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Abstract

Introduction: Systemic hypertension (SHT) leads to high morbidity and mortality. Since the renin-
angiotensin system (RAS) represents one mechanism of regulating blood pressure, some first-line drugs
target it to treat SHT. However, even with drug treatment some functional and structural changes
continue to occur, leading to further complications. Hence, new coadjuvant treatments are needed that
can result in more favorable outcomes. HBO (administration of 100% oxygen) at a pressure of 2
absolute atmospheres improves smooth vascular muscle relaxation and favors neovascularization. The
aim of the present study was to analyze whether HBO can modify the response to angiotensin II at the
cardiovascular level in hypertensive rats.

Materials and methods: male Wistar rats (340 + 20 g) maintained under standard lab conditions, SHT
was induced with surgery. Beginning on day 8 post-surgery, HBO therapy was given for 20 sessions (one/
day). Rats were then sacrificed and the heart extracted to analyze the vascular and cardiac response to
angiotensin IT (1 x 10 to 1 x 10-5> M) and determine the expression of AT1R and AT2R in the different
groups.

Results: The systolic BP was 150 + 10 mmHg in hypertensive rats without HBO as well we have an
increase in vascular response in vascular reactivity, while in those with HBO therapy a reduction was
found in this parameter as well as in vascular reactivity to angiotensin II in the heart and aorta.
Conclusions: HBO therapy reduced vascular reactivity to angiotensin II in both aortic segments and in

coronary arteries of hypertensive rats.
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Introduction

Due to its prevalence, physiopathology and mortality [1],
hypertension (HT) is one of the most important chronic
conditions. It is the main risk factor for the development of
strokes, cardiac ischemia, renal failure and heart failure [1,2].

The physiopathology of HT is complex and implies
modifications of multiple organs and systems, within which the
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renal and cardiac systems are of utmost importance.
Modifications of the latter two systems lead to changes in the
secretion of systemic amines and mineral corticoids, as well as
in the stimulation of the synthesis of pro-hypertensive
substances such as those produced by the renin-angiotensin
system (RAS) [3].

Control of cardiac activity by the RAS is mainly exercised by
AT1 receptors (AT1R), which participate in the regulation of
physiological and structural processes in the heart [3,4]. In
SHT the deregulation of the RAS results in several
complications, including a rise in blood pressure (BP) and
hypertrophy of the left ventricle, the latter accompanied by
necrotic zones of myocytes leading to myocytolysis.
Additionally, there are histological and anatomical changes [3],
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such as the proliferation of fibroblasts and an increase in o-
actin, B-BHC, ANF, fibronectin, TGF—f and collagen I and III,
which cause hyperplasia of the left ventricle and hardening of
heart muscle tissue [1,5-8].

One of the most common drug strategies used to treat SHT is
the modulation of the RAS through enzymatic inhibitors and
blockers of At;Ry. [3]. In spite of the multiple advantages of
such treatment, 30% of patients continue to suffer from chronic
complications of SHT. For this reason, coadjuvant treatments
have been sought for the control of this pathology and its
complications.

Hyperbaric oxygen (HBO) therapy has recently been included
in the treatment of SHT. This therapy is given inside a chamber
with 100% oxygen supplied above atmospheric pressure,
which produces a mechanical effect (due to the increased
pressure to which the organism is exposed) and a volumetric
effect (caused by the increase in the partial pressure of oxygen
in tissues) [9].

The modifications in the posterior circulatory system caused by
HBO therapy include a 10-15% decrease in heart rate,
apparently secondary to an increase in parasympathetic
muscular tone and in the oxygenation of tissues. Consequently,
there is a reversal of hypoxia in the brain, heart, kidneys and
other organs as well as the stimulation of both angiogenesis
and the production of nitric oxide (NO) [10-18].

Although HBO has shown a therapeutic effect when used for
various pathologies, its mechanism of action is not completely
clear. To provide more information in this respect, the aim of
the present study was to determine the participation of the RAS
in the cardiovascular response to HBO treatment (a total of 20
sessions) using a rat model of SHT induced by surgery.

Materials and Methods

Animals

Male Wistar rats (280-320 g, 16 weeks old) were obtained
from the bioterium of the Escuela Superior de Medicina,
Instituto Politécnico Nacional and maintained under standard
lab conditions of temperature and circadian rhythm with free
access to food and water. Six groups (n=6) were formed: the
healthy control with and without HBO, the sham control with
and without HBO, and hypertensive rats with and without
HBO.

The model of hypertension

The PAGE technique was used to produce hypertension in rats.
This technique is based on provoking perirenal fibrosis by
using a physical irritant, which is placed in the animal through
surgery. Abdominal surgery involved the removal of the
parietal and visceral peritoneum to expose the kidneys. Each
kidney was wrapped with a 4 x 4 cm sheet of cellophane,
which was held in place by cotton thread. Then the abdominal
wall was closed and the skin stitched. Seven days post-surgery,
a pressure transducer was placed on the tail of the animals in
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order to detect the pulse of the caudal artery and therefore
determine systolic BP. The irritation caused by the cellophane
leads to an inflammatory reaction around the kidneys, which
generates a fibrin capsule that covers these organs. This layer
puts pressure on the kidneys and thus provokes an increase in
their peripheral resistance [19,20]. Sham-operated animals only
had manipulation of the kidneys.

Exposure to hyperbaric oxygenation

Three groups were exposed to hyperbaric oxygenation
(healthy, sham and hypertensive rats) during 20 one-hour
sessions at a pressure of 2 ATA in an experimental hyperbaric
chamber (MISSA).

Langendorff method

Rats were sacrificed by decapitation after being anesthetized
with 60 mg/kg of sodium pentobarbital administered ip. A
thoracotomy was performed to expose and isolate the heart,
and a cannula was mounted 3 mm from where the aorta is
attached. The cannula was connected to a system with a
constant flow (at 12 ml/min) of Krebs solution (in g/L): NaCl
6.9 g/L, KC10.35 g/, KH2PO4 0.16 g/L, MgS0,4 0.3 g/L,
CaCl, 0.37 g/L, Na,HCO, 2.1 g/L, dextrose 2.11 g/L, and
calcium disodium EDTA 0.01 g/L. The solutions was
maintained at a constant temperature of 37°C and a pH of 7.4
and bubbled with a mixture of 95% O, and 5% CO,. A pair of
stimulating electrodes, made of small stainless, steel wire, were
placed 2 mm apart in the right atrium. Pacing was achieved by
applying electrical threshold at a rate of 4.5 + 0.3 hz. A Biopac
system TSD104A pressure transducer was used to measure
changes in flow. With this procedure, measurements were
made of BP as well as perfusion in the coronary arteries. Once
the heart was stabilized in this system, a dose-response curve
was established to determine the effect of angiotensin (ANG)
II (1 x 10° to 1 x 1075 M), each dose injected 30 ul/min for 5
minutes.

Isolated organ chamber with thoracic and abdominal
aortic rings

After sacrificing animals by decapitation (previously
anaesthetized with pentobarbital at 60 mg/kg), the thoracic and
abdominal portions of the aorta were extracted. The thoracic
aorta was excised from the diaphragm to the aortic arch, and
the abdominal aorta from the diaphragm to the iliac artery.
Aortic segments were immediately submerged in cold Krebs
solution to remove all adjacent connective tissue. The thoracic
and abdominal segments were cut into aortic rings (4-5 cm
long), each mounted on two stainless steel hooks in an isolated
organ chamber. One of the hooks was fixed to the bottom of
the chamber and the other to a transductor linked to a Biopac
System apparatus for registering changes in tension. The
isolated organ chamber contained 10 ml of Krebs bicarbonate
solution with the following composition (in g/L): NaCl 6.9 g/L,
KC10.35 g/L, KH,PO, 0.16 g/L, MgSO, 0.3 g/L, CaCl, 0.37
g/L, Na,HCO, 2.1 g/L, dextrose 2.11 g/L, and calcium
disodium EDTA 0.01 g/L. The chamber was maintained at a
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constant temperature of 37°C and pH of 7.4, and was
continuously bubbled with a mixture of 95% O, and 5% CO,.
The rings were given an initial tension of 2 g and then left to
stabilize for 2 h, during which time viability tests were
conducted with phenylephrine (10-6 mol/L) to determine the
contractile response of the tissue to acetylcholine (10-6 mol/L)
and thus assure the integrity of the endothelium. Afterwards,
dose-response curves were constructed for ANG II (1 x 1011
to 1 x 107 mol/L) by measuring the response in grams of
force.

Western blot

Approximately 20 mg of thoracic or abdominal aorta were
homogenized with a polytron device (PT 1200 E, Kinematica
Technology, INC, NY, USA) in 200 pl of denaturing lysis
buffer (1% triton X-100, 20 mM Tris, 140 mM NaCl, 2 mM
EDTA, and 0.1% SDS) with protease and phosphatase inhibitor
cocktails (P2714 and P2850, Sigma-Aldrich, St. Louis,
Missouri) supplemented with 0.15 mM PMSF, 5 mM NazVOy,
and 3 mM NaF. Homogenates were sonicated for 30 min at
4°C and centrifuged (12,000 g) for 15 min. The total protein
content was measured in the supernatant using the Bradford
method. A total of 40 pg of protein was loaded into a
denaturing 4%-15% TGX precast polyacrylamide gel (SDS-
PAGE) (Bio-rad), electrotransferred into a polyvinylidene
fluoride membrane (PVDF Immobilon-P, Millipore) at 12 V, 50
minutes, using a Trans-Blot Semidry system from Bio-rad.
Then, incubated for 1 h in blocking solution (5% nonfat dry
milk in TBS plus 0.1% Tween 20 [TBS-T]), followed by
overnight incubation at 4°C with primary antibodies. Rabbit
polyclonal anti- AT1 (Abcam cat. Ab18801; 41kDa), rabbit
polyclonal anti-AT2 (Abcam cat. Ab9244; 40kDa) and anti-p3-
actin rabbit polyclonal primary (Lab Novus Biological cat. NB
110-55433) antibodies were diluted in TBS-T plus 5% nonfat
dry milk. Membranes were washed (3X for 5 min) in TBS-T
and incubated 1 h at room temperature in the presence of HRP-
conjugated secondary antibodies (Anti-rabbit IgG, Novus
Biological Lab, Cat. NB7156) HRP-linked antibodies Cell
Signaling diluted 1:10,000 in blocking solution. Membranes
were again washed 3 times in TBS-T, and the immunoblots
were developed using an ECL Plus detection kit (Amersham-
GE). The band intensities were digitally quantified using
ImagelJ software (http://www.nih.gov).

Statistical analysis

All values represent the mean £ SEM of the rats in each group
(n=6). To obtain the maximum effect (E.,,), a non-linear
regression adjustment was made for the concentration-response
curves. The comparison between groups with and without
HBO was made with two-way ANOVA, with the post-hoc
Bonferroni test employed to determine statistical significance.
In all cases, statistical significance was considered with
p<0.05.
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Results

The rats in the healthy and sham groups without HBO therapy
did not show any change in systolic BP (120 mmHg + 7
mmHg) (Figure 1). There was no significant difference in this
parameter between healthy rats with and without HBO therapy.
During the period (one week) of recovery from surgery,
hypertensive rats developed a systolic BP of 150 mmHg + 5
mmHg, which with posterior HBO therapy decreased until
becoming normal. This decrease began with the first HBO
session and was observed until the eighth session, at which
time there was a systolic BP of 120 + 5 mmHg, which
remained stable until the end of the study. Hence, from the
eighth to the twentieth HBO session, there was no significant
difference between the systolic BP level in hypertensive rats
with HBO and that observed in the healthy control group
without surgery or HBO (Figure 1).

) 1801

T « + % %= , I -# Healthy

E 160 . - Healthy + HBO
o i o = Sham

z -+ Sham + HBO
gm- —+ SHT

o -6~ Sham + HBO
% 1004

L4

o 80-

L} T T L} L} T T L}
o] ] ] 3 N b 0o

NN S - S L SR

R S
EVOLUTION DAYS

post surgery/ OHB therapy

Figure 1. Systolic blood pressure (mmHg) in the control and
hypertensive (SHT) groups, both with and without HBO (n=6,
*0<0.05).

The contractile force of the left ventricle in response to ANG II
(1 x 10 to 1 x 10"5 M) was similar in the healthy control and
sham groups with and without HBO. However, this parameter
was significantly greater in the group of hypertensive rats
without HBO compared to the healthy control (p>0.001)
(Figure 2).
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Figure 2. Concentration-response curve depicting the contractile
response of the left ventricle (mmHg) to angiotensin II (1 x 10”9 to 1

x 10 mol/L) in the control and hypertensive (SHT) groups, both
with and without HBO (n=6, *p<0.05).
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No significant difference was observed between the coronary
perfusion pressures of five of the groups: the healthy control
group with and without HBO, the sham group with and without
HBO, and the hypertensive group with HBO. However, the
hypertensive group without HBO showed a significant increase
in perfusion pressure (32 £ 7 mmHg) compared to the other
groups (p>0.001) (Figure 3). On the other hand we could
observe differences in the contractile response to angiotensin II
in the thoracic rat aorta from the group SHT + HBO vs.
Control and SHT (Figure 4). However abdominal aorta
exhibits an effect similar like the coronary perfusion pressure
(Figure 5).
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Figure 3. Concentration-response curve depicting the perfusion
pressure of the heart (mmHg) in response to angiotensin II (1 x 10
to 1 x 107 mol/L) in the control and hypertensive (SHT) groups, both
with and without HBO (n=6, *p<0.05).
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Figure 4. Concentration-response curve depicting the contractile
response to angiotensin I (1 x 107 to 1 x 107> mol/L) in thoracic rat

aorta from the control and hypertensive (SHT) groups, both with and
without HBO (n=6, *p<0.05).
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Figure 5. Concentration-response curve depicting the contractile
response to angiotensin I (1 x 107 to 1 x 107 mol/L) in abdominal
rat aorta from the control and hypertensive (SHT) groups, both with
and without HBO (n=6, *p<0.05).

Finally, we observe an increase in the expression of ATIR and
AT2R receptor in heart (Figure 6), thoracic aorta (Figure 7) and
abdominal aorta (Figure 8) of rat in the group with SHT and a
decrease in the expression of this receptors after the HBO
therapy.
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Figure 6. Expression of each subtype of ATIR and AT2R receptor in
heart of rat. Each barr represent the mean = S.E.M. n=5 *p <0.05.
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Figure 7. Expression of each subtype of ATIR and AT2R receptor in
the thoracic aorta of rat. Each barr represent the mean + S.E.M. n=5
*p <0.05.
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Figure 8. Expression of each subtype of ATIR and AT2R receptor in
the abdominal aorta of rat. Each barr represent the mean + S.E.M.
n=35 *p <0.05.

Discussion

The aim of the present study was to determine whether the
RAS participates in the changes produced by HBO therapy in a
rat model of SHT. The BP of hypertensive rats measured 7
days post-surgery was 150 mmHg. However, HBO therapy
without the use of drugs proved to modulate the BP of
hypertensive rats. These results are in accordance with
Nagamoto et al. [21], who reported that SHT rats treated with
HBO showed a reduction in systolic and diastolic BP. Other
authors, including Thomensen (2002) and Thom (2009)
attributed this effect to an increase in the non-enzymatic
production of NO, which could explain part of the therapeutic
effects of HBO [22,23].

Contrarily, Demenchenko et al. reported that there was no
improvement in BP with HBO therapy. However, this study
was carried out under different conditions [24]. Only one HBO
session was used, this at a pressure of up to 3 ATA. It is worth
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noting that different associations of hyperbaric medicine
around the world have recommended a minimum of 10
sessions for the optimum use of HBO therapy. This has been
corroborated in our previous lab studies, in which we
demonstrated that at least 15 sessions of HBO are necessary to
be able to obtain an optimal concentration of O, in tissues and
thus to have an effect on the cardiovascular apparatus.

In the present study, the contractile response to stimulation
with ANG II was significantly greater in the hypertensive rats
without HBO compared to the healthy group without HBO.
Some authors have found this same effect, attributing it to an
increase in the number of active AT1R during hypertension
[5,22-28]. On the other hand, among hypertensive rats the
contractile response to ANG II was lesser in those with than
without HBO. This could be due to a lower reactivity to ANG
II, probably as a result of a reduction in the number of AT1Rs.
However, to date there are no studies that refer to the effects of
HBO on the RAS. Only one report, to our knowledge, has any
relation to this question. Gregorovich et al. found that HBO
therapy improved the general contractile function of skeletal
muscle. This effect was attributed to better oxygenation of
muscle tissue and a generalized vasodilation [29].

A change in the vascular reactivity of coronary arteries to
different stimuli is another aspect that was analyzed in the
present study. The contractile response to ANG II increased in
hypertensive rats, resulting in a decrease in oxygenation. This
effect caused cardiac hypertrophy, which was reversed after 20
HBO sessions. As occurred herein with cardiac hypertrophy,
HBO may reverse other acute complications of SHT.

To evaluate the changes in resistance of coronary arteries, we
determined the changes in perfusion pressure, observing that
HBO sessions diminished reactivity to ANG II. This effect
may be due to the blocking of AT1Rs, which would cause a
reduction in BP. Indeed, in a study by Androwiki et al.
treatment with losartan reduced BP in hypertensive rats as a
result of a decrease in At;R [30].

After 20 HBO sessions in the present study, hypertensive rats
showed a decrease in the expression of AT1Rs and AT2Rs in
heart and thoracic aorta. These changes were attributed to the
reduction in BP caused by modifications in vascular reactivity
in the aorta as well as the coronary arteries of the heart. Such
modifications, when they take place in hypertensive patients,
lead to clinical improvement. However after 20 HBO sessions
we do not have any chage in the expression of AT2Rs, this
point is very interesting because of we have a decrease in the
expression of this receptors in the heart and thoracic aorta
[26,27,31].

Conclusions

Due to the high morbi-mortality of systemic hypertension
(SHT), new therapies are constantly being developed to reduce
complications by controlling BP. Since the renin-angiotensin
system has an important role in the development of SHT, the
aim of this study was to analyze whether HBO treatment can
diminish SHT by modifying vascular reactivity to angiotensin
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Il in coronary arteries. The current results lead to the
conclusion that HBO therapy reduced BP and decreased
vascular reactivity to angiotensin II in the coronary arteries of
hypertensive rats. These changes were associated with a
decrease in the expression of AT1Rs.
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