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Background: In-stent restenosis and poor re-endothelization usually follow percutaneous transluminal coronary
angioplasty, even using drug-eluting stents, due to inflammation and oxidative stress. Medical ozone has
antioxidant and anti-inflammatory properties and has not been evaluated in this context.
Objectives: To evaluate whether ozonotherapy might reduce restenosis following bare metal stents implantation
in relation to the redoxin system in pigs.
Methods: Twelve male Landrace pigs (51 ± 9 kg) underwent percutaneous transluminal circumflex coronary
arteries bare metal stent implantation under heparine infusion and fluoroscopical guidance, using standard
techniques. Pigs were randomized to ozonetherapy (n = 6) or placebo (n = 6) treatment. Before stenting
(24 h) and twice a week for 30 days post-stenting, venous blood was collected, ozonized and reinfused. Same
procedure was performed in placebo group except for ozonation. Both groups received antiplatelet treatment.
Histopathology and immunohistochemistry studies were performed.
Results: Severe inflammatory reaction and restenosis with increase in the immunohistochemical expression of
thioredoxin-1 were observed in placebo group 30 days after surgery. Oppositely, ozonetherapy drastically
reduced inflammatory reaction and restenosis, and showed no increase in the Trx-1 immunohistochemical
expression 30 days after surgery. Immunolabeling for Prx-2 was negative in both groups. Ozonated
autohemotherapy strikingly reduced restenosis 30 days following PTCA with BMS implantation in pigs.
Conclusions: Stimulation of the redoxin system by ozone pretreatment might neutralize oxidative damage from
the start and increase antioxidative buffering capacity post-injury, reducing further damage and so the demand
for antioxidant enzymes. Our interpretation agrees with the ozone oxidative preconditioning mechanism,
extensively investigated.

© 2016 Published by Elsevier Ireland Ltd.
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1. Introduction

Percutaneous transluminal coronary angioplasty (PTCA) with
stenting reduced restenosis to 10–20% overcoming limitations of
balloon angioplasty. Restenosis results from elastic recoil and intimal
hyperplasia as a response to vascular injury and may be as high as
40–50% by 6 months following dilatation of complex lesions [1]. While
PTCAwith stenting is currently themost popular treatment for coronary
artery disease, in-stent restenosis remains its main limitation.
Unfortunately, inhibition of neointimal hyperplasia with sirolimus-
coated stents led to poor endothelialization [2].

Inflammation and oxidative stress are the basicmechanisms causing
neointimal hyperplasia and are both involved in the pathogenesis of
arterial diseases. Medical ozone, a 95% O2–5% O3 mixture, reverses oxi-
dative stress following chronic inflammation [3], scavenges superoxides
rcelo T. de Alvear 2270, Buenos
due to activation of the redoxins superfamily and enhances peroxide
detoxification in coronary artery disease [4]. Ozone up-regulates intra-
cellular anti-oxidant enzymes, ameliorates ischemia–reperfusion injury
and reduces antioxidant status and inflammation in kidneys [5] and
ovaries [6], and exerts critical systemic anti-inflammatory effects [7].

Extracorporeal blood oxygenation and ozonation has been
used with the aim of amplifying the results observed with ozone
autohemotherapy since 1990 [8]. Ozone autohemotherapy has
showed therapeutic efficacy in patients with atherosclerosis without
side-effects, being recognized as worthy of testing in various
diseases [8].

However, ozonetherapy potential to reduce neointimal hyperplasia
after PCTA-stenting has not been evaluated.

The coronary arteries of domestic crossbred pigs respond similar to
human coronary arteries after injury [9–11].

The purpose of this prospective, randomized, single-blinded study
was to evaluate whether ozonotherapy might reduce restenosis
following bare metal stents (BMS) implantation in relation to the
redoxin system in pigs.
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2. Methods

2.1. Animals

Twelve male Landrace pigs (51 ± 9 kg) underwent percutaneous transluminal
circumflex coronary arteries (CCA) BMS implantation (BMS Coroflex Delta, B. Braun,
Melsungen, Germany), under heparine infusion (100 UI/kg) and fluoroscopical guidance,
using standard techniques. One stent (30± 3mm× 3.7 ± 0.2 mm)was impacted at high
pressure in proximal CCA. Cinecoronariography was performed to evaluate coronary
arterial tree during and post BMS implantation. Coronary flow was categorized in
accordance with TIMI trial grades.

Pigs were randomized to ozonetherapy (n= 6) or placebo (n= 6) treatment. Be-
fore stenting (24 h) and twice a week for 30 days post-stenting, venous blood
(100 mL) was collected, bubbled with an ozone-oxygen mixture to 20 μg/mL ozone
final concentration, and reinfused through the jugular vein (100 mL of ozonized
blood containing 2 mg ozone). Same procedure was performed in placebo group ex-
cept for the ozonation step. Both groups received antiplatelet treatment: aspirin
300 mg/day and clopidogrel 300 mg (24 h pre-stenting and 75 mg/day during
follow-up). Animals were housed in an indoor facility and, 30 days after implantation,
were deeply anesthetized with ketamine and euthanized by exsanguination. Imme-
diately after, hearts were excised. Segments containing the stented coronary arteries
were cut using a diamond disk saw. Stents were carefully removed and after 40-h fix-
ation in 10% phosphate-buffered formaldehyde solution pH = 7.0, and segments
were processed for histology. Serial sections (3 μm thick) were stained with H&E
and Masson trichrome. Histomorphometric analysis and planimetry were
performed using image analysis software (Image-Pro Plus 4.5 for Windows). For im-
munohistochemistry, conventional streptavidin-biotin technique and primary poly-
clonal antibodies against CD68 (monocytes/macrophages), CD34 (endothelial
cells), α-actin (smooth muscle cells, SMCs), thioredoxin (Trx)-1 and peroxiredoxin
(Prx)-2 were used. Negative control sections were incubated with non-immune nor-
mal rabbit serum antibodies. Procedures followed the guidelines of the National Insti-
tutes of Health guide for the care and use of Laboratory animals (NIH Publications No.
8023, revised 1978).
Fig. 1.Histology andmorphology 30 days after stent implantation. A. Low-power image of mild
stent (BMS) implantation in an ozone-treated group. Lumen is fairly preserved. Optical negati
neointimal thickening of a circumflex coronary artery 30 days after BMS placement in placebo
of a stented artery in placebo group showing severe neointimal healing response and marke
collagen deposition, smooth muscle cells, scarce inflammatory infiltration and no vasculariza
muscle cell proliferation, extracellular matrix increase and neovascularization. * indicates fo
placebo group depicting two well-defined neointimal layers: one deep (external, left) with
limiting with the struts (*), and the other superficial (internal, right), with abundant spindle
and no neovascularization. Anti-alpha actin. 400×.
2.2. Statistical analysis

Two-tailed unpaired t test (parametric variables) and Mann–Whitney test
(non-parametric variables) were used for between-treatment data comparison
and a p value b0.05 was considered statistically significant (SPSS™ 18.0, SPSS Inc.,
Chicago, Illinois).

3. Results

Coronary flow did not change after either stent implantation or
intracoronary administration of ozonized solutions. TIMI 3 flow was
observed in both groups. Compared with placebo, ozonetherapy
reduced neointimal thickness (μm) 127 ± 87 vs 648 ± 270 (p b 0.03),
neointimal area (mm2) 1.08± 0.68 vs 5.03± 0.17 (p b 0.01) and steno-
sis (%) 16.63± 11.17 vs 61.55± 19.90 (p b 0.03) and showed a trend to
increase lumen area (mm2) 5.52 ± 0.11 vs 3.10 ± 0.15 (p b 0.06, N.S.).
Neointimal SMCs proliferation (α-actin immunopositivity), collagen
deposition and extracellular matrix increase were the most striking
lesions associated with mild neovascularization (Fig. 1).

In placebo group, two neointimal area layers were observed (Fig. 1).
One deep layer showed globular SMCs, abundant extracellular
matrix and no fibrosis, mild histiocytic infiltration and evident
neovascularization encircling struts (hypocellular phase of inflam-
mation). The other, superficial, layer showed abundant spindle or
fusiform SMCs, fibromuscular stroma with scarce inflammatory
cells (end stage of inflammation). Parietal wall showed variable
mild inflammatory infiltration surrounding struts, comprising
pale histiocytic cells near the stents and scarce foreign body-
–moderate neointimal thickening of a circumflex coronary artery 30 days after baremetal
ve spaces were formerly occupied by stent struts. H&E 4×. B. Low-power image of severe
group. A marked concentric luminal stenosis is observed. H&E 4×. C. High-power image
d concentric stenosis. Two layers can be clearly depicted: one internal (i) with marked
tion, with preserved endoluminal surface, and the other, external, with striking smooth
rmer occupation by stent strut. H&E 200×. D. High-power image of a stented artery in
globular smooth muscle cells, absent/little fibrosis and abundant extracellular matrix
or fusiform smooth muscle cells, a fibromuscular stroma with scarce inflammatory cells

Image of Fig. 1


Fig. 3. Smoothmuscle cell proliferation in placebo group. A proliferation of smoothmuscle
cells is shown surrounded by matrix increase, close to two struts. Anti-alpha actin 400×.
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multinucleated giant cells. Severe inflammatory reaction was ob-
served reaching adventitia, in discontinuities of the internal elastic
membrane caused by stents pressing towards the muscular layer.
Figs. 2 and 3 show typical features of restenosis, neovascularization
and SMC s proliferation in particular, observed in placebo group.

In contrast, ozone group showed large attenuation of restenotic
lesions, re-endothelization (anti-CD34 immunopositivity) and absence
of macrophages infiltration (negative anti-CD68 immunolabeling).

Placebo group showed strong Trx-1 immunopositivity (Fig. 4). In
contrast, less intense Trx-1 immunolabeling was found in neointimal
areas and endothelial cells in ozone group. Immunolabeling for Prx-2
was negative in both groups. (See Fig. 5.)

4. Discussion

In our study, ozonetherapy strikingly reduced restenosis 30 days
following percutaneous transluminal coronary angioplasty with BMS
implantation in pigs. Pre-injury stimulation of the redoxin system by
ozone might neutralize oxidative damage from the start and increase
antioxidative buffering capacity post-injury, reducing further damage
and so the demand for antioxidant enzymes.

Post-angioplasty restenosis is a multifactorial process that depends
on two basic mechanisms: intimal hyperplasia and arterial remodeling
[12–14]. Implantation of sirolimus- or paclitaxel-eluting stents led to
inhibition of neointimal hyperplasia [2]. However, the procedure
resulted in poor endothelialization of the left anterior descending
coronary arteries of pigs 28 days after surgery [2]. In our study, ozonized
autotransfusion succeeded in drastically reducing neointimal hyperpla-
sia along with re-endothelialization as well.

Traditionally, intimal hyperplasia after BMS implantation has been
considered stable, with an early peak between 6 months and 1 year
and a late quiescent period thereafter [15]. Kimura et al. reported an
early peak of intimal growth, followed by intimal regression with
luminal enlargement in a clinical study with 3-year follow-up by
angiography [16]. Follow-up coronary angiography of 137 lesions at
six months, 114 lesions at one year, and 72 lesions at 3 years revealed
a decrease in minimal luminal diameter from 2.54 ± 0.44mm immedi-
ately after stent implantation to 1.87 ± 0.56 mm at six months [16].

By now, 20 years following Kimura et al. study, bare metal stents
(BMS) continue to be widely used in patients with coronary artery
disease undergoing percutaneous revascularization. Unfortunately how-
ever, late after BMS implantation, progressive luminal restenosis has also
been reported resulting in a significant rate of stent failure events [17].

Our interpretation agrees with the ozone oxidative preconditioning
mechanism, extensively investigated [5,8–10] and the induction of nu-
merous antioxidant enzymes via direct activation of the transcription
factor Nrf2, triggering antioxidant response [18–20].
Fig. 2. Typical image of restenosis observed in placebo group. A neoformed vessel,
surrounded by soft connective tissue is pointed out by an arrow. H&E 200×.
Ozone is extremely reactive and it must be used in micrograms. The
rationale for its use is that a small acute oxidative stress will induce a
positive antioxidant response [18]. Indeed, from the pharmacological
viewpoint, ozone acts in a hormetic fashion according an inverted V
shape curve [18,21,22]. Other reported hormetic stressors include
moderate exercise, calorie restriction, hyperbaric oxygen therapy and
pro-oxidant exposure [18]. Exercise-induced ROS production is
involved in the induction of antioxidants, DNA repair and protein
degrading enzymes, resulting in decreases in the incidence of oxida-
tive stress-related diseases such as cardiovascular disease and type 2
diabetes, and retardation of the aging process [18].

Increased glycolysis rate, stimulation of NO synthesis and induc-
tion of growth factors reported for ozone, may concurrently contrib-
ute to explain the reduction of neointimal growth and improved
re-endothelialization presently observed [22,23].

Ozone causes an increase in the red blood cell glycolysis rate, and
glycolytic enzymes enhance cell proliferation [21,24]. Ozone increases
endothelial nitric oxide synthase expression/activity and consequent
endothelial progenitor cells' recruitment thus protecting from acute
myocardial infarction [25]. Prostacyclin, a vasodilator, is also induced
by ozone [26].

Induction of moderate oxidative stress due to ozone reactivity
and interaction with several biological components might account
for the beneficial effect of ozone therapy in reducing neointimal
hyperplasia post-stenting. Nevertheless, the clinical outcome
depends on the strength of oxidative stress which determines the
critical balance between effectiveness and toxicity of ozone [21]. As
with other hormetic stressors, moderation is good, whereas excess
is harmful.
Fig. 4. Soft connective tissue in the vecinity of a strut. The asterisk (*) indicates a strut.
H&E × 100.

Image of Fig. 2
Image of Fig. 3
Image of Fig. 4


Fig. 5. Immunohistochemical staining for Trx-1 and Prx-2. A. Intense immunohistochemical staining for Trx-1 was found in neointimal areas and endothelial cells in placebo group.
Anti-Trx-1. 400×. B. No positive staining for Prx-2 was observed in placebo group. Anti-Prx-2. 400×.

261A. Barone et al. / International Journal of Cardiology 223 (2016) 258–261
5. Conclusion

We suggest that ozone autohemotransfusion prevented post-
stenting neointima hyperplasia and inflammatory reaction, via
preinjury upregulation of the innate detoxifying and antioxidant sys-
tem, involving thioredoxins. Prevention of the oxidative-inflammatory
milieu might also favor later re-endothelization.
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