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A B S T R A C T

With the increasing appreciation of mitochondria in modulating cellular homeostasis, various disease biology
researchers have started exploring the detailed role of mitochondria in multiple diseases beyond neuronal and
muscular diseases. In this context, emerging shreds of evidence in lung biology indicated the meticulous role of
lung epithelia in provoking a plethora of lung diseases in contrast to earlier beliefs. As lung epithelia are cea-
selessly exposed to the environment, they need to have multiple protective mechanisms to maintain the integrity
of lung structure and function. As ciliated airway epithelium and type 2 alveolar epithelia require intense energy
for executing their key functions like ciliary beating and surfactant production, it is no surprise that defects in
mitochondrial function in these cells could perturb lung homeostasis and engage in the pathophysiology of lung
diseases. On one hand, intracellular calcium plays the central role in executing key functions of lung epithelia,
and on the other hand maintenance of intracellular calcium needs the buffering role of mitochondria. Thus, the
regulation of mitochondrial calcium in lung epithelia seems to be critical in lung homeostasis and could be
decisive in the pathogenesis of various lung diseases.

1. Introduction

Since time immemorial, lung health has been underestimated even
though the lung is a vulnerable organ as it has to face numerous en-
vironmental irritants. Though air pollution levels touched well beyond
the safety limit and have silently killed so many lives hitherto, we didn’t
make sufficient efforts to reduce air pollution. This is because there is
no acute mortality owing to air pollution. As an outcome of this, people
across the world have repeatedly ignored it. However, coronavirus
pandemic taught, even an illiterate person in the world about re-
spiratory hygiene and the importance of lung health (Christopher et al.,
2020). If we maintain this respiratory hygiene forever, this would re-
duce the burden of our lungs as these lungs are incessantly exposed to
the environment that encompasses a variety of physical, chemical, and
biological irritants. So, our lungs should have sufficient protective
mechanisms to maintain overall lung homeostasis and also overall body
health. Among the variety of lung cells, lung epithelia act as a frontline
soldier with physical and immune armamentaria. These mechanisms
are mostly innate immune types and can avert the entry of various

irritants like pollutants, bacteria, and viruses (Salvator et al., 2020). If
these mechanisms are not adequate, acquired immune cells are re-
cruited to eliminate these irritants. Thanks to the immune era, the in-
nate protective mechanisms of lung epithelia have been under-
estimated. However, emerging evidence indicates the key role of lung
epithelia in maintaining lung homeostasis (Spella et al., 2017). As a
result, exploring the epithelial protective agents seems to be a novel
therapeutic option in various lung diseases.

While lung (organ for whole body respiration) supplies oxygen to
whole body, mitochondria (organelle for cellular respiration) use
oxygen to generate energy. Both the respiratory apparatuses are crucial
in survival of whole body and cell, respectively. The calcium regulation
seems to be crucial in both lung and mitochondrion. While lung needs
calcium for secretion of mucus, bronchoconstriction, degranulation of
various immune cells (Middleton 1983), calcium is a crucial controller
of mitochondrial function (Brookes et al., 2004). In this review, we
describe how mitochondria and mitochondrial calcium are having key
roles in lung epithelial function in the context of lung diseases.
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2. Mitochondrion: A regulator of calcium signalling

Mitochondria for a long time were just considered only as a power
house of the cell as it can generate adenosine triphosphate (ATP)
through oxidative phosphorylation and the energy generated is utilized
by the cells for their survival and functions. But now accumulating
evidences suggest that it has a wide variety of roles including in-
tracellular calcium homeostasis, regulation of thermogenesis, reactive
oxygen species (ROS) generation, apoptosis, regulation of metabolism,
inflammatory responses and aging (Vazquez-Calvo et al., 2020). Among
all these functions, calcium flux in the mitochondria seems to be critical
as it influences almost every mitochondrial function.

Though there was indirect evidence in the 1950s to demonstrate the
calcium uptake by mitochondria, only in 1961, it was directly de-
monstrated using isolated mitochondria. Later, it was discovered that
this process was energy/ATP driven and mitochondrial calcium uptake
can occur even in the absence of respiration but the presence of ATP is
obligatory (Carafoli 2010). However, in a living cell, mitochondrial
respiration could be the main inducer for the calcium uptake process.
Thus, mitochondrial respiration and its calcium uptake are exclusively
interdependent. Earlier functional studies indicated that mitochondria
can uptake a large amount of calcium in the presence of phosphate
whereas its uptake could be limited in the absence of phosphate
(Carafoli 2010). Later, a number of proteins had been discovered that
regulate the influx and efflux of calcium across mitochondria in both
directions (Finkel et al., 2015). The mitochondrial calcium uniporter
(MCU) complex, Na+/Ca2+ exchanger, and H+/Ca2+ exchanger are
the major proteins that help mitochondrial calcium migrate back and
forth (Finkel et al., 2015). To enter into the mitochondria, cytosolic
Ca2+ has to cross the outer mitochondrial membrane (OMM) and inner
mitochondrial membrane (IMM) (Xu et al., 2016). Cytosolic Ca2+ entry
across the membranes is regulated via certain special protein pores. The
OMM has voltage-dependent anion-selective channel proteins (VDACs),

which form pores in the OMM and represent the first molecular inter-
face between mitochondria and calcium (Ca2+) stores. Once the Ca2+

reaches intermembranous space, it passes the IMM through the mi-
tochondrial Ca2+ uniporter complex (MCUC). MCU independent
pathways are also observed. (Xu et al., 2016).

MCU has two transmembrane domains and it oligomerizes with
other proteins. Mitochondrial calcium uptake 1 (MICU1) oligomerizes
with MCU and along with mitochondrial calcium uptake 2 (MICU2)
forms the mitochondrial calcium uniporter complex MCUC. MICU1 and
its homolog M1CU2 interacts with MCU and regulates the transfer of
calcium ions by MCU. MCU uniporter homocomplex is regulated by the
MCU regulator, MCUb. MICU1 is a single-pass transmembrane protein
structure that has two calcium binding EF hands. At low calcium con-
centration, M1CU1 act as an inhibitor of MCU and prevents the entry of
calcium. At a higher calcium level, EF hands of MICU1 and MICU2 get
bounded by calcium. The inhibition of MICU2 is relaxed, MICU1 is
activated which then helps MCU to facilitate the uptake of calcium (Xu
et al., 2016). The main role of MICU1 and MICU2 dimers is to set a
threshold of Ca2+ for MCU thereby regulating the detrimental accu-
mulation of Ca2+ inside the matrix under basal conditions (Giorgi et al.,
2018). Mitochondria are renowned to have the cellular Ca2+ levels
regulated and they can drive ROS generation. Under the condition of
mitochondrial Ca2+ overload and in conjugation with the pathological
accumulation of ROS results in the sustained opening of the high con-
ductance cyclosporin A-sensitive permeability transition pore. This
opening lead to rapid collapse of the mitochondrial membrane potential
(ΔΨm), mitochondrial swelling and ultimately release of cytochrome c
from mitochondria to the cytosol to initiate cellular apoptosis (Sebag
et al., 2018).

The cytosolic calcium concentration is tightly regulated in the eu-
karyotic cell. Calcium ions which play the crucial role of second mes-
senger in the signalling pathways are controlled by various pumps,
exchangers, channels and numerous binding proteins. Endoplasmic

Fig. 1. This is a schematic representation to illustrate the mitochondira-ER crosstalk and its implications in various cellular functions. ER gets tethered to mi-
tochondria in mitochondrial associated membrane (MAM) regions which has a major role in the mobilisation of calcium ions. The inner negative potential inside the
mitochondrial matrix is the thermodynamic motive due to which mitochondria can uptake cations like calcium ions. Calcium leaves ER through channels like IP3R
proteins. There are some associated linker proteins in the MAM like cytoplasmic GRP75 (75-kDa glucose-regulated protein). Being a chaperone protein, GRP75 causes
a link between IP3R and Voltage Dependent Anion Channel (VDAC) and facilitates calcium uptake. Calcium ions first cross outer mitochondrial membrane (OMM)
through gatekeeper VDAC and via tremendously selective MCU (Mitochondrial calcium uniporter), these calcium ions enter into the IMM (Inner Mitochondrial
Membrane). Complexes I and III of respiratory chain generate ROS as by-products in the mitochondria. When a certain threshold level is crossed, mitochondrial
calcium can promote oxidative stress. As mitochondrial permeability transition pore (mPTP) opens, there is significant increase in membrane permeability which is
detrimental to cell. Such direct and indirect increase in the oxidative stress promotes the release of cytochrome c to initiate the apoptosis. Mitochondria have some
ion exchanger anti-porters that help to regulate the level of calcium and homeostasis. Na2+ /Ca2+ exchanger (NCX) uses the energy of electrochemical gradient of
mitochondria and cause efflux of calcium ion in exchange of sodium ions. Leucine Zipper And EF-Hand Containing Transmembrane Protein 1 (LETM1), a proton
calcium exchanger, also has a role in regulating the level of calcium ions inside the mitochondria.
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reticulum (ER) and golgi bodies are the reservoirs of calcium in the cells
(Rizzuto et al., 2009). The movement of calcium ions from the ER
signifies the increase in the level of intracellular calcium. Such move-
ment of calcium ions from the stores occurs primarily through trans-
membrane protein inositol-1, 4, 5-triphosphate receptor (IP3R) (Xu
et al., 2016). When agonists bind to G protein coupled receptor,
phospholipase C is formed. It causes generation of inositol-1,4,5-tri-
phosphate (IP3) which diffuses into ER and binds to IP3R (Fig. 1). This
leads to the clustering of IP3R on the ER membranes and causes calcium
wave. Another protein which mediates transmission of calcium in the
ER membrane is ryanodine receptor (RyR). Ryanodine and calcium
activate RyR (Rizzuto et al., 2009). IP3R causes calcium transport in a
quasi-synaptic fashion. This occurs via mitochondria-associated ER
membrane (MAM) that harbours both IP3R and VDAC (Fig. 1). The
existing negative potential of −180 mV inside mitochondria is the
major driving force that instigates calcium uptake by mitochondria
(Kania et al., 2017). Voltage dependent anion channel (VDAC), abun-
dantly present in OMM, helps in the import of calcium across the OMM.
The negative potential in the transmembrane region then aids in the
further transport of calcium ions across the strictly selective MCU ion
channel present in IMM (Rizzuto et al., 2009) (Fig. 1). Some associated
proteins help in the formation of ER-mitochondria tethering complex.
Glucose regulated protein 75 (Grp75) is one such protein which forms
IP3R-Grp75-VDAC molecular complex inside the MAM. This cyto-
plasmic Grp75 that links IP3R with VDAC also brings mitochondria and
ER in close proximity with each other (Lee and Min, 2018). MAM is
enriched in lipids and regulates intracellular calcium homeostasis.
(Vance, 2014) There are some efflux mechanistic pathways that reg-
ulate outward movement of calcium from mitochondria. Na2+/Ca2+

exchanger (NCX) found in the mitochondrial membrane is reported to
cause efflux of calcium ions (Rizzuto et al., 2009) (Fig. 1). Leucine
Zipper And EF-Hand Containing Transmembrane Protein 1 (LETM1) is
another eukaryotic proton-calcium antiporter protein that regulates
calcium homeostasis (Austin and Nowikovsky, 2019). The uptake of
calcium inside mitochondria is a key phenomenon to regulate cell life.
The rate-limiting enzymes of Krebs cycle are activated by mitochondrial
calcium. So, increase in matrix calcium level also increases the mi-
tochondrial respiration and ATP synthesis (Jaña et al., 2019). However,
increased calcium level beyond a threshold proves to be detrimental as
it can accelerate ROS generation. Increased mitochondrial calcium level
and ROS cause opening of mitochondrial permeability transition pore
(mPTP) which further increases mitochondrial permeability and swel-
ling. Calcium overload also promotes cytochrome c release and finally
cell death by apoptosis (Görlach et al., 2015) (Fig. 1).

Thus, calcium affects differently mitochondria under physiological
and pathological conditions. While calcium is required for most of the
mitochondrial function like oxidative phosphorylation under physio-
logical conditions, same calcium leads to mitochondrial stress and cell
death under pathological conditions (Brookes et al., 2004).

3. Mitochondrial dysfunction and mitochondrial calcium
perturbation in asthma.

3.1. Role of lung epithelial mitochondria in maintaining lung homeostasis

The lung homeostasis depends on the elimination of exogenous ir-
ritants. In this defence mechanism of safeguarding, the airway epithe-
lium is robust enough to protect the entire lung. The airway epithelium
has one effective strategy, mucociliary apparatus, for efficacious pro-
tection, and this is based on the trapping of foreign particles inside the
“gel” or “viscous” layer followed by continuous upward ciliary beating
to propel the foreign particles out of the airways (Ridley and Thornton
2018). It seems that mitochondria have a major role in the effectiveness
of mucociliary apparatus in two ways: a) by providing energy for the
ciliary beating and b) by less uptake of intracellular calcium into the
mitochondria. Among various regulatory mechanisms for ciliary beat

frequency, the increase of intracellular calcium is crucial. More im-
portantly, calcium is also important to coordinate the synchronization
of ciliary beats of subsequent airway epithelial cells of the larger airway
(Schmid and Salathe 2011). As increased intracellular calcium is a re-
quisite for the ciliary beat, the reduction in intracellular calcium by
mitochondrial uptake theoretically will reduce ciliary beating. This was
demonstrated by acetylcholine that has the capacity to inhibit ciliary
beating through increased mitochondrial uptake of intracellular cal-
cium. All these indicate the feasible role of mitochondria and mi-
tochondrial calcium towards lung homeostasis.

The densely located mitochondria in close proximity to the axoneme
basal body of cilia seems to provide energy continuously for the
movement of cilia. So, one can expect curtailed ciliary beating if there
are dysfunctional mitochondria existing in the ciliated epithelia.
Further, the oxidants generated by mitochondria may give stress to the
motile cilia (Price and Sisson, 2019). Thus, robust and healthy mi-
tochondria are required for an effective ciliary beating.

3.2. Mitochondrial calcium perturbations in asthmatic airway epithelia

In evidence to the importance of healthy mitochondria in main-
taining lung homeostasis, mitochondrial damage with reduced ciliary
numbers have been found in severe asthmatic patients compared to
mild asthmatic patients. The mitochondrial swelling with abnormal
cristae was found in the ciliated epithelia of these severe asthmatic
patients (Thomas et al., 2010). It is well acclaimed that mitochondrial
swelling is the end product of mitochondrial calcium overload.

Even before this study, our lab had demonstrated such mitochon-
drial abnormality in asthmatic mice (Mabalirajan et al., 2008). Indeed,
after our demonstration, a number of reports have demonstrated the
mitochondrial dysfunction in asthmatic conditions (Reddy, 2011). In
addition, inducing mitochondrial dysfunction in airway epithelium
aggravated the asthmatic airway inflammation (Aguilera-Aguirre et al.,
2009). Further, we have demonstrated that these mitochondrial ab-
normalities in asthmatic conditions are dependent on 15-lipoxygenase
(15-LOX) (Mabalirajan et al., 2009). Interestingly, this 15-LOX is re-
quired for the physiological disappearance of mitochondria in the
process of maturation of red blood cells (RBCs) and lens fibres. Very
importantly, calcium induces the binding of 15-LOX to reticulocyte
mitochondria to initiate the mitochondrial degradation (Watson and
Doherty, 1994) towards the RBC maturation. This indicates that 15-
LOX seems to be a crucial enzyme in asthma pathogenesis in causing
mitochondrial degradation in airway epithelia. We have further de-
monstrated that 15-LOX overexpression alone was sufficient to cause
mitochondrial damage in naïve mice lungs along with the development
of spontaneous asthma-like features even without allergen exposure
(Mabalirajan et al., 2009).

Interleukin-4, a main pro-inflammatory T helper type 2 (Th2) cy-
tokine, up-regulates human 15-LOX especially 15-LOX-1 through acet-
ylation of nuclear histones and activation of signal transducer and ac-
tivator of transcription-6 (Snodgrass and Brüne, 2019). In humans, 15-
LOX has been sub-classified into two forms: 15-LOX-1 (reticulocyte),
and 15-LOX-2 (epidermis type). 15-LOX-2 exclusively uses arachidonic
acid (AA) whereas 15-LOX-1 predominantly uses linoleic acid (LA) as
substrates. In mice, there are three major isoforms of 12- and 15 LOX:
leukocyte (L), epidermal (E), and platelet (P). 12 & 15 lipoxygenases of
humans and rabbits have been classified as 12/15-lipoxygenase (12/15-
LOX) as they produce 12-hydroxyeicosatetraenoic acid and 15-hydro-
xyeicosatetraenoic acid from AA and predominantly 13-hydro-
xyoctadecadienoic acid (13-HODE) from LA. This occurs by in-
corporation of molecular oxygen in a stereospecific and regiospecific
way into respective fatty acids (Archambault et al., 2018). 12/15-LOX
deoxygenates mitochondrial membranes of reticulocytes in the process
of their maturation towards RBCs. This process is biologically pro-
grammed in reticulocytes. However, the pathological increase of 12/15-
LOX is known to cause pro-inflammatory effects in various diseases
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(Singh and Rao, 2019).
We further demonstrated the role of 13-HODE in causing severe

asthma-like conditions (Fig. 2). In asthmatic condition, inflammatory
cells including macrophages secrete 13-HODE that activates transient
receptor potential cation channel subfamily V member 1 (TRPV1)
which in turn disturbs calcium homeostasis in epithelial cells. Thus, it
increases intra-mitochondrial calcium, and its overload is known to
activate calpain 10 in mitochondria, which can cause mitochondrial
fragmentation accompanied with release of cytochrome c and ulti-
mately apoptosis of airway epithelial cell (Mabalirajan et al., 2013a,
2013b; Mabalirajan and Ghosh, 2013). Overall, maintenance of optimal
mitochondrial calcium executes a vital role in airway epithelial cell
survival.

3.3. Role of mitochondrial calcium uniporter in lung epithelial survival in
asthmatic condition

Interleukin-13 (IL-13), a pleiotropic Th2 cytokine, is known to
promote mitochondrial ROS production, matrix Ca2+ uptake, and
apoptosis in the respiratory epithelium (Sebag et al., 2018). Sebag et al.
observed that MCU inhibitor is able to reduce certain pathological
features like mitochondrial Ca2+ uptake, loss of mitochondrial mem-
brane potential, ROS production and thus protect primary human re-
spiratory epithelial cells from apoptosis with IL-13 induction. (Sebag
et al., 2018). Further, decreased apoptosis of airway epithelial cells was
observed upon the deficiency of MCU in the ovalbumin model of al-
lergic inflammation (Sebag et al., 2018). In airway epithelium isolated
from MCU-/- mice, the epithelial barrier was preserved upon IL-13
induction. Thus, it can be concluded that Ca2+ uptake via MCU in
presence of allergen can induce excess ROS production. As a result,
mitochondrial membrane potential dissipates and cytochrome c is re-
leased and it activates apoptosis in respiratory epithelium. In turn,
epithelial cell death results in the loss of epithelial barrier function
(Sebag et al., 2018). MCU seems to be a potential target to treat diseases
like asthma which are associated with excessive ROS and compromised
epithelial barrier.

3.4. Consequent biological mechanisms post-intramitochondrial calcium
overload induced mitochondrial damage

Mitochondria have a sophisticated quality control mechanism by
which it can regulate excessive or damaged mitochondria and eliminate
it. These mitochondrial quality control (MQC) mechanisms include
mitochondrial fission and fusion process and mitophagy (Garza-Lombó
et al., 2020). Mitophagy has a vital role in stressed condition. Dis-
turbance in MQC can result in cell injury/death. MCU complex reg-
ulates the uptake of cytosolic Ca2+ into mitochondria thus resists in-
tramitochondrial Ca2+ overload. However, under stressed conditions,
abnormal increase in mitochondrial Ca2+ can affect mitochondrial fu-
sion-fission and can promote excessive mitophagy. Many studies have
indicated an aberrant increase in mitochondrial Ca2+ as the main cause
of mitochondrial fission (Yu et al., 2020). While the role of autophagy
in asthma is controversial, the role of mitophagy in asthma pathogen-
esis is not yet investigated in detail.

3.5. Compartmental effects of mitochondrial calcium uptake to safeguard
airway epithelia

It is well known that mitochondria act as calcium buffering tanks
when there is an increase in intracellular calcium. In general, we con-
sider that the accumulation of calcium in the mitochondria is uniform
to the whole cell. But evidence indicates that mitochondria act smartly
in such a way that they buffer intracellular calcium in a particular
portion of the cell from where cells receive a signal through receptors.
For example, when airway epithelium was induced by the purinergic
receptor P2Y2 (P2Y2-R) that increases intracellular calcium, mi-
tochondrial uptake of calcium was only observed in a cellular region
where P2Y2-R is located (Ribeiro et al., 2003). So mitochondrial cal-
cium overload seems to be restricted to a particular compartment in
such a way that those mitochondria act as structural barriers to protect
the airway epithelia. This smart strategy by mitochondria is very in-
teresting in the context of multiple copies of mitochondria in a given
cell and the existence of rescue mechanisms like mitophagy. Mi-
tochondrial calcium overload is itself a menacing situation for the

Fig. 2. Schematic representation illustrating the
possible mechanism of involvement of in-
tramitochondrial Ca2+ in epithelial apoptosis. 13-S
HODE secreted from inflammatory cells including
macrophages can activate TRPV1 (transient re-
ceptor potential cation channel subfamily V
member 1) present in the epithelial membrane
which perturbs the Ca2+ homeostasis, resulting in
an increased intramitochondrial Ca2+, which can
activate calpain 10. Calpain 10 releases cytochrome
c from mitochondria into the cytosolic milieu.
Cytochrome c then activates Caspase 3 which is
involved in DNA fragmentation and eventually fo-
ments the apoptosis of epithelia. The allergen,
chicken egg ovalbumin (OVA)/IL-13 may be in-
volved in increasing intramitochondrial calcium via
the MCU complex. Increased intramitochondrial
Ca2+ is apparent in inducing ROS production and
vice versa, this leads to the release of cytochrome c
into the cytoplasm which further activates caspase-
3. Caspase-3 can induce epithelial cell apoptosis.
MCU inhibitor may inhibit epithelial apoptosis and
augment the magnitude of survivability of epithelia.
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survival of mitochondria. But mitochondrial jeopardy should not reflect
straight away to the entire cell. So, if these compartmental effects are
effective, only a few copies of mitochondria might be affected and
obliterated by mitophagy. Consequently, there would be a reduction in
the accumulation of dysfunctional mitochondria, hence, curtailment in
the generation of reactive oxygen free radicals from these dysfunctional
mitochondria (Ribeiro et al., 2003). Then there is a good possibility of
cell survival with the mitochondrial biogenesis, and mitophagy like
rescue mechanisms. This kind of mechanism seems not only restricted
to receptor-induced cell but also in response to luminal stress. For ex-
ample, cough induces shear stress or luminal stress and, in this condi-
tion, the large mitochondrial barrier at the apical cellular pole acts as a
buffer for intracellular calcium signals. It may serve as a functional
barrier between the apical domain and the rest of the cell to prevent
global Ca2+ waves, thus shielding the nuclear and basolateral cyto-
plasmic compartments from intracellular Ca2+modulated functions
(Ribeiro et al., 2003). We all are well aware that cough is a common
symptom in a number of infectious and non-infectious lung diseases. If
cough leads to disturbance in the entire airway epithelial layer in the
form of luminal stress, it might create havoc in lung homeostasis. Thus,
the existence of such compartmental effects in airway epithelium in-
dicates how lung epithelia that are exposed ceaselessly to the external
environment manage to maintain lung homeostasis.

3.6. Asthmatic airway smooth muscle remodelling due to mitochondrial
biogenesis via calcium dependent pathway

While lung epithelia had shown the mitochondrial dysfunction in

various lung diseases like asthma and chronic obstructive pulmonary
disease (COPD) (Fig. 3), mitochondrial hyperactivity with a greater
number of mitochondria was observed in airway smooth muscle of
severe asthmatic patients. The mitochondrial hyperactivity in airway
smooth muscle of asthmatics is shown to be attributable to mitochon-
dria biogenesis through a calcium-dependent pathway (Trian et al.,
2007). Cultured human airway smooth muscle cell had shown in-
creased cytosolic calcium with the disruption of the mitochondrial
calcium flux and reduced calcium buffering of mitochondria was ob-
served upon stimulation with tumor necrosis factor-α. Such increased
cytosolic calcium owing to undermined mitochondrial calcium uptake
by MCU and NCX can contribute to airway contractibility which hap-
pens in asthmatic individuals (Delmotte et al., 2012).

4. Mitochondrial dysfunction and mitochondrial calcium
perturbation in COPD

COPD is a debilitating lung condition characterized by airway in-
flammation (chronic bronchitis), destruction of lung tissue (emphy-
sema) and small airway remodelling (Cloonan and Choi 2016). Al-
though among the COPD patients, 20% are non-smokers, the majority
of them have a previous history of cigarette smoking. The status of
mitochondria and mitochondrial calcium in the pathogenesis of COPD
have been extensively investigated.

4.1. Mitochondrial dynamics in COPD lungs

Aberrant mitochondrial morphology and dynamics have been

Fig. 3. This is a schematic representation to underline the role of mitochondrial calcium in various lung diseases. The mitochondrial respiratory chain is the
predominant source of Reactive Oxygen Species (ROS). An increase in intracellular calcium level leads to the opening of the mitochondrial membrane transition pore
(mPTP). This causes depolarisation of mitochondria and ROS generation. It brings about a transmutation in the mitochondrial osmolarity and damage to the outer
mitochondrial membrane (OMM). Breaches in the outer membrane cause release of proteins like cardiolipin and cytochrome c from the inner mitochondrial
membrane (IMM). Dysfunctional mitochondria in the airway smooth muscle is the key player in lung disease. Asthmatic patients have impaired mitochondrial
calcium buffering by MCU which cause contraction in airway smooth muscle. Such undermined calcium uptake also activates calcium dependent responses and lead
to disintegration of the airway epithelial barrier in ALI. In addition, mitochondrial Ca2+ overload cause damage to the mitochondrial DNA in ALI (acute lung injury).
Cigarette smoke exposure induced COPD involves enhanced ROS generation and oxidative damage to mitochondrial DNA. Thus, homeostasis in the mitochondrial
calcium has a pronounced contribution in regulating the phenomenon of Epithelial Mesenchymal Transition (EMT) that eventuates both in lung cancer and pul-
monary fibrosis.
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implicated in COPD. There is increased fission as well as hyperfusion of
mitochondria in COPD airways (Prakash et al., 2017). Swollen, elon-
gated mitochondria and disrupted cristae have been found in bronchial
epithelial cells of COPD patients (Lerner et al., 2016). The cigarette
smoke (CS) induced increase in mitochondrial fission in human epi-
thelial cells and airway smooth muscle is ascribed to a decrease in
Mitofusin 2, a mitochondrial fusion protein and an increase in Dynamin
related protein 1 (Drp1), a mitochondrial fission protein (Prakash et al.,
2017). Peroxisome proliferator-activated receptor gamma coactivator
1-alpha (PGC1α), the primary inducer of mitochondrial biogenesis, is
reduced in moderate to severe COPD patients (Lerner et al., 2016;
Prakash et al., 2017). There is marked cellular hypoxic response even
during normoxia in the airway epithelium of mice with COPD that leads
to a decrease in mitochondrial biogenesis (Chaudhuri et al., 2019). The
mitochondria damaged due to CS exposure are removed primarily by
phosphatase and tensin homolog (PTEN) induced kinase 1 (PINK1)-
Parkinson disease 2 (PARK2) pathway. In COPD lungs, there is a re-
duction in PARK2 levels, and translocation of Parkin to damaged mi-
tochondria is hampered. This leads to impaired mitophagy resulting in
the accumulation of damaged mitochondria in COPD lungs (Chaudhuri
et al., 2019). In addition to the above changes in mitochondria, high
levels of deoxyribonucleic acid (DNA) damage and defective DNA da-
mage repair pathways in mitochondria of type II alveolar epithelial
cells (AECs) have been found in emphysema patients (Kosmider et al.,
2019).

4.2. Mitochondrial dysfunction (MD) in COPD lungs

MD is extensively associated with the pathobiology of COPD and the
presence of MD in smokers with or without COPD makes them more
susceptible to respiratory infections (Aghapour et al., 2020). MD has
been detected in lung epithelial cells treated with smoke (Lerner et al.,
2016). The effect of cigarette smoke extract (CSE) on mitochondria
varies with different concentrations. At lower concentrations of CSE,
mitochondria show an initial adaptive response (mitohormesis),
whereas, higher concentrations or prolonged exposure leads to mi-
tochondrial dysfunction. Mitochondrial dysfunction results in the pro-
duction of huge amount of mitochondrial reactive oxygen species
(mtROS), cellular stress, and cell death ushering in tissue injury. In
COPD patients, tissue injury and cell death have consorted with ne-
crosis, which leads to inflammation and further degeneration of the
airways (Aghapour et al., 2020; Chaudhuri et al., 2019). Other than
necrosis, apoptosis has been implicated in COPD. So, it is speculated by
investigators that perhaps apoptosis occurs at lower concentrations of
tobacco smoke exposure and necrosis ensues at higher concentrations
or longer exposure (Vayssier et al., 1998; Ramage et al., 2006).

Damaged mitochondria can release many components into the cy-
tosol or extracellular milieu in response to inflammation, oxidative
stress or other factors called mitochondrial damage-associated mole-
cular patterns (mtDAMPs) (Prakash et al., 2017). Cytosolic levels of
mtDAMPs like mtROS, Ca2+, mitochondrial DNA (mtDNA), ATP, car-
diolipin are found to be elevated in COPD lung epithelial cells. CS-in-
duced increase in mitochondrial membrane permeability opens ion
channels like mPTP that leads to iron overloading in mitochondria and
cytoplasmic accumulation of mtDAMPs (Aghapour et al., 2020). CS-
induced mPTP opening is associated with mtDNA release. Oxidized
DNA binds to NLR Family Pyrin Domain Containing 3 (NLPR3) in-
flammasome, interacts with mitochondria-derived cardiolipin, and ac-
tivates the inflammasome, mediating the release of inflammatory cy-
tokines like interleukin-1β and interleukin-18 (Lerner et al., 2016). In
COPD, increased levels of ATP, mtDAMP, have been found in the
bronchoalveolar lavage fluid. Extracellular release of ATP from da-
maged cells is recognized by purinergic receptor P2X7 expressed on
immune cells and lead to the release of interleukin 1β (Cloonan and
Choi 2016). CS induces an increase in mtROS which has been found to
dissociate tight junctions by activating epidermal growth factor

receptor (EGFR) and extracellular signal-related kinase (ERK) pathway.
When tight junctions are disrupted, the permeability of lung epithelial
barrier increases (Aghapour et al., 2020). MtROS also activates the
matrix metalloprotease-2 that results in the loss of Δψm. There is a loss
of Δψm in the airway epithelial cells of COPD lungs that have been
connected to COPD related inflammation (Lerner et al., 2016). Thus,
lung epithelial integrity is lost in COPD patients due to mitochondria
mediated oxidative stress.

4.3. Metabolic switching in mitochondria of COPD lungs

Mitochondrial metabolic switching is a contributing factor in the
pathogenesis of COPD. CS exposure at toxic levels leads to diminished
oxidative phosphorylation in mitochondria of lung epithelial cells. Low
levels of CS exposure prompt a metabolic shift from glycolysis to β-
oxidation of fatty acids (Cloonan and Choi 2016). Type II AECs produce
acetyl coenzyme A in mitochondria for de novo fatty acid synthesis
required for generating phospholipids for surfactant production. Al-
tered glycolysis and increased β-oxidation of fatty acids for energy
production in Type II AECs exposed to CS affects the surfactant synth-
esis pathway and accounts for the surfactant deficiency found in smo-
kers and COPD patients (Cloonan and Choi, 2016; Agarwal et al., 2014).

4.4. Mitochondrial calcium perturbation in COPD lungs

Mitochondria are major regulators of second messengers like Ca2+

that control myriads of cellular processes. MD may crop up due to
overload or loss of mitochondrial Ca2+ and has been linked to a ple-
thora of lung diseases (Cloonan and Choi 2016). Mitochondrial calcium
is primarily regulated by the ion channel, MCU that enhances mi-
tochondrial Ca2+ influx and Na+/Ca2+ exchanger and Ca2+/H+ ex-
changer that allows Ca2+ efflux (Prakash et al., 2017). Recently, in a
study by Srivastava et al. MCU was found to be highly expressed in the
lungs of COPD patients. MCU silencing in CSE exposed primary bron-
chial epithelial cells led to loss of Δψm and mitochondrial superoxide
generation. In this study, it was also found that in an in vitro model of
COPD, exposure of 5% CSE for 6 h to bronchial epithelial Beas2B cell
line, there was increased the mitochondrial Ca2+ loading (Srivastava
et al., 2020). A rise in mitochondrial Ca2+ has been found to trigger
mitophagy (Chaudhuri et al., 2019). Increased mitophagy has been
found in the lungs of COPD patients (Cloonan and Choi 2016). When
mitochondria become overloaded with Ca2+, the intrinsic pathway of
apoptosis gets activated and the membrane potential necessary for
metabolism is collapsed (Chaudhuri et al., 2019). There is evidence
showing activation of the mitochondria-mediated intrinsic pathway of
apoptosis, breakdown of mitochondrial membrane potential and
blunted metabolism in COPD (Lerner et al., 2016; Prakash et al., 2017;
Yoshida and Tuder, 2007). In a study by Barrero et al. it was found that
histone 3.3 found extracellularly, binds to the cell membrane, induces
Ca2+ influx, ER Ca2+ pool emptying, unfolded protein response in-
duction, and elevation of mitochondrial Ca2+, leading to the apoptosis
of structural lung cells (Barrero et al., 2013). Mitochondrial Ca2+

overload can disrupt tight junctions in airway epithelial cells (Aghapour
et al., 2020). Airway epithelial barrier disruption has been widely re-
ported in the lungs of COPD patients (Aghapour et al., 2020; Heijink
et al., 2014). Thus, mitochondrial Ca2+ mediated dysfunction serves a
substantial role in the pathogenesis and progression of COPD.

5. Mitochondrial dysfunction and mitochondrial calcium
perturbation in other lung diseases

5.1. Mitochondrial calcium buffering role determines the alveolar
endothelial barrier in acute lung injury (ALI)

While hyperpermeability of the alveolar microvascular system is a
prime event in causing loss of endothelial barrier in lung injury, a

A. Ray, et al. Mitochondrion 55 (2020) 111–121

116



recent study indicated that endothelial mitochondrial depolarization
seemed to be the basis for the loss of endothelial barrier (Hough et al.,
2019) Further, it has been demonstrated that the endothelial mi-
tochondrial depolarization leads to actin depolymerization to cause
failure of the endothelial barrier in the alveoli. But the crucial event
that amalgamates the endothelial mitochondrial depolarization with
the failure of the endothelial barrier in alveoli is the mitochondrial
calcium buffering role (Hough et al., 2019). Since depolarized mi-
tochondria lose the capability of calcium buffering, there is increased
intracellular calcium that further prompts the activation of calcineurin
which further dephosphorylates the calcineurin target gene, cofilin to
cause actin depolymerisation. These indicate the ability of endothelial
mitochondria to regulate alveolar endothelial barrier via its calcium
buffering role (Hough et al., 2019). Damage to mitochondrial DNA can
trigger ALI (Lee et al., 2017). The increased load of intracellular cal-
cium proffers a burden on the mitochondria and generates an excess of
scavenger molecules that cause damage to the mitochondrial DNA. A
positive feedback loop occurs involving more mitochondrial DNA da-
mage and ROS production leading to leakage in the alveoli and lung
injury (Parker, 2018). Activation of Toll-like receptor 4 (TLR4) and
NADPH oxidase 2 (Nox2) pathway increases ROS generation in the li-
popolysaccharide (LPS) given model of lung injury. During sepsis and
lung injury, high intercellular calcium oscillations occur (Parker, 2018).
It causes the release of calcium from the internal store and introduction
of calcium from the store-operated calcium entry (SOCE) channel lo-
cated in the plasma membrane. When the internal calcium store is
depleted, the amount of calcium that binds to the EF motif hand of the
ER luminous domain of calcium sensor Stromal Interaction Molecule 1
(STIM1) decreases. STIM1 oligomerises and the SOCE channel located
in the plasma membrane is activated. More calcium enters the cell and
the calcium oscillations continue. Thus, STIM1 sense depletion of cal-
cium and mediates endothelial cell apoptosis that occurs in LPS induced
pulmonary edema. STIM1 can also play the role of an important factor
in acute respiratory distress syndrome (Gandhirajan et al., 2013).

5.2. Mitochondrial calcium perturbation in idiopathic pulmonary fibrosis
(IPF)

Mitochondrial calcium also plays a role in IPF, a progressive de-
bilitating chronic lung condition. MCU gene expression is seen to be
higher in IPF subjects than control and mitochondrial calcium is ele-
vated in lung macrophages of IPF mimicking bleomycin mice model.
The PGC-1α plays a major role in IPF (Caporarello et al., 2019) and it
has an impact on the expression of ROS generating enzymes (Austin and
St-Pierre, 2012). ROS generation is induced by the transcriptional ac-
tivation of p38 mitogen-activated protein kinase and activating tran-
scription factor 2 (ATF2) phosphorylation which cause an increase in
PGC-1α gene expression. Chelating the calcium ions decreases the level
of pATF2 and p38 mitogen-activated protein kinase both in the pre-
sence and absence of MCU. Thus, mitochondrial calcium influx and
MCU can be a therapeutic target in IPF (Gu et al., 2019). Mitochondrial
hormone Stanniocalcin 1 which regulates calcium homeostasis also has
a role in the secretion of transforming growth factor beta and can be a
therapeutic target in IPF (Ohkouchi et al., 2015).

5.3. Mitochondrial calcium perturbation in cystic fibrosis

The cystic fibrosis transmembrane conductance receptor (CFTR)
protein is a chloride ion (Cl-) channel expressed on the apical mem-
brane of cells that lines the airways and maintains salt and water bal-
ance on the surface of the lungs (Favia et al., 2019). It has ATPase
activity and allows the exit of electrolytes such as Cl- and sodium (Na+)
ions from the cells along with secretion of water. It is responsible for
secretion of bicarbonate (HCO3

–) ions that is involved in the bacter-
icidal activity of the liquid lining the airways (Favia et al., 2019). It is
also involved directly in the secretion of glutathione, implicating its

role in controlling oxidative stress in the airways. Over 2000 mutations
of the CFTR gene has been found so far. The most frequently occurring
mutations of the CFTR gene is the deletion of 3 base pairs in both the
copies of the gene resulting in the loss of phenylalanine residue at
position 508 of the protein (F508del) (Favia et al., 2019). The misfolded
CFTR protein (F508del) is retained in the ER via interactions with many
ER chaperone proteins and hence unable to reach the plasma mem-
brane and mediate Cl- efflux (Favia and Atlante, 2016; Antigny et al.,
2009).

In the airway epithelium, mitochondria functions like a Ca2+ buf-
fering system and acts as a barrier conferring protection to the airway
epithelial cells against non-specific activation of Ca2+ regulated func-
tions. Increased intracellular calcium and large negative potential
across the inner mitochondrial membrane produced by H+ gradient
drives the intake of calcium by mitochondria mediated by the electro-
genic channel, mitochondrial calcium uniporter (MCU) (Antigny et al.,
2009). Even before CFTR gene cloning, Feigal et al. had observed an
increased calcium uptake by mitochondria of the fibroblasts of cystic
fibrosis (CF) patients and attributed it to altered oxidative phosphor-
ylation (Valdivieso and Santa-Coloma, 2013). On the contrary, more
recently, Antigny et al. reported that the ability of the mitochondria to
uptake calcium is decreased in human F508del-CFTR tracheal gland
cells (CF-KM4 cells) in comparison to non-CF cells (tracheal serous
gland epithelial MM39 cells). In addition, F508del-CFTR cells also had
shown the depolarization of mitochondrial membrane. Thus, it leads to
a dysfunction of the Ca2+ uniporter and ultimately inhibition of the
buffering power of mitochondria in CF cells (Antigny et al., 2009).

CF patients are prone to infection from Pseudomonas aeruginosa.
Such an infection in CF patients, causes an aggravated inflammatory
response in their bronchial epithelial cells. This is because bacteria-
derived flagellin in those patients induces mitochondrial calcium up-
take via MCU that leads to NLPR3 inflammasome activation resulting in
a heightened inflammatory response (Rimessi et al., 2015).

Studies show that the impairment of autophagy in CF bronchial cells
with P. aeruginosa infection is due to increase in the tethering of mi-
tochondria and ER and alteration in the calcium exchange via MCU.
MCU inhibitor KB-R7943 minimises such autophagic defects. This MCU
inhibitor also helps in reducing the heightened inflammatory response
that occurs CF patients having infection with P. aeruginosa (Rimessi
et al., 2020).

Thus, it can be seen that calcium homeostasis in mitochondria is
disturbed in CF condition. However, the reason for the differential
uptake of calcium by mitochondria in different cell types in the lungs of
CF patients is not clear and requires further investigation.

5.4. Mitochondrial calcium perturbation in lung cancer

Disrupted mitochondrial calcium dynamics is blameworthy in pro-
moting lung cancer. The ability of the tumour cells to survive is con-
nected to disbalance in mitochondrial dynamics. Calcium levels in
mitochondria seem to play a role in promoting epithelial-mesenchymal
transition (EMT), a major phenomenon in cancer. The major compo-
nents of SOCE, STIM1 and Orai 1 (Calcium release-activated calcium
channel protein 1) are upregulated and calcium is released from ER
(Romero-Garcia and Prado-Garcia 2019). Calcium transfer from the ER
to mitochondria demonstrates a crucial signal for apoptotic induction.
Calcium load in the mitochondria causes the opening of the mPTP and
depolarisation of mitochondria. This cause mitochondrial fragmenta-
tion and release of cytochrome c and death of cell by the process called
apoptosis (Romero-Garcia and Prado-Garcia 2019). Myeloid cell leu-
kemia 1 (Mcl-1), a member of anti-apoptotic B cell lymphoma 2 protein
family, is seen to be overexpressed in lung cancer cell lines and non-
small cell lung cancer. A study has shown that Mcl-1 has the ability to
bind to VDAC-1 and can promote migration of the lung cancer cell. This
promotes more calcium uptake by mitochondria and causes more ROS
generation. An important tumor suppressor in lung cancer is PTEN that
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plays a role in influencing the calcium transfer from ER to mitochondria
and its depletion disrupts the calcium release and slashes the calcium
concentration inside mitochondria (Morciano et al., 2018). In-
vestigative studies have found that the exposure to calcium channel
blockers (CCB) tends to increase the risk of lung cancer (Rotshild et al.,
2018).

6. Mitochondrial calcium homeostasis at the crossroad of aging
and regulating the lung epithelial barrier

Aging is an inevitable process that occurs at the price of other
evolutionary selected functions and represents a progressive loss of
homeostasis and physiological integrity. With the expected rapid
growth of the aging population worldwide, an explicit understanding of
the complex process of aging is demanded to develop novel interven-
tions that might boost up the healthy lifespan. An array of aging the-
ories has been proposed, and the mitochondrial free radical theory of
aging (MFRTA) has been in the limelight for several decades (Bratic &
Larsson 2013). The role of mitochondria in aging was proposed more
than 40 years ago by Denham Harman in 1956 (MacNee et al., 2014)
for the very first time, suggesting that mitochondria are one of the
predominant sources and targets of ROS that could function as an ‘aging
clock’. The MFRTA theory is based on several observations: (a) En-
hanced mitochondrial ROS generation with age because of slackening
in mitochondrial function, (b) activity of several ROS-scavenging en-
zymes declines with age, (c) accumulation of aging-associated muta-
tions in mtDNA (Li et al., 2020), and (d) a vicious cycle occurs because
somatic mtDNA mutations impair the respiratory chain function, which
in turn kindles the accumulation of molecular damage to proteins, li-
pids, and DNA which accounts for progressive deleterious changes de-
scribed as cellular senescence (Bratic & Larsson, 2013; MacNee et al.,
2014; Seo et al., 2010).

Mitochondria regulates a milieu of metabolic and signaling path-
ways and also plays an important role in programmed cell death.
Beyond their main role in the cell to produce NADH and ATP via the
process of oxidative phosphorylation, it is now well accepted that mi-
tochondria are pivotal organelles in Ca2+ buffering. As we all are aware
that oxidative phosphorylation and Ca2+ homeostasis are mutually
interdependent, intricately enough, increasing mitochondrial Ca2+

concentration activates the three mitochondrial enzymes, such as pyr-
uvate dehydrogenase, isocitrate dehydrogenase, and α-ketoglutarate
dehydrogenase of the Krebs cycle, thus causing increased ATP pro-
duction. However, mitochondrial functions decline with aging, con-
comitant with the appearance of mitochondrial morphological altera-
tions, e.g., mitochondrial DNA damage, abnormally rounded
mitochondria in aged mammals, and diminished capacity to produce
energy through oxidative phosphorylation due to the perturbed mi-
tochondrial calcium homeostasis (Srivastava, 2017).

In 1980s, Khachaturian proposed the notion of “Ca2+ hypothesis of
aging” including the role of abnormal Ca2+ homeostasis in neurode-
generation (Nikoletopoulou & Tavernarakis 2012). The mitochondrion,
due to its multiple cellular functions, plays a critical role in the ae-
tiology of several aging and age-related human diseases. To prove this,
breaches in mPTP has been proclaimed in aged animals compared to
young ones and importantly mPTP inhibition had shown to ameliorate
the lifespan (Panel et al., 2018). In addition, the plasticity and motility
of mitochondria have been shown to reduce with aging. Further, their
capacity for mitochondrial biogenesis is reduced owing to a decline in
PGC-1α activity, which might be instigated by an age-related increase
in ROS production. The reduction in matrix calcium causes decrease in
oxidative phosphorylation, ATP production and oxidation of NAD(P)H
resulting in reduced antioxidant capacity (Finkel et al., 2015). Mi-
tochondrial dynamics studies (Liu et al., 2020a), have revealed that
functional and structural alterations in mitochondrial morphology as-
sociated with aging are the crucial factors engaged by the cell to cope
with the decline in mitochondrial activity.

With the increased focus on age-dependent alterations in organ
structure and function mediated by deregulated mitochondrial calcium
homeostasis, there is an emerging interest in the impact of deregulated
mitochondrial calcium homeostasis with aging on the lung epithelial
barrier. The main physiological function of the lung is to optimize al-
veolar gas exchange and match ventilation with blood flow in the cir-
culation; this requires the contraction and relaxation of airway and
vascular smooth muscle cells. Successful gas exchange needs co-
ordinative help from various lung cells and most of these lung cells are
mitochondria rich. For example, ciliated airway epithelia, airway
smooth muscle, demand more robust mitochondria for ciliary beating,
smooth muscle contraction, respectively (Cloonan & Choi, 2016; Pan
et al., 2019). Hence, lung mitochondria play a central role in the pro-
vision of energy for this function; however, apart from energy meta-
bolism, intracellular mitochondrial signalling functions are indis-
pensable for cell protection and disease prevention. Further,
mitochondrial regulation of the epithelial barrier seems to be decisive
in regulating mucociliary function.

A wealth of data suggests that increased mtROS generation and
calcium overload in mitochondria damages epithelial tight junctions
and thus affect the airway epithelial barrier. Ito and Barnes proposed
that with increasing age the lung loses its ability to maintain its in-
tegrity (Mercado et al., 2015). The damage to the mitochondrial DNA
has been shown to be associated with COPD. Mitochondrial dysfunction
with aging induces oxidative stress by overproduction of mtROS (Wu
et al., 2019), which increases the permeability of the epithelial barrier
leading to a leaky airway which consequentially engenders various lung
pathogenesis (Aghapour et al., 2020). The mtROS may dissociate the
tight junctions through the activation of EGFR and ERK signalling
(Aghapour et al., 2020). Age-related alterations impair the mitochon-
drial function particularly in cells with high energy demands, including
ciliated cells of the airway epithelium, and alveolar epithelial cells. The
tight junctions present in airway epithelial cells seal the intercellular
regions and thus maintain the epithelial barrier integrity (Yanagi et al.,
2015). Similarly, the barrier in alveolar epithelia is very crucial as its
loss of integrity leads to irreversible lung scarring and fibrosis. (Yanagi
et al., 2015).

Thus, aging is an important risk factor for the development of lung
diseases as increasing age is strongly associated with deregulated mi-
tochondrial calcium homeostasis along with loss of lung epithelial in-
tegrity.

7. Possible therapeutic targets of mitochondrial calcium
regulators in lung diseases

7.1. Calcium channel blockers (CCBs) in asthma therapy and its relation
with mitochondrial calcium perturbation

A surge in the intracellular calcium has been demonstrated to be
involved in various pathophysiological features of asthma-like airway
constriction, eosinophil migration into the airways, mast cell de-
granulation, and secretion from airway epithelia. Due to this wide-
spread involvement of intracellular calcium, CCBs have been suggested
and also demonstrated to counteract asthma (So et al., 1986). Among
various calcium-mediated asthma features, airway smooth muscle
contraction seems to be dominant effect of increased intracellular cal-
cium. So calcium channel blockers that inhibit L-type calcium channel
have been tried in asthma. The dihydropyridines, phenyl alkylamines,
and benzothiazepines are three major CCBs (So et al., 1986). Though
these CCBs might have an effect on mitochondrial calcium, detailed
studies are scarce in the context of lung diseases. In the 1980 s, it has
been suggested to use CCBs for asthma management at least for the
patients who also have cardiovascular comorbid conditions and needed
to take adrenergic blockers (So et al., 1986). In any event, CCBs had
shown very weak bronchodilatory effects. This could be due to the fact
that available CCBs mostly act by inhibiting voltage-operated calcium
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channels whereas bronchodilators need inhibition of receptor-operated
calcium channels (Hendeles and Harman, 1987). As a result, CCBs were
not used in asthma as a regular option. So we might need next-gen-
eration CCBs that could inhibit calcium flux through receptor-operated
calcium channels and more specifically act also through mitochondrial
calcium channels. More precisely, we also need mitochondria targeted
drug delivery strategies like using liposomal-based carriers, MITOporter
to improve the efficacy (Yamada and Harashima, 2017). However,
gallopamil, a CCB, medicated to severe asthmatic patients for a year
decreased proliferation of bronchial smooth muscle cells, reduced
airway remodelling along with less sudden exacerbations compared to
the control group (Girodet et al., 2015). And it is known that asthmatic
patients undergoing airway remodelling show proliferation in the
bronchial smooth muscle mass due to increased mitochondrial bio-
genesis. Similarly, the treatment of asthmatic patients with CCBs in-
creased the endurance of asthmatic patients. Though ruthenium 360
(Ru360), a ruthenium red related MCU inhibitor, has been used as an in
vitro tool to study the mitochondrial calcium, it has not been assessed
in any in vivo models. However, MCU knockout mice had shown a
beneficial effect in asthma by reducing mitochondrial calcium overload
and also by maintaining epithelial barrier (Sebag et al., 2018).

7.2. Mitochondrial calcium as COPD target

On the one hand, oxidative stress is a very common feature that is
linked to many of the COPD pathophysiological features, and on the
other hand, mitochondrial calcium perturbation along with MD has
been reported in lung epithelia of COPD. Drp1 phosphorylation hap-
pens in COPD and this plays an important role in mitochondrial frag-
mentation. Thus, targeting oxidative stress and mitochondrial calcium
could be a potential COPD therapeutic option. A mitochondria targeted
antioxidant like MitoQ and mitochondria localized antioxidant Tiron
can attenuate the stress that happens upon cigarette smoke exposure
(Agarwal et al., 2014). The silencing of MCU causes loss of mitochon-
drial membrane potential and hence mitochondrial dysfunction. Such
depolarised mitochondria reduce the capacity of mucociliary clearance
which is an important survival strategy against mucus hypersecretion in
COPD. Thus, restoring healthy mitochondria by reducing mitochondrial
calcium load can be a therapeutic strategy against COPD (Srivastava
et al., 2020).

7.3. Mitochondrial calcium as a target in acute lung injury

While MCU inhibition seems to have beneficial effects in asthma
and COPD; MCU overexpression had shown the attenuation of LPS in-
duced acute lung injury (Seeley et al., 2013). This indicates the con-
troversial role of MCU in maintaining lung epithelial homeostasis. Thus,
it needs a thorough investigation to find the exact role of MCU in lung
diseases. However, treatment with bistrifluoromethyl pyrazole deriva-
tive, N-{4-[3,5-bis(trifluoromethyl)-1H-pyrazol-1-yl] phenyl}-4-me-
thyl-1,2,3-thiadiazole-5-carboxamide (BTP2), an inhibitor of calcium
release-activated calcium channel, causes a reduction in TLR4 mediated
ROS generation. It also causes a reduction in calcium flux and lung
injury (Seeley et al., 2013). This shows an established positive feedback
loop that eventuates between mitochondrial calcium, mitochondrial
DNA damage and ROS production to cause alveolar leakage in acute
lung injury.

7.4. Mitochondrial calcium as a target in lung cancer

MCU also plays a critical role in regulating lung cancer. MCU
knockdown reduces invasion of cells and lung metastasis while MCU
overexpression encourages lung metastasis by mediating aerobic gly-
colysis. MicroRNA 340 reported in breast cancer was used to inhibit
MCU and lung metastasis by regulating the Warburg effect (Yu et al.,
2017). A novel small molecule DS16570511 inhibits the influx of

calcium into mitochondria. By blocking the interaction between MCU
and MICU1 it forestalls calcium load in mitochondria in the cardiac
cells (Kon et al., 2017). Mitoxantrone is a recently developed molecule
by a combinational approach that blocks MCU calcium uptake without
influencing oxidative phosphorylation (Arduino et al., 2017). Another
well-known MCU inhibitor is Ru 360, which reduces uptake of calcium,
prevents dissipation of the mitochondrial membrane potential and
mPTP opening. Studies have shown the use of Ru 360 in colorectal
cancer (CRC) (Liu et al., 2020b). However, Ru360 has its own draw-
back. Recent studies developed a new modified molecule Ru265 which
is a more potent inhibitor. Minimally toxic Ru265 inhibits MCU activity
and is shown to be effective against hypoxia and regeneration injury
(Woods et al., 2019). In any event, the effects of these small molecules
in lung diseases are yet to be investigated. However, small therapeutic
molecules targeting mitochondria sometimes fail to enter due to the
semi-permeable double-layered outer mitochondria membrane (Wang
et al., 2016).

8. Conclusions

In lung disease biology, most of the currently available therapeutics
is based on the earlier conceptual changes (Chu and Drazen 2005). For
example, asthma was considered a psychosomatic disorder or “asthma
nervosa” in Hippocrates period and as a result “mind control” was one
of the major therapeutic options for asthma in those times. This is
partially true now also because the neurogenic axis causes sudden
bronchospasm when the asthma patient feels either the greatest joy or
sadness. Later, in the 20th century “asthma nervosa” concept was up-
dated with “Airway smooth muscle involvement” followed with
“airway hyperresponsiveness” and then with “airway inflammation”.
These conceptual changes led to the introduction of anti-cholinergic
bronchodilator (by smoking Asthma cigarettes that deliver Belladonna
alkaloids), nonanti-cholinergic bronchodilators (epinephrine, theo-
phylline followed by specific beta agonists like salbutamol) and anti-
inflammatory agents (corticosteroids, leukotriene agonists) in asthma
therapy (Chu and Drazen, 2005). As a result, currently we have a very
common drug combination: corticosteroids and bronchodilators for
better asthma management. Now one of the major problems in asthma
research as well as for the thoracic clinicians is “airway remodeling” as
there is no single drug that can reduce this remodeling, though bron-
chial thermoplasty (application of radiofrequency energy to heat the
airway wall and this reduces the quantity of airway smooth muscle) had
shown some benefits (Boulet 2018). In airway remodeling, almost each
and every cell in the airways increases in number and size, hyperplasia
and hypertrophy respectively. The sub-epithelial fibrosis, goblet cell
metaplasia, airway smooth muscle hypertrophy and hyperplasia are
major components of airway remodeling. Initially, it was believed that
airway remodeling is merely a continuation of repeated airway in-
flammation. Now, we know that this concept is not entirely true for two
major reasons: a) anti-inflammatory agents could not stop the initiation
of airway remodeling, b) both airway inflammation and airway re-
modeling changes appear simultaneously. All these indicate that airway
remodeling is a very different phenomenon and only a small part of it
occurs as a resolution of inflammation (Fehrenbach et al., 2017). Now,
we have a concept that airway epithelial injury can happen even
without airway inflammation and this injury induces airway re-
modeling changes (Fehrenbach et al., 2017). On the one hand, mi-
tochondrial calcium overload seems to be crucial in causing airway
epithelial injury through mitochondrial dysfunction that could also
disrupt the epithelial integrity (Mabalirajan et al., 2013a) and thus
aggravate the asthma condition by more allergen entry into the air-
ways. On the other hand, mitochondrial calcium had been shown to be
important in airway smooth muscle hypertrophy in severe asthmatic
patients through mitochondrial biogenesis (Trian et al., 2007). Thus,
mitochondrial calcium seems to have very different roles in airway
epithelium and airway smooth muscle. But both converge in airway
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remodeling as epithelial injury activate epithelial mesenchymal trophic
unit (EMTU) to cause sub-epithelial fibrosis and mitochondrial bio-
genesis in airway smooth muscle to cause smooth muscle hypertrophy.
In summary, mitochondrial status depends on cell type in asthmatic
lung and so more careful cell specific investigations are required to
understand the exact role of mitochondria and mitochondrial calcium
in asthma pathogenesis. It could be applicable to other lung diseases as
well, because similar airway remodeling in small airways and huge
parenchymal fibrosis occurs in COPD and lung fibrosis respectively.
These complex mitochondria mediated pathology needs to be thor-
oughly investigated to get a clear concept for the airway remodeling.
This clear concept would lead to next level of therapeutics in lung
diseases and it seems that structural cells of lungs like epithelium,
smooth muscle etc may be focussed, in contrast to earlier concepts
when it was believed that these structural cells were mere victims of
inflammatory cells.
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