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Abstract

Introduction: Pulmonary hypertension (PH) is an increase in the normal val-
ue of systolic pressure of the pulmonary artery, frequently due to congenital
heart diseases being its treatment the correction of this defects; alternative-
ly, hyperbaric oxygen (HBO) has shown beneficial effects facilitating neo-
vascularisation and decreased vascular resistance. An experimental study
was designed to determine the effect of HBO on the alveoli-capillary unit in
a murine model of irreversible pulmonary hypertension (IPAH) induced with
monocrotaline.

Material and methods: Four groups of 10 Wistar rats each were considered:
A (control), B (HBO), C (IPAH), and D (IPAH+HBO). HBO was administered at
2 atm, 1 h daily, for 15 days. At the end of this time, systolic pulmonary
artery pressure (PAP) was measured, followed by histologically quantifica-
tion of the number of cells, vascular buttons, and neoformation vessels em-
ploying the immunochemistry detection of hypoxia-induced factor-1 (HIF-1),
vascular endothelial growth factor (VEGF), and CD34, respectively.

Results: Histologically, this matches with an increase of the average number
of positive HIF-1 cells, and an increase in VEGF-positive vascular buttons in
group D rats compared with those of group C. The number of CD34-positive
neovessels was similar in groups C and D, but in the latter group the number
of capillary vessels was more significant.

Conclusions: This suggests that angiogenesis and vasculogenesis were in-
duced by HIF-1, and it has been achieved due to an early effect of HBO
therapy. Presumably, neovessels were formed between days 5 and 10 fol-
lowing HBO therapy, but more experimental studies are required to test this
hypothesis.

Key words: hyperbaric therapy, pulmonary arterial hypertension,
monocrotaline.

Introduction

Pulmonary hypertension (PH) is defined as a mean pulmonary artery
pressure (PAP) > 25 mm Hg at rest beyond the first few months of life or
> 30 mm Hg with exercise in an adult person [1]. In the paediatric popu-
lation, PH is usually considered as a systolic pulmonary artery pressure
(PAP) similar to or higher than the systolic systemic arterial one. This
haemodynamic condition results from pulmonary vascular disease (PVD)
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and includes PH related to cardiac, lung, and sys-
temic diseases, as well as idiopathic pulmonary
artery hypertension [2].

The current clinical classification of PH [3]
shows five large groups according to its cause.
The first of these groups include the most fre-
quent aetiologies at paediatric stage, which are
congenital heart diseases with left-to-right shunt
and increased pulmonary overload, which leads
to pre-capillary antegrade PH [4]. Heath and Ed-
wards developed a histopathological classification
of PH [5] in six grades, of which the last three
usually show irreversible tissue damage and clin-
ically present as Eisenmenger syndrome [6]. This
syndrome is characterised by the installation of
cardiopulmonary failure and right-to-left (invert-
ed) shunting, with subsequent clinical onset of
cyanosis. This clinical scenario translates an ob-
structive pulmonary vascular disease that appears
in the terminal stages of congenital heart disease
with left-to-right shunting, left to its natural his-
tory in the absence of treatment, and is consid-
ered as a prelude to multiorgan failure and death.
When a congenital heart disease progresses to
this stage, it resembles that of a terminal meta-
static cancer for which current conventional and
advanced therapeutic measures are useless, and
the prognosis is poor [7].

On the other hand, hyperbaric oxygen therapy
(HBO), consists of exposure to a partial pressure
of O, higher than 1 atm [8]. HBO stimulates angio-
genesis, increases cardiac output, increases blood
flow in ischaemic tissues, diminishes reperfusion
damage [9], and inhibits the reproduction of anaer-
obic and micro-aerophilic microorganisms [10, 11].
Although HBO’s benefits in wound healing have
been documented, the mechanism of action by
which it does this continues to be investigated and
appears to be a combination of systemic events as
well as local alterations within the margin of the
wound [12]. It can be highlighted that the final ef-
fects related to the improvement of tissue survival
in ischaemia are mainly due to neovascularisation.
This phenomenon occurs through two processes.
The first, angiogenesis [13], is the regional stim-
ulus that increases the outbreak of blood vessels
from the growth of local endothelial cells (vascu-
lar buttons), where vascular endothelial growth
factor (VEGF) plays an important role. The second
is vasculogenesis [14], which is the stimulation of
recruitment and the differentiation of circulating
stem or progenitor cells to form new vessels (ne-
ovessels). Despite the HBO effects on the mobili-
sation of stem cells mediated by oxidative stress
[15], the production of the VEGF in the sites of
neovascularisation is stimulated. This is due, at
least in part, to the synthesis and stabilisation of
hypoxia-inducible elements (HIF) [16]. These tran-

scription factors are heterodimers of HIF-o, and
a constitutively expressed HIF-B. The expression
and activation of HIF-o subunits are important-
ly regulated as well as their degradation via the
ubiquitin-proteasome, which usually occurs when
the cells are full of O, [17]. However, whether there
are hypoxic or normoxic prevalent conditions, free
radicals are required for HIF expression [18]. HBO
raises levels of HIF-1 and HIF-2 in CD34-positive
vasculogenic progenitor or stem cells due to an in-
crease in reactive oxygen species (ROS).

The goal of the present study was to evaluate
HBO morpho-functional effects on the alveoli-cap-
illary unit in an experimental model of Wistar rats
with irreversible pulmonary hypertension (IPAH).
Endpoints were to demonstrate HBO capacity to
modify PAP levels as well as to influence the histo-
logical count of HIF-1 cells, VEGF vascular buttons,
and the CD34 positive neovessels in the alveoli-
capillary units of the rats with IPAH. We hypoth-
esised that systolic pulmonary artery pressure
normalises due to an increased number of vessels
in the alveoli-capillary unit of the Wistar rats with
IPAH in response to HBO therapy.

Material and methods
Animals

Male Wistar rats, weighing 300-400 g, 12 weeks
old, were randomly allocated to four groups
(10 animals per group): A — without IPAH or HBO
therapy (control); B — without IPAH but with HBO
therapy (sham); C — with IPAH but without HBO
therapy (non-treated); and D — with IPAH and HBO
therapy (treated). A monocrotaline pharmacolog-
ical model was used to induce IPAH. The Institu-
tional Animal Care and Use Committee also ap-
proved the procedures.

IPAH model

The IPAH model was based on a standardised
pharmacological method [19]. A single 60 mg/kg
dose of Monocrotaline was administered through
an abdominal rat subcutaneous injection, waiting
up to 14 days for IPAH development.

HBO therapy

Rats with HBO therapy breathed 100% oxygen at
2 atm absolute (ATA) for 1 h daily for 15 days.

Dissection, PAP measures, and collection
of samples

All rats received PAP measures regardless of their
group. After an intraperitoneal anaesthesia with
Xylazine® 0.5 mg/kg and Ketamine® 8 mg/kg, oro-
tracheal intubation, and support with mechanical
ventilator (Harvard Rodent Ventilator, Model 683,
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21% FiO,, 56 to 58 per minute ventilatory rate, and
1.5 ml/kg current volume), a sub-xiphoid surgical
approach was made. The right ventricle was punc-
tured with an insulin needle connected to a catheter
and later transduced with a computerised software
(BIOPAC MP100). PAP records were digitally stored
for a 1-minute lapse of time to calculate an aver-
age value for the rats of each group. After PAP mea-
surement, all rats were sacrificed with an overdose
of sodium pentobarbital (70 mg/kg), subsequently
performing heart and lung block evisceration.

Lung histological and immunochemical
analysis

Samples of all lung tissues (upper, middle, low-
er and posterior right lung lobes, and single left
lung lobe) were stored in 10% formaldehyde for
light microscopy and immunochemistry assess-
ments. Lung tissue for light microscopy analysis
was paraffin-embedded, sectioned at the middle
part of each lobe, and stained with haematoxy-
lin and eosin. After histological examination to
identify the type and predominance of Heath and
Edwards grades of PH in each group, capillary
count at a 40x light microscopy was performed in
10 fields, to obtain the mean number of capillaries
per area using the stereology method.

After completion of the histological study, three
more additional transversal sections in the middle
part of the single left lung lobe of each rat were
made for immunohistochemical analysis. Images
were acquired with a light microscope, and the
positive count was made evaluating ten fields at
40x magnification with the stereology technique.
A mean positive cell count for 10 microscopic ar-
eas was obtained for every rat in the four studied
groups. Staining for HIF-1 was used to detect trig-
gering of vasculogenesis and angiogenesis. Stain-
ing for VEGF was used to show vascular growth
from pre-existing vessels. Staining for CD34 was
used to identify newly formed blood vessels.

Statistical analysis

GraphPad Prism® version 5.01 software was
used for statistical analysis. Quantitative data
were expressed as a percentage and measure-
ment data as average + SD (minimum-maximum
range). Comparisons between groups were per-
formed by using one-way analysis of variance
(ANOVA), with p < 0.05 for the difference being
considered statistically significant.

Results
Functional PAP measurement

Figure 1 shows the registered patterns of
transduced PAP and a comparison of mean PAP

functional measurement values. Note that the
standard high-altitude PAP value was 12.7 +1.2
mm Hg for rats in the control group (A). The only
group that reached PH criteria (mean PAP: 27.8
+11.2 mm Hg) was the non-treated group (Q),
which showed 2.2 times higher than normal PAP
with statistical significance. When comparing PAP
between the treated group (C) with that of the
non-treated group (D), there was a statistically
significant difference (p < 0.05). Additionally, PAP
values between the treated group (D) and the con-
trol group (A) remained similar (p > 0.05).

Lung microscopy

Histological patterns found in the normal (A)
and sham (B) groups were those of reversible PH,
with no significant differences in the lobes and
lungs distribution. The normal group A showed
the same distribution of grade 1 (53%) and
grade 2 (47%) patterns, while group B showed
grade 2 (45%) quite similarly to grade 3 (55%) pat-
tern findings. On the other hand, the non-treated
group (C) and the treated group (D) showed IPAH
patterns, without significant differences in the
lobe and lung distribution, confirming the sys-
temic monocrotaline damage. Grade 5 (55%) was
predominantly found in the non-treated group
(C), followed by grade 4 (25%) and grade 6 (20%)
histological patterns. The treated group (D) also
showed grade 5 (50%), predominantly histological
patterns, followed by grade 6 (30%) and grade 4
(20%).

Figure 2 shows a representative view that re-
sumes all findings in the four studied groups, re-
garding the mean number of capillaries counted
in 10 microscopic fields of observation at 40x.
Comparatively, there are statistically significantly
more capillaries in the treated group (D) than in
the other three groups (A, B, and Q).

Lung immunochemistry

Immunochemistry count of positive HIF-1 cells,
VEGF vascular buttons, and CD34 neoformation
vessels were made by determining the mean num-
ber obtained at 10 microscopic views with 40x per
rat for all groups.

A microscopic representative pattern for HIF-1
immunochemical staining as well as positive cell
count comparison in all groups is represented
in Figure 3. Note that the treated group showed
a statistically significantly higher cell count than
the non-treated group (p = 0.004). There are sim-
ilar numbers of positive HIF-1 cell count in the
treated group (D) when compared with the nor-
mal one (A).

Figure 4 shows the immunochemical VEGF
staining pattern view, as well as the mean pos-
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itive vascular button count compared between
all groups. There are significantly fewer positive
vascular buttons in group C (non-treated) than
in group D (treated), which shows a similar count
when compared with the normal group (A).

An immunochemical pattern for CD34 neo-
formation vessel staining and microscopic mean
count for positive CD34 neovessels comparison
between all groups was also performed (Figure 5).
There were a similar number of mean neovessels
between the normal group (A), the treated group
(D), and the non-treated group (C).

Discussion

One of the findings to highlight in our research
is that, although we expected to have a regular
lung histologic pattern in the control group (A), we
observed in a considerable percentage of cases,
grade 1 PH lesions (55% of muscular hypertrophy
in the right lung and 40% in the left lung), as well
as PH grade 2 patterns (45% of intimal prolifer-
ation in the right lung and 60% in the left lung).
A probable explanation for this finding is the fact
that all the Wistar rats used in this study and in-
cluded in the control group were born in Mexico
City, which has an average altitude of 2240 m [20].
The effects of living at this altitude are due to the
low barometric pressure, which leads to a reduc-
tion in the partial oxygen pressure of the inspired
air. This condition of hypobaric hypoxia is the
cause of alveolar hypoxia and chronic hypoxaemia
in humans that live at high altitudes (more than
1500 m above sea level), or to acute hypoxaemia
in those who ascend to these altitudes. In a his-
torical review, Reeves and Grover [21] showed
that human newborns at high altitudes, as well as
newborns at sea level, have PH and a thick middle
layer of smooth muscle cells in the small pulmo-
nary vessels and arterioles [22], findings similar to
those described in the rats in group A of this study.
In contrast, in newborns at high altitudes, vascular
remodelling occurs slowly during life, and this is
the reason for the persistence of primary PH and
right ventricular hypertrophy into adulthood [23].

One of the most critical microscopic findings of
this work is the significantly higher increase in the
number of lung capillaries in group D (IPAH with
HBO) compared to group C (IPAH without HBO).
This is related to the decrease in PAP in the treat-
ed group (D) compared to the non-treated group
(C), reaching values similar to those recorded in
the rats of the control group (A) [24, 25].

Therefore, because there is a more significant
number of vessels, the value of the radius in-
creases considerably, producing a substantial de-
crease in the pulmonary vascular resistance, and
consequently, also in the systolic pressure of the
pulmonary artery. This mechanism contrasts with

the current therapeutic trend to increase the radi-
us of the pulmonary capillaries employing vaso-
dilator agents to achieve a decrease in vascular
resistance and pulmonary arterial hypertension.
Additionally, the reduction of PAH values through
increasing the number of pulmonary capillary ves-
sels could be synergised, eventually with the use
of vasodilators to achieve an optimal effect in the
control of PAP through both mechanisms. In clin-
ical practice, vasodilators such as prostanoids or
nitric oxide therapy are already used to decrease
PH through the production of ROS, but their effect
can definitely be potentiated with HBO supply in
order to improve outcomes in this varied group of
patients [26].

Once we clarified how HBO therapy normalises
PAP in IPAH, we attempted to elucidate the molec-
ular mechanisms underlying the pathogenesis of
PH. Therefore, an immunohistochemical analysis
was made, including the essential markers for lung
neovascularisation (VEGF and CD34) and the fac-
tor that presumably triggers this pathway (HIF-1)
using HBO. It has been established that HBO ther-
apy increases the production of ROS, which are
a trophic stimulus for bone marrow stem cells
[27]. It is also well known that ROS are necessary
for the expression of the hypoxia-1 inducible fac-
tor (HIF-1) [28]. HIF-1 is a membrane protein that
can be found in several organs (heart and lung,
among others) and is composed of two subunits:
HIF-1a and HIF-1B. In a situation of normoxia, HIF-
la is degraded by hydroxylation and is destroyed
by the ubiquitin-proteasome pathway. Howev-
er, when there is a lack of oxygen, as is the case
of hypoxia, HIF-1a. does not degrade but joins
HIF-1B, leading to HIF-1 formation, which is the
main stimulator for the expression of currently
more than a dozen different genes regulated by
oxygen [29]. One of them is VEGF, which is the
most specific factor directly involved in neovas-
cularisation. Neovascularisation occurs by two
processes. First, there is the stimulus for the re-
cruitment and differentiation of pluripotent stem
cells in the bone marrow, and when released into
the circulation they form de novo vessels through
a process called vasculogenesis. The second pro-
cess is the regional stimuli that influence the effi-
ciency of the growth of new blood vessels by local
endothelial cells, which is called angiogenesis.
HBO therapy has effects on both processes.

Although it is well documented that VEGF plays
a crucial role in vasculogenesis [30, 31], there is
a scientific lack of information regarding VEGF
pathways that induce differentiation of mesoder-
mal progenitor cells to vascular progenitor cells,
and then into CD34+ vascular pluripotential cells
and CD34- cells. The CD34+ vascular pluripotent
cells synthesise several vascular cell markers, as
well as proteins related to vasculogenesis and
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smooth muscle differentiation. CD34- cells consist
of a mixed population that over-synthesises fac-
tors that can promote angiogenesis [32-34].

Immunochemistry of the present study for HIF-1,
VEGF, and CD34 at the end of the 15 days of HBO
therapy in the treated group (D) suggests the fol-
lowing chronology of events: 1) Release of HIF-1
by HBO, 2) Expression of VEGF genes induced by
HIF-1, and 3) Activation of vasculogenesis and an-
giogenesis at the tissue level with new formation
of capillary vessels. We believe that the release of
HIF-1, VEGF, and CD34 have, like most enzymes
and organic hormones, a rising curve, a peak, and
a decent curve that, presumably can be cyclical
as the HBO doses, although the effects that they
trigger (like the newly formed vessels) are per-
sistent. By day 15, which is the moment in which
the cross-section was made, a relative decrease in
the HIF-1 count, a corresponding increase in the
VEGF neovascularisation buttons, and a reduction
in CD34 are observed because there is already
a more significant number of vessels must have
been formed previously. This suggests that angio-
genesis and the induced HIF-1 vasculogenesis is
achieved due to an early effect of HBO therapy.
Presumably, neovessels were formed between
days 5 and 10 following HBO therapy, but more
experimental studies are required to test this hy-
pothesis.

Some limitations of this study, which become
future challenges to be clarified, are the determi-
nation of the exact day on which lung vasculogen-
esis occurs due to HBO, and the elucidation of the
effect of this therapy is lasting or is lost when it is
discontinued. It must be, as well, crucial to know
if we can shorten HBO therapeutic sessions by
increasing HBO doses or by increasing the atmo-
spheric pressure used.

In conclusion, HBO morpho-functional effects
in a murine model of IPAH can be summarised as
follows: It diminishes PAP values up to normali-
sation, increases the number of lung capillar-
ies, increases VEGF vascular buttons as well as
HIF-1 positive cell count, and keeps the number
of CD34 neovessels without significant chang-
es after 15 days of HBO therapy. Therefore, HBO
therapy shows a beneficial effect on the alveoli-
capillary unit, because it is capable of increasing
the number of pulmonary capillaries after 15 days,
promoting neovascularisation of the respiratory
unit in an experimental model of Wistar rats with
IPAH, leading to a decrease and normalisation of
PAP levels.

Understanding the favourable functional ef-
fects of HBO therapy in terms of PAP normalisa-
tion even in the most severe cases of IPAH is also
beneficial in the less critical cases where pulmo-
nary vascular resistances are still reversible. HBO

can be used as well as an adjuvant therapy to
reduce morbidity and mortality, and improve the
prognosis of adult PAH groups such as those with
left severe heart disease [35], lung disease, and
different PH scenarios, regardless of its aetiology.
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