same androgens are also capable of reducing high BP in a
hypertensive model of the aging male.

The results of this study indicate that the anti-
hypertensive potency of each androgen was different. TES
turned out to be two times less potent than its precursor
(DHEA), as well as its 58-DHT, both of which were equi-
potent. Likewise, TES can reduce BP until normotensive
values while DHEA and 5B-DHT reduce BP until hypo-
tensive BP values. These findings could apparently indicate
that TES is a better candidate in the therapeutic use to
prevent hypertension; however, its low potency implies its
use at high doses. In this respect, before considering that
TES is a good alternative for androgen replacement therapy,
it is very important to ponder that TES is biotranformed: (i)
into estrogens by aromatization (with estrogenic properties);
and (ii) into its five-reduced metabolites, of which its Sa-
reduced metabolite (S5a-DHT) has high androgenic proper-
ties and is associated with prostate cancer. In the case of
DHEA, it is important to consider that this hormone is a

@ Springer

precursor of steroids and is also obviously biotransformed
into active estrogens and androgens. In marked contrast, the
5p-reduced metabolite of TES, 5p-DHT, indeed offers
potential therapeutic benefits in the treatment of hyperten-
sion as a result of several qualities: this metabolite is highly
potent to reduce BP, it is genomically inactive, does not
have androgenic properties, and it is a nonaromatizable
androgen without estrogenic properties. Taken together our
analysis indicates that 5B-DHT is the best choice for its
potential therapeutic use, either for the prevention hyper-
tension or for acute hypertensive emergencies in aging men,
and perhaps it could be utilized for overall androgen
replacement therapy as well. In agreement with this sug-
gestion, some isolated clinical studies have reported that
TES replacement therapy, but not 58-DHT replacement
therapy, reduced DBP and improved serum lipid profile in
aged hypogonadal men [28] and some collateral findings
described that TES replacement therapy is capable of
reducing systolic and DBP [29-32]. Admittedly, further
clinical studies are needed with 5p-DHT.

On the other hand, the different potency of each andro-
gens studied has been attributed to the marked differences
in their three-dimensional molecular structure. The high
potency of 58-DHT could be due to the dramatic bend at the
A/B-ring junction in its steroidal structure, while the A4,3-
keto structure of TES and 3f-hydroxy-AS5 structure of
DHEA are planar structures. Notably, DHEA also has the
inclusion of a 17-keto group which may be relevant to
increase its efficacy.

Certainly, TES is rapidly metabolized in vivo (210 min)
but is slower when this androgen is catalyzed by the enzyme
5p-reductase into SB-DHT. Thus, since the rapid time-frame
(1-2min) of the antihypertensive responses induced by
androgens, we ruled out the in vivo bioconversion of
androgens.

Mechanism of androgen-induced antihypertensive
action

It has been widely documented that androgens regulate the
cardiovascular system through both genomic (anti-inflam-
matory activity) [33] and nongenomic (vasorelaxing effect
in isolated blood vessels from several species) [34-37]
mechanisms. In addition, androgen-regulated BP is char-
acterized as a nongenomic action, since the antihyperten-
sion caused by androgens is immediate to their i.v. bolus
administration, as well as to their hypotensive response
elicited in Tfm rats (male rats with androgen receptor
deficiency) [9—-11]. Such findings have categorically shown
that androgen-induced BP reduction is nongenomically
mediated.

The in vitro vasorelaxing response of androgens and the
role that the endothelium plays has been largely
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controversial. Some reports have documented that TES-
induced vasorelaxation is inhibited by treatment with L-
NAME [16-19], while some others have revealed a NO-
independent mechanism [12, 20, 21]. However, it is note-
worthy to mention that none of these studies were per-
formed in conscious rats.

Consequently, the potential role of NO in androgen-
induced reduction in BP was explored in vivo. It is
important to take into account that the vascular endothelium
exerts important effects on vascular tone through the release
of vasodilator (endothelium-derived relaxing factor) [38]
and vasoconstrictor molecules. NO liberated from endo-
thelial cells in response to chemical or physical stimuli
exerts vasodilatation, decreases vascular resistance, increa-
ses blood flow, and lowers systemic blood pressure, and
assists in thrombosis prevention [39]. ET-1, also liberated
from the endothelium, acts as a counteracting molecule
against NO via interfering with NO synthesis and thus
observing its vasoconstrictor property [40].

Our data in conscious ORX hypertensive rats revealed
that: (i) the blockade of NO synthase by L-NAME did not
alter the antihypertensive response to Sp-DHT; and (ii) ET-
1, by binding to ET4 receptors interferes with NO synthesis
and acts to counter NO-induced vasodilatation [40], and
under these circumstances, we observed that the anti-
hypertensive response to 5p-DHT did not change on the
pressor response to ET-1.

It is relevant to comment that the antihypertensive
response induced by S5B-DHT at the last two doses in the
presence of L-NAME was potentiated. Consistent with this
result, we have previously found that when the BP is very
high, the androgen response is potentiated [10, 11].

Regarding the results of the present work, it is possible to
exclude the involvement of a putative NO-related pathway in
the establishment of antihypertensive response induced by
androgens, which in turn also reinforces the evidence that
androgens act on different sites of action, resulting in non-
genomic vasorelaxation and antihypertension. It has been
reported that androgens are blocking external Ca’' influx
through L-type Ca?" channels (L-VOCC). Our research group
has recently reported that 5B-DHT abolished the pressor
response to a Ca’" agonist (Bay K 8644) in conscious SHR
rats suggesting a blockade of Ca’" entry through L-VOCC
in vivo [10]. These results are entirely consistent with pre-
vious in vitro [21, 41-44] and in single vascular myocytes
[45-48] reports. Taken together these lines of experimental
evidence, the nongenomic antihypertensive mechanism of
androgens appears to preferentially block extracellular Ca>"
influx through L-VOCCs.

Funding This study was supported by a grant from Programa de
Apoyo a Proyectos de Investigacion e Innovacion Tecnologica-UNAM
(PAPIIT), grant number IN203815 to M.P.

Author contributions M.P., N.H., D.C. were involved of acquisition
data. M.P. conceived and designed the study, analyzed and interpreted
the data, and drafted the article also. All authors contributed to the
revising of the manuscript, and approved the final version of this
manuscript.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval All protocols were reviewed and approved by the
Institutional Animal Care and Use Committee (IACUC) at the Institute
for Biomedical Research, UNAM.

Publisher’'s note: Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

References

1. S.M. Haffner, P.A. Newcomb, P.M. Marcus, B.E. Klein, R. Klein,
Relation of sex hormones and dehydroepiandrosterone sulfate
(DHEA-SO4) to cardiovascular risk factors in postmenopausal
women. Am. J. Epidemiol. 142(9), 925-934 (1995)

2. L. Wang, M. Szklo, A.R. Folsom, N.R. Cook, S.M. Gapstur, P.
Ouyang, Endogenous sex hormones, blood pressure change, and
risk of hypertension in postmenopausal women: the Multi-Ethnic
Study of Atherosclerosis. Atherosclerosis 224(1), 228-234
(2012). https://doi.org/10.1016/j.atherosclerosis.2012.07.005

3. R. Maranon, J.F. Reckelhoff, Sex and gender differences in
control of blood pressure. Clin. Sci. 125(7), 311-318 (2013).
https://doi.org/10.1042/CS20130140

4. B. Ziemens, H. Wallaschofski, H. Volzke, R. Rettig, M. Dorr, M.
Nauck, B.G. Keevil, G. Brabant, R. Haring, Positive association
between testosterone, blood pressure, and hypertension in women:
longitudinal findings from the Study of Health in Pomerania. J.
Hypertens. 31(6), 1106-1113 (2013). https://doi.org/10.1097/
HJH.0b013e3283603eb1

5. 1.S. Brand, M.M. Rovers, B.B. Yeap, H.J. Schneider, T.P. Tuo-
mainen, R. Haring, G. Corona, A. Onat, M. Maggio, C. Bouchard,
P.C. Tong, R.Y. Chen, M. Akishita, J.A. Gietema, M.H. Gannage-
Yared, A.L. Unden, A. Hautanen, N.P. Goncharov, P. Kumanov,
S.A. Chubb, O.P. Almeida, H.U. Wittchen, J. Klotsche, H. Wal-
laschofski, H. Volzke, J. Kauhanen, J.T. Salonen, L. Ferrucci, Y.
T. van der Schouw, Testosterone, sex hormone-binding globulin
and the metabolic syndrome in men: an individual participant data
meta-analysis of observational studies. PLoS One 9(7), e100409
(2014). https://doi.org/10.1371/journal.pone.0100409

6. B. Daka, T. Rosen, P.A. Jansson, C.A. Larsson, L. Rastam, U.
Lindblad, Low sex hormone-binding globulin is associated with
hypertension: a cross-sectional study in a Swedish population.
BMC Cardiovasc. Disord. 13, 30-37 (2013). https://doi.org/10.
1186/1471-2261-13-30

7. X. Shen, R. Wang, N. Yu, Y. Shi, H. Li, C. Xiong, Y. Li, EM.
Wells, Y. Zhou, Reference ranges and association of age and
lifestyle characteristics with testosterone, sex hormone binding
globulin, and luteinizing hormone among 1166 western Chinese
men. PLoS One 11(12), 1-16 (2016). https://doi.org/10.1371/
journal.pone.0164116

8. Y. Jiang, J. Ye, M. Zhao, A. Tan, H. Zhang, Y. Gao, Z. Lu, C.
Wu, Y. Hu, Q. Wang, X. Yang, Z. Mo, Cross-sectional and
longitudinal ~ associations  between  serum  testosterone

@ Springer


https://doi.org/10.1016/j.atherosclerosis.2012.07.005
https://doi.org/10.1042/CS20130140
https://doi.org/10.1097/HJH.0b013e3283603eb1
https://doi.org/10.1097/HJH.0b013e3283603eb1
https://doi.org/10.1371/journal.pone.0100409
https://doi.org/10.1186/1471-2261-13-30
https://doi.org/10.1186/1471-2261-13-30
https://doi.org/10.1371/journal.pone.0164116
https://doi.org/10.1371/journal.pone.0164116

424

Endocrine (2019) 65:416-425

10.

11.

12.

15.

16.

17.

18.

19.

20.

21.

22.

concentrations and hypertension: results from the Fangchenggang
Area Male Health and Examination Survey in China. Clin. Chim.
Acta 487, 90-95 (2018). https://doi.org/10.1016/j.cca.2018.08.
027

. M. Perusquia, C.D. Greenway, L.M. Perkins, J.N. Stallone, Sys-

temic hypotensive effects of testosterone are androgen structure-
specific and neuronal nitric oxide synthase-dependent. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 309(2), R189-R195
(2015). https://doi.org/10.1152/ajpregu.00110.2015

M. Perusquia, N. Herrera, M. Ferrer, J.N. Stallone, Anti-
hypertensive effects of androgens in conscious, spontaneously
hypertensive rats. J. Steroid Biochem. Mol. Biol. 167, 106-114
(2017). https://doi.org/10.1016/j.jsbmb.2016.11.016

M. Perusquia, A.E. Hanson, C.M. Meza, C. Kubli, N. Herrera, J.
N. Stallone, Antihypertensive responses of vasoactive androgens
in an in vivo experimental model of preeclampsia. J. Steroid
Biochem. Mol. Biol. 178, 65-72 (2018). https://doi.org/10.1016/].
jsbmb.2017.11.001

M. Perusquia, C.M. Villalon, The vasodepressor effect of andro-
gens in pithed rats: potential role of calcium channels. Steroids 67
(13-14), 1021-1028 (2002)

. J. Coyotupa, A.F. Parlow, N. Kovacic, Serum testosterone and

dihydrotestosterone levels following orchiectomy in the adult rat.
Endocrinology 92(6), 1579-1581 (1973). https://doi.org/10.1210/
endo-92-6-1579

. N.S. Bhandarkar, S.A. Kumar, J. Martin, L. Brown, S.K. Panchal,

Attenuation of metabolic syndrome by EPA/DHA ethyl esters in
testosterone-deficient obese rats. Mar. Drugs 16(6), E182 (2018).
https://doi.org/10.3390/md 16060182

R.A. Fernandes Corréa, R.F. Ribeiro Junior, S.B.O. Mendes, P.M.
Dos Santos, M.V.A. da Silva, D.F. Silva, I.P. Biral, P.R. de
Batista, D.V. Vassallo, A.S. Bittencourt, I. Stefanon, A.A. Fer-
nandes, Testosterone deficiency reduces the effects of late cardiac
remodeling after acute myocardial infarction in rats. PLoS One 14
(3), 0213351 (2019). https://doi.org/10.1371/journal.pone.
0213351

P. Tep-areenan, D.A. Kendall, M.D. Randall, Testosterone-
induced vasorelaxation in the rat mesenteric arterial bed is
mediated predominantly via potassium channels. Br. J. Pharmacol.
135(3), 735-740 (2002). https://doi.org/10.1038/sj.bjp.0704522
K.O. Rowell, J. Hall, P.J. Pugh, T.H. Jones, K.S. Channer, R.D.
Jones, Testosterone acts as an efficacious vasodilator in isolated
human pulmonary arteries and veins: evidence for a biphasic
effect at physiological and supra-physiological concentrations. J.
Endocrinol. Invest. 32(9), 718-723 (2009). https://doi.org/10.
1007/BF03346526

T.M. Chou, K. Sudhir, S.J. Hutchison, E. Ko, T.M. Amidon, P.
Collins, K. Chatterjee, Testosterone induces dilation of canine
coronary conductance and resistance arteries in vivo. Circulation
94(10), 2614-2619 (1996)

C. Molinari, A. Battaglia, E. Grossini, D.A. Mary, C. Vassa-
nelli, G. Vacca, The effect of testosterone on regional blood
flow in prepubertal anaesthetized pigs. J. Physiol. 543(1),
365-372 (2002)

V.P. Deenadayalu, R.E. White, J.N. Stallone, X. Gao, A.J. Garcia,
Testosterone relaxes coronary arteries by opening the large-con-
ductance, calcium-activated potassium channel. Am. J. Physiol.
Heart Circ. Physiol. 281(4), H1720-H1727 (2001). https://doi.org/
10.1152/ajpheart.2001.281.4.H1720

M. Perusquia, E. Navarrete, L. Gonzalez, C.M. Villalon, The
modulatory role of androgens and progestins in the induction of
vasorelaxation in human umbilical artery. Life Sci. 81(12),
993-1002 (2007). https://doi.org/10.1016/j.1f5.2007.07.024

L.D. Wakefield, J.E. March, P.A. Kemp, J.P. Valentin, T. Bennett,
S.M. Gardiner, Comparative regional haemodynamic effects of
the nitric oxide synthase inhibitors, S-methyl-L-thiocitrulline and

@ Springer

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

L-NAME, in conscious rats. Br. J. Pharmacol. 139(6), 1235-1243
(2003). https://doi.org/10.1038/sj.bjp.0705351

A.K. Oloyo, O.A. Sofola, M.A. Yakubu, Orchidectomy attenuates
high-salt diet-induced increases in blood pressure, renovascular
resistance, and hind limb vascular dysfunction: role of testoster-
one. Clin. Exp. Pharm. Physiol. 43(9), 825-833 (2016). https://
doi.org/10.1111/1440-1681.12595

S.Y. Loh, N. Salleh, Influence of testosterone on mean arterial
pressure: A physiological study in male and female normotensive
WKY and hypertensive SHR rats. Physiol. Int. 104(1), 25-34
(2017). https://doi.org/10.1556/2060.104.2017.1.3

W.N. Rouver, N.T. Delgado, J.B. Menezes, R.L. Santos, M.R.
Moyses, Testosterone replacement therapy prevents alterations of
coronary vascular reactivity caused by hormone deficiency
induced by castration. PLoS One 10(8), e0137111 (2015). https://
doi.org/10.1371/journal.pone.0137111

N.T. Malan, W. Smith, R. von Kinel, M. Hamer, A.E. Schutte, L.
Malan, Low serum testosterone and increased diastolic ocular
perfusion pressure: a risk for retinal microvasculature. Vasa 44(6),
435-443 (2015). https://doi.org/10.1024/0301-1526/a000466
K.C.S. Dixit, J. Wu, L.B. Smith, P.W.F. Hadoke, F.C.W. Wu,
Androgens and coronary artery disease. In: K.R. Feingold, B.
Anawalt, A. Boyce, eds. Endotext [Internet], (MDText.com, Inc.,
South Dartmouth, MA, 2000-2015)

P. Marin, S. Holmang, L. Jonsson, L. Sjostrom, H. Kvist, G. Holm,
G. Lindstedt, P. Bjorntorp, The effects of testosterone treatment on
body composition and metabolism in middle-aged obese men. Int J.
Obes. Relat. Metab. Disord. 16(12), 991-997 (1992)

P. Marin, S. Holmang, C. Gustafsson, L. Jonsson, H. Kvist, A.
Elander, J. Eldh, L. Sjostrom, G. Holm, P. Bjorntorp, Androgen
treatment of abdominally obese men. Obes. Res. 1(4), 245-251
(1993). https://doi.org/10.1002/j.1550-8528.1993.tb00618.x

M. Zitzmann, Mechanisms of disease: pharmacogenetics of tes-
tosterone therapy in hypogonadal men. Nat. Clin. Pr. Urol. 4(3),
161-166 (2007). https://doi.org/10.1038/ncpuro0706

P.M. Mah, G.A. Wittert, Obesity and testicular function. Mol. Cell
Endocrinol. 316(2), 180-186 (2010). https://doi.org/10.1016/].
mce.2009.06.007

A. Haider, A. Yassin, K.S. Haider, G. Doros, F. Saad, G.M.
Rosano, Men with testosterone deficiency and a history of cardi-
ovascular diseases benefit from long-termtestosterone therapy:
observational, real-life data from a registry study. Vasc. Health
Risk Manag. 12, 251-261 (2016). https://doi.org/10.2147/VHRM.
S$108947

C.J. Malkin, P.J. Pugh, R.D. Jones, D. Kapoor, K.S. Channer, T.
H. Jones, The effect of testosterone replacement on endogenous
inflammatory cytokines and lipid profiles in hypogonadal men. J.
Clin. Endocrinol. Metab. 89(7), 3313-3318 (2004). https://doi.
org/10.1210/jc.2003-031069

M. Perusquia, Androgen-induced vasorelaxation: a potential vas-
cular protective effect. Exp. Clin. Endocrinol. Diabetes 111(2),
55-59 (2003). https://doi.org/10.1055/s-2003-39229

0. Yildiz, M. Seyrek, Vasodilating mechanisms of testosterone.
Exp. Clin. Endocrinol. Diabetes 115(1), 1-6 (2007). https://doi.
org/10.1055/5-2007-949657

M. Perusquia, J.N. Stallone, Do androgens play a beneficial role in
the regulation of vascular tone? Nongenomic vascular effects of
testosterone metabolites. Am. J. Physiol. Heart Circ. Physiol. 298
(5), HI1301-H1307 (2010). https://doi.org/10.1152/ajpheart.
00753.2009

D.M. Kelly, T.H. Jones, Testosterone: a vascular hormone in
health and disease. J. Endocrinol. 217(3), R47-R71 (2013).
https://doi.org/10.1530/JOE-12-0582

R.F. Furchgott, J.V. Zawadzki, The obligatory role of endothelial
cells in the relaxation of arterial smooth muscle by acetylcholine.
Nature 288, 373-376 (1980)


https://doi.org/10.1016/j.cca.2018.08.027
https://doi.org/10.1016/j.cca.2018.08.027
https://doi.org/10.1152/ajpregu.00110.2015
https://doi.org/10.1016/j.jsbmb.2016.11.016
https://doi.org/10.1016/j.jsbmb.2017.11.001
https://doi.org/10.1016/j.jsbmb.2017.11.001
https://doi.org/10.1210/endo-92-6-1579
https://doi.org/10.1210/endo-92-6-1579
https://doi.org/10.3390/md16060182
https://doi.org/10.1371/journal.pone.0213351
https://doi.org/10.1371/journal.pone.0213351
https://doi.org/10.1038/sj.bjp.0704522
https://doi.org/10.1007/BF03346526
https://doi.org/10.1007/BF03346526
https://doi.org/10.1152/ajpheart.2001.281.4.H1720
https://doi.org/10.1152/ajpheart.2001.281.4.H1720
https://doi.org/10.1016/j.lfs.2007.07.024
https://doi.org/10.1038/sj.bjp.0705351
https://doi.org/10.1111/1440-1681.12595
https://doi.org/10.1111/1440-1681.12595
https://doi.org/10.1556/2060.104.2017.1.3
https://doi.org/10.1371/journal.pone.0137111
https://doi.org/10.1371/journal.pone.0137111
https://doi.org/10.1024/0301-1526/a000466
https://doi.org/10.1002/j.1550-8528.1993.tb00618.x
https://doi.org/10.1038/ncpuro0706
https://doi.org/10.1016/j.mce.2009.06.007
https://doi.org/10.1016/j.mce.2009.06.007
https://doi.org/10.2147/VHRM.S108947
https://doi.org/10.2147/VHRM.S108947
https://doi.org/10.1210/jc.2003-031069
https://doi.org/10.1210/jc.2003-031069
https://doi.org/10.1055/s-2003-39229
https://doi.org/10.1055/s-2007-949657
https://doi.org/10.1055/s-2007-949657
https://doi.org/10.1152/ajpheart.00753.2009
https://doi.org/10.1152/ajpheart.00753.2009
https://doi.org/10.1530/JOE-12-0582

Endocrine (2019) 65:416-425

425

39.

40.

41.

42.

43.

S. Moncada, R.M. Palmer, E.A. Higgs, Nitric oxide: physiology,
pathophysiology, and pharmacology. Pharmacol. Rev. 43(2),
109-142 (1991)

S.L. Bourque, S.T. Davidge, M.A. Adams, The interaction
between endothelin-1 and nitric oxide in the vasculature: new
perspectives. Am. J. Physiol. Regul. Integr. Comp. Physiol. 300
(6), R1288-R1295 (2011). https://doi.org/10.1152/ajpregu.00397.
2010

M. Perusquia, C.M. Villalén, Possible role of Ca** channels in the
vasodilating effect of 5beta-dihydrotestosterone in rat aorta. Eur.
J. Pharmacol. 371(2-3), 169-178 (1999). https://doi.org/10.1016/
S0014-2999(99)00161-2

R.D. Jones, K.M. English, P.J. Pugh, A.H. Morice, T.H. Jones, K.
S. Channer, Pulmonary vasodilatory action of testosterone: evi-
dence of a calcium antagonistic action. J. Cardiovasc. Pharmacol.
39(6), 814-823 (2002)

J. Navarro-Dorado, L.M. Orensanz, P. Recio, S. Bustamante, S.
Benedito, A.C. Martinez, A. Garcia-Sacristdan, D. Prieto, M.
Hernandez, Mechanisms involved in testosterone-induced vaso-
dilatation in pig prostatic small arteries. Life Sci. 83, 569-573
(2008). https://doi.org/10.1016/j.1fs.2008.08.009

44,

45.

46.

47.

48.

M. Perusquia, J. Espinoza, L.M. Montafio, J.N. Stallone, Regional
differences in the vasorelaxing effects of testosterone and its 5-
reduced metabolites in the canine vasculature. Vasc. Pharmacol. 56
(3—4), 176-182 (2012). https://doi.org/10.1016/j.vph.2012.01.008
J. Hall, R.D. Jones, T.H. Jones, K.S. Channer, C. Peers, Selective
inhibition of L-type Ca*" channels in A7r5 cells by physiological
levels of testosterone. Endocrinology 147(6), 2675-2680 (2006).
https://doi.org/10.1210/en.2005-1243

J.L. Scragg, R.D. Jones, K.S. Channer, T.H. Jones, C. Peers,
Testosterone is a potent inhibitor of L-type Ca(2+) channels.
Biochem. Biophys. Res. Commun. 318(2), 503-506 (2004).
https://doi.org/10.1016/j.bbrc.2004.04.054

J.L. Scragg, M.L. Dallas, C. Peers, Molecular requirements for L-
type Ca’* channel blockade by testosterone. Cell Calcium 42,
11-15 (2007). https://doi.org/10.1016/j.ceca.2006.11.003

L.M. Montafio, E. Calixto, A. Figueroa, E. Flores-Soto, V. Car-
bajal, M. Perusquia, Relaxation of androgens on rat thoracic aorta:
testosterone concentration dependent agonist/antagonist L-type
Ca?* channel activity, and 5beta-dihydrotestosterone restricted to
L-type Ca>" channel blockade. Endocrinology 149(5), 2517-2526
(2008). https://doi.org/10.1210/en.2007-1288

@ Springer


https://doi.org/10.1152/ajpregu.00397.2010
https://doi.org/10.1152/ajpregu.00397.2010
https://doi.org/10.1016/S0014-2999(99)00161-2
https://doi.org/10.1016/S0014-2999(99)00161-2
https://doi.org/10.1016/j.lfs.2008.08.009
https://doi.org/10.1016/j.vph.2012.01.008
https://doi.org/10.1210/en.2005-1243
https://doi.org/10.1016/j.bbrc.2004.04.054
https://doi.org/10.1016/j.ceca.2006.11.003
https://doi.org/10.1210/en.2007-1288

	Hypotestosteronemia is an important factor for the development of hypertension: elevated blood pressure in orchidectomized conscious rats is reversed by different androgens
	Abstract
	Introduction
	Materials and methods
	Animals
	Castration of male rats
	Chronic indwelling vascular catheters
	Evaluation of hemodynamic data
	Response induced by androgens in hypertensive rats by orchiectomy
	Androgen-induced BP reduction in the presence of L-NAME or Endothelin-1 (ET-1)
	Control experiments with the vehicles used
	Data presentation and statistical analysis
	Drugs and chemicals

	Results
	Development of hypertension by orchidectomy
	Response induced by androgen in high BP of ORX rats
	Comparison of antihypertensive potency of each androgen
	The potential role of NO in androgen-induced reduction in BP

	Discussion
	General
	Androgen-induced BP reduction and the chemical structure relationship
	Mechanism of androgen-induced antihypertensive action
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




