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A possible role for the mitochondrial permeability
transition pore (MPTP) in bronchial asthma

Áðîíõ³àëüíà àñòìà - õðîí³÷íà õâîðîáà äèõàëüíèõ øëÿõ³â, ÿêà âêëþ÷àº ¿õ çàïàëåííÿ ç ã³ïåð-
ðåàêòèâí³ñòþ áðîíõ³àëüíèõ ãëàäåíüêèõ ì�ÿç³â òà ç³ çâóæåííÿì áðîíõ³â.  Êë³òèíè ç âîãíèùà
çàïàëåííÿ çäàòí³ ïðîäóêóâàòè âåëèêó ê³ëüê³ñòü â³ëüíèõ ðàäèêàë³â êèñíþ, ÿê³ º âèð³øàëüíèì
ôàêòîðîì  ðîçâèòêó òà ï³äòðèìàííÿ çàïàëåííÿ. Ì³òîõîíäð³¿ º ãîëîâíèì âíóòð³øíüî-
êë³òèííèì äæåðåëîì â³ëüíèõ ðàäèêàë³â êèñíþ, îñîáëèâî ï³ñëÿ â³äêðèòòÿ ì³òîõîíäð³àëüíî¿
ïîðè. Â îãëÿä³ âèñâ³òëþþòüñÿ ñó÷àñí³ ïîãëÿäè íà ïðèðîäó  ì³òîõîíäð³àëüíî¿ ïîðè òà
ìîæëèâ³ ìåõàí³çìè ¿¿ çàëó÷åííÿ äî ðîçâèòêó ñêîðî÷åíü áðîíõ³àëüíèõ ãëàäåíüêèõ ì�ÿç³â.
Íàãîëîøóºòüñÿ, ùî âèêîðèñòàííÿ áëîêàòîð³â ì³òîõîíäð³àëüíî¿ ïîðè à òàêîæ äåÿêèõ
àíòèîêñèäàíò³â ìîæå áóòè êîðèñíèì äëÿ êîðåêö³¿ àñòìàòè÷íèõ ñòàí³â.

Bronchial asthma is one of the main disorders of
the respiratory system. Its prevalence is increa-
sing worldwide. While asthma affects all age
groups, various studies indicate an increase in
the incidence of asthma among children and young
adults [1].

Asthma is a chronic disease of the airways
symptomatically characterised by wheezing, dysp-
noea, cough and chest tightness. The pathological
processes in the development of asthma include
severe inflammatory changes in the airways as-
sociated with bronchial hyperreactivity. The bron-
chial hyperreactivity or hyperresponsiveness re-
fers to increased sensitivity to different stimuli,
including allergens, pollutants, cold air, drugs, and
bacterial infection, all of which can result in bron-
choconstriction.

INFLAMMATION IS AN IMPORTANT
STEP IN THE DEVELOPMENT OF
ALLERGIC ASTHMA

The immune system plays a key role in the deve-
lopment of allergic asthma. After sensitisation,
antigen exposure leads to recruitment and acti-

vation of different cell types including mast cells,
eosinophils, neutrophils, lymphocytes, leukocytes,
macrophages and platelets [2], which  produce and
release a variety of proinflammatory factors and
substances. Under such conditions, lymphocytes
produce interleukins (IL). They promote gene-
ration and activation of eosinophils and induce
the expression of IgE receptors both on mast cells
and eosinophils. Interaction of antigen with mast
cell-fixed IgE leads to the release of histamine,
eicosanoids, pre-formed tumour necrosis factor
(TNF), cytokines, tryptases, other proteases, and
chemokines.  Histamine, eicosanoids and trypta-
ses cause vasodilatation and extravasation of
fluid, being responsible for the oedema of the
airway wall.

Neutrophils, macrophages, leukocytes and
eosinophils produce various chemotactic and
growth factors, such as IL-1, IL-2, IL-3, IL-5,
IL-10, TNF-α, transforming growth factor-β
(TGF-β), matrix metalloprotease-9 (MMP-9),
prostaglandins (PGs), tromboxane A

2 
(TX) and

leukotrienes (LT) [2,3].  LTs, such as LTD
4
 and

LTC
4
, are known to mediate bronchoconstriction

[4]. PGs also have the ability to induce broncho-
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constriction, enhance airway responsiveness and
to increase mucus secretion from the bronchial
wall [4].  TX has also been implicated in airway
hyperresponsiveness [5].

REACTIVE OXYGEN SPECIES (ROS)
ARE A CRUCIAL FACTOR
OF INFLAMMATION DEVELOPMENT

The synthesis of PGs and TXA
2
 from arachidonic

acid by cyclooxygenase (COX) enzyme is ac-
companied by the production of superoxide ani-
ons (O

2
-) [6].  The conversion of arachidonic acid

to LT by 5-lipoxyginase (5-LO) is an another
source of O

2
-.  The superoxide anion is a nega-

tively charged free radical belonging to the group
of reactive oxygen species (ROS). In addition,
ROS includes a range of toxic species, such as
hydrogen peroxide, hypochlorous acid, and the
hydroxyl radical [7]. The superoxide anion is the
basic radical for the generation of different sour
radicals. Hydrogen peroxide is generated as a
result of the dismutation of O

2
- by superoxide

dismutase (SOD). Myeloperoxidase (MPO) or
eosinophil peroxidase metabolizes H

2
O

2
 to hypo-

chlorous acid (HOCL). The hydroxyl radical
(OH) is formed during the reaction of H

2
O

2
 with

O
2

- in the presence of iron or other metal ions.
The upregulation of inducible NOS (iNOS) during
inflammation strongly stimulates the production
of nitric oxide (NO). The reaction of superoxide
anions with NO leads to formation of peroxynitrite
(ONOO-). Cytokines are able to stimulate the
generation of peroxynitrite [8]. ONOO-, a very
powerful oxidant, belongs to the reactive nitrogen
species (RNS) group. Nitrogen dioxide, another
strong oxidising agent produced in significant
amount from ONOO-, also belongs to RNS.

Inflammatory cells of asthmatics have an in-
creased capability to generate free radicals [9].
The release of large quantities of O

2
-, H

2
O

2
, OH-,

ONOO- results in increased quantities of free
radicals in the airway tissue. The excess quan-
tities of sour radicals overcome the antioxidant
defenses and cause oxidative stress [10]. Oxidative
stress contributes to the enhancement of the

inflammatory reaction leading to an increase in
airway smooth muscle contraction [11], airway
hyperresponsiveness [12], mucus hypersecretion
and vascular exudation [13].

SOURCES OF OXIDANTS SPECIES
PRODUCTION

The produced reactive oxygen as well as reactive
nitrogen species damage and oxidise proteins,
lipids and DNA, leading to their impaired func-
tion. The main sources of free radical generation,
additional to the 5-LO and COX pathways, inclu-
de NAD(P)H oxidase, xantine oxidase [14] and
mitochondria.

NADPH oxidase, a membrane-bound flavo-
hemoprotein, is responsible for the production
and release of superoxide (O

2
-). NADPH oxidase

consists of the membrane and cytosolic com-
ponents. Membrane-bound subunits, gp91phox
and p22phox, are involved in the formation of
the electron transfer component of the oxidase.
p47phox, p67phox and G-protein rac-2 are the
cytosolic components, which modulate oxidase
activity.  Phagocytic cells produce only minimal
amounts of O

2
- until the p47, p67 and rac-2 bind

to the gp91 and p22 subunits [15]. When NADPH
oxidase is activated, huge amounts of O

2
- are

generated on the external surface of the plasma
membrane. Under asthma conditions, the phago-
cytic cells are abundant and thus the amount of
O

2
- produced by NADPH oxidase is large [16].

Membrane oxidase (Mox), which is similar to the
phagocytic NADPH oxidase, was identified in
endothelium and smooth muscle cells [17]. The
activity of this oxidase is upregulated by cyto-
kines, growth factors, e.g. TNF-alpha and and
platelet-derived growth factor (PDGR), which
contribute to extracellular O

2
- production. Cyto-

chrome P-450, due to its NADPH oxidase activi-
ty, is also a source of O

2
- production, contributing

to intracellular superoxide anion production.
Xanthine oxidase is a molybdoenzyme, which

exists in two forms, either as xanthine oxidase
or xanthine dehydrogenase. Xantine oxidase is
responsible for the metabolization of hypoxan-
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thine, xantine and NADH, leading to the pro-
duction of both O

2
- and H

2
O

2
. It was reported that

under conditions of hypoxia these substances
accumulate and xanthine oxidase activity incre-
ases [15]. Under pathophysiological conditions,
xantine oxidase appears to be a potential source
of ROS production.

Under oxidative stress conditions, the increa-
sed amount of released ROS induces the constant
production of free radicals by mitochondria. The
electron transport chain of mitochondria plays a
key role in ROS production.

Under normal conditions, the respiratory chain,
inserted into the inner mitochondrial membrane,
constantly produces superoxide radicals (O

2
-).

These radicals are converted into H
2
O

2
 by Mn-

superoxide dismutase (MnSOD). Glutathione pe-
roxidase (GPx) and thioredoxin peroxidase (TPx)
then metabolize H

2
O

2
 to water by reducing it with

electons derived from the oxidation of glutathione
(GSH) and thioredoxin (TSH) to their disulfide
forms (GSSG, TSST).  Oxidized glutathion and
thioredoxin are recovered by glutathione (GR) �
and thioredoxin reductases (TR), which use NADPH
as an electron donor.  NADH then reduces
NADP+, using the NADP transhydrogenase (TH).
NADPH-dependent glutathione reductases seem
to be the major system that maintains GSH in its
reduced form [18]. Thus, the ability of mitochondria
to maintain the normal redox status of a redox
system is an important factor in the control of
the oxidant signalling system.

Under conditions of oxidative stress, the mito-
chondria generate more O

2
- and H

2
O

2
 than under

normal conditions. This leads to H
2
O

2
 accumu-

lation in large quantities. In the presence of Fe
2
+,

highly toxic OH is generated from hydrogen
peroxide. There exists no inhibiting OH enzyme,
and therefore, via a direct effect of both H

2
O

2

and OH, the mitochondria are damaged. The
capacity of the redox system is often limited by
the level of GSH and NADPH and therefore is
not able to disactivate sour radicals. The signi-
ficant damage of mitochondria and its consequen-
ces are described by the term �the mitochondrial
disease�. Since mitochondria are a major source

of ROS, this organelle often suffers damage through
ROS. Free radicals attack polyunsaturated lipids,
proteins and also mitochondrial DNA, which lacks
some of the defense and repair mechanisms. The
mitochondrial membrane, which contains impor-
tant factors and enzymes for electron transport,
oxidative phosphorylation and ATP generation,
is getting damaged easily. The oxidation of protein
thiol groups of inner mitochondrial membrane
leads to conformational changes that result in a
large non-selective pore, the mitochondrial per-
meability transition pore (MPTP) [19].

MITOCHONDRIAL PERMEABILITY
TRANSITION PORE

The mitochondrial pore consists of a potential
dependent anion channel, located on the outer
mitochondrial membrane, ATP-ADP translocase
on the inner mitochondrial membrane and cyc-
lophilin D in the matrix. The diameter of the pore
on the inner mitochondrial membrane is 2-2,5 nm
and on the outer membrane it is 2,5-3 nm.

A rise in the matrix Ca concentration  plays
a pivotal role in the opening of MPTP [20-22].
External divalent cations such as Sr, Mn, Ba and
Mg as well as Ca lead to a decreased probability
of pore opening [23, 24]. Low pH (< 7.0) inhibits
MPTP opening due to  competition between pro-
tons and Ca for binding at the trigger site [23-25].
The accumulation of excessive quantities of Ca2+

ions in the intramitochondrial Ca2+ stores leads
to a large decrease in transmembrane electrical
potential, stimulating MPTP opening [26-28]. On
the other hand, high membrane potentials are
accompanied by slower respiratory rates contri-
buting to ROS generation [29].

  Opening of the MPTP allows water to enter
the mitochondria, causing the swelling of the
matrix and consequent rupture of the outer mito-
chondrial membrane. Increasing matrix volume
further induces collapse of the mitochondrial mem-
brane potential. The production of ATP by oxi-
dative phosphorylation in mitochondria is inhibited
by hydrogen peroxide even before the mitochon-
drial potential is changed. In experiments with
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adult rat heart cells, it was found that ATP syn-
thase activity was inhibited by hydrogen peroxide
to 67% of the control value [30, 31]. The adenine
nucleotide translocase (ANT) activity was also
inhibited in a concentration and time-dependent
manner. ANT is an integral inner membrane pro-
tein, which normally is responsible for the trans-
location of ATP and ADP across the inner mem-
brane. When matrix Ca2+ is elevated, pyro-
phosphate (PPi) accumulates in the matrix and
displaces adenine nucleotides from ANT mo-
lecules [32]. This leads to ATP depletion. The
increase in PPi, which is caused by the inhibition
of pyrophosphatase by micromolar Ca2+, can in-
crease the mitochondrial matrix volume [32]. Ca2+

and inorganic phosphate (Pi) are able to lead to
a condition of oxidative stress in mitochondria in
the absence of NAD(P)H oxidants [33]. It was
shown that under conditions of decreased matrix
free Ca2+, even Pi alone is able to increase ROS
generation and to stimulate MPTP [34]. Thus, oxi-
dative stress, adenine nucleotide (ATP) depletion,
increased Pi concentration and mitochondrial
depolarisation [35] greatly enhance the sensitivity
of the pore to Ca2+ and contribute to its opening.
As discovered a couple of years ago, arachidonic
acid, the substrate for the 5-LO and COX, is able
to take influence on the opening of the mito-
chondrial pore [36].

 After opening of the pore, a massive release
of ROS takes place. It leads to the global oxi-
dation and damage of the whole cell. This da-
mage causes dysfunction and depletion of impor-
tant enzymes in mitochondria. Oxidative peroxi-
dation of lipids and reduction in ATP production
are important factors of progression of mito-
chondrial dysfunction [37]. It contributes to the
irreversible MPTP [38]. Irreversibility of the pore
opening leads to the cell death. Cytochrome C, a
caspase activator, is released through the opened
mitochondrial pore, as are second mitochondria-
derived activator of caspase (Smac) and apo-
ptosis-inducing factor (AIF). Cytochrome C ac-
tivates caspase 9. Further, caspase 9 activates
caspase 3, 6 and 7, which are able to cause cell
apoptosis [39, 40].

CONSEQUENCES OF MPTP
AND THEIR POSSIBLE CORRECTION

As a result of oxidative stress, damage and apop-
tosis of the airway epithelium occur, and con-
sequently, the endothelial nitric oxide syntase
(eNOS) is not able to generate enough nitric oxide
(NO). The small amount of the produced NO
will be rapidly inactivated with superoxide. NO
is a key molecule responsible for the relaxation
of the smooth muscle cells. Diminished NO pro-
duction contributes to airway dysfunction [41].
Because of the lack of NO, the airway smooth
muscle cells ability to relax reduces and sub-
sequently, the maintainance of bronchodilatation
is impaired. Reduced synthesis or activity of NO
as well as the apoptosis of the airway epithelium
may contribute also to the development of airway
hyperresponsiveness. In studies on isolated car-
diomyocytes it was shown that during MPTP the
elevated mitochondrial Ca2+ efflux as well as
increasing myofibrillar Ca2+ sensitivity can induce
the hypercontraction of the muscle [42]. The redu-
ced production of ATP as a result of mitochon-
drial damage and mitochondrial pore opening
contributes to the hypercontraction of the muscle.
The ATP depletion impedes the activity of two
main cation exchangers, namely Ca2+ ATPase of
the sarcoplasmic reticulum (SR) and Na+/K+
ATPase of the sarcolemma [43]. This leads to the
dramatic enhancement of Ca2+ in the cytosol and
to an excess of Na+ in the interior of the cell
together with lower levels of K+. Under these
conditions, the end result is a highly contracted
muscle without ATP to resequest Ca2+ into the
SR and to break actomyosin cross-bridges. Hy-
percontraction contributes to the severe cons-
triction of the airways. The following respiratory
distress can be life-threatening.

In such a pathological state, where mitochon-
dria, the major intracellular source of ROS, pro-
duce high levels of oxidants and the ability of the
mitochondrial antioxidant defence is insufficient,
the use of antioxidants in order to prevent or
diminish cell damage may be a therapeutic option.
Blockers of MPTP would be expected to alle-
viate the consequences of oxidative stress. As
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shown in experimental traumatic brain injury,
cyclosporin A (CsA) inhibits the mitochondrial
pore, thus leading to the maintenance of the
mitochondrial membrane potential as well as to
calcium homeostasis in mitochondria. Such a treat-
ment is accompanied by lower levels of ROS
production by mitochondria. Therefore, CsA has
shown a neuroprotective influence because of
the MPTP modulation [44]. CsA is known as an
immunosuppressive agent, with immunological
effects such as inhibition of T-cell activation and
blocking transcription of cytokines in activated
T-cells. Allergic bronchial asthma patients sho-
wed reduced airway inflammation by means of
decreased bronchial eosinophils and downregu-
lation of eosinophil-associated cytokines and che-
mokines after CsA treatment [45]. Also, it was
reported, CsA may improve severe asthma in
patients through inhibition of T lymphocyte acti-
vation and reduction of the degree of airway
hyperresponsiveness [46]. In experiments on
guinea pigs, the usage of CsA aerosol led to
decreased airway hyperresponsiveness. As it
was presented on pulmonary histological studies,
the eosinophil infiltration in the epithelium and
subepithelial connective tissue of bronchi after
CsA treatment also was inhibited [47]. Arimas
et al showed in a guinea pig model that inhalation
of CsA improves the allergen-induced late asth-
matic response and inhibits airway hyperreac-
tivity [48]. It can be resumed that CsA has a
positive effect on the allergic airway inflam-
mation. Taking into consideration the ability of
CsA to block the mitochondrial pore, it is possible
to propose that  MPTP is able to play an important
role in the bronchial asthma.

Melatonin, which is a scavenger of both ROS
and RNS, is able to prevent mitochondrial injury
induced by hepatic ischemia and reperfusion.
Mitochondrial lipid peroxidation, glutathion pero-
xidase activity and the pH change connected with
mitochondrial energy transfer were reduced after
melatonin treatment [49]. Even the mitochondrial
structure was restored to near normal in compa-
rison to disorganized mitochondria because of
ischemia/reperfusion. Melatonin protects mito-

chondria not only by reducing oxidative stress
but also by stimulating electron transport and ATP
production [50]. Until now, no detailed information
about the role of melatonin in bronchial asthma
is available. It would be interesting to investigate
the role of MPTP and melatonin under bronchial
asthma conditions.

The release of mitochondrial cytochrome C
can be inhibited by another MPTP blocker, the
water-soluble derivative of vitamin E, trolox [51-
53]. Various reports point to the protective pro-
perties of trolox in the maintenance of mitochon-
drial homeostasis. The positive influence of MPTP
inhibitors on organelle and tissue damage indi-
cates possible therapeutical approaches.

Extracellular fluids and biological tissues con-
tain a range of antioxidants contributing to the
protection against oxidants. Interstitial fluid and
lymph contain ascorbate and urate. Human blood
has vitamin E, C, beta-carotene, catalase and
SOD. Respiratory tract lining fluid contains mu-
cin, uric acid, reduced GSH and vitamin C [54].
Patients with mild asthma have an altered lung
antioxidants status. The analysis of broncho-
alveolar lavage (BAL) fluid showed reduced
levels of vitamins C and E and increased level of
oxidised GSH [55]. Also, it is known that reduced
antioxidant intake can lead to the increase in
asthma severity [56]. Thus, the supplementation
of the diet with vitamin C [57] and Se [58], which
is important for the normal activity of glutation
peroxidase, leads to improvement in asthma sym-
ptoms. Consumption of fish has resulted in lower
airway hyperreactivity [59].

CONCLUSION

Bronchial asthma is a chronic disease of the
airways which includes severe inflammatory
changes associated with bronchial hyperreactivity
and bronchoconstriction. Inflammatory cells of
asthmatics have an increased capability to gene-
rate reactive oxygen species, which are crucial
factor of inflammation development. Mitochon-
dria are the major intracellular sources of ROS
production especially after mitochondrial per-
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meability transition pore opening. After opening
of the pore, a massive release of ROS leads to
the global oxidation and damage of the whole
cell. Oxidative peroxidation of lipids, reduction
of ATP production and cytochrome C release
from mitochondria lead to cells apoptosis, the
airway epithelial dysfunction, reduced synthesis
NO and the airway smooth muscles hypercont-
raction. The use of blockers of mitochondrial pore
as well as some antioxidants may be useful for
correction of asthmatic disorders.
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