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Abstract
Purpose of the Review The connections between allergy, asth-
ma and metabolic syndrome are becoming increasingly clear.
Recent research suggests a unifying mitochondrial link be-
tween the diverse phenotypes of these interlinked morbidities.
The scope of this review is to highlight cellular mechanisms,
epidemiology and environmental allergens influencing mito-
chondrial function and its importance in allergy and asthma.
We briefly also consider the potential of mitochondria-
targeted therapies in prevention and cure.
Recent Findings Recent research has shown allergy, asthma
and metabolic syndrome to be linked to mitochondrial dys-
function. Environmental pollutants and allergens are observed
to cause mitochondrial dysfunction, primarily by inducing
oxidative stress and ROS production. Malfunctioning mito-
chondria change the bioenergetics of the cell and its metabolic
profile to favour systemic inflammation, which drives all three
types of morbidities.
Summary Given the existing experimental evidence, ap-
proaches targeting mitochondria (e.g. antioxidant therapy
and mitochondrial replacement) are being conducted in rele-
vant disease models—with some progressing towards clinical
trials, makingmitochondrial function the focus of translational

therapy research in asthma, allergy and linked metabolic
syndrome.
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Abbreviations
AIM2 Absent in melanoma 2
BAL Bronchoalveolar lavage
DrpI Dynamin 1 like protein
ETC Electron transport chain
IFN Interferon Gamma
IgE Immunoglobulin E
IL Interleukin
KDa Kilodalton
NLRP3 Nod Like receptor family pyrin domain containing 3
OpaI Optic Atrophy 1
PGC
1α

Peroxisome proliferator-activated receptor gamma
coactivator 1 alpha

ROS Reactive oxygen species
TET Ten-eleven translocation
TFAM Transcription Factor A Mitochondrial
Th2 T helper cells type 2
TNFα Tumour Necrosis Factor Alpha

Introduction

Asthma and allergies have been on a rapid rise in the recent
past. This rise has been observed in an age-, culture- and
geography-independent manner, suggesting greater influence
of environmental factors over genetic components [1].
Asthma has also become linked with comorbidities like
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obesity, cardiovascular abnormality and symptoms classified
as the ‘metabolic syndrome’ [2–4]. It is being increasingly
found that metabolic syndrome (MetS) and asthma are
interlinked by systemic inflammation and share common
mechanisms, such that factors potentiating one increases the
propensity for the other.

Interestingly, the incidence of MetS and asthma shows a
bias in socioeconomic strata, with the affluent classes gener-
ally bearing greater risk [5]. Therefore, sedentary lifestyle
habits along with unrestricted access to food have been con-
sidered central [6••]; as has the ‘hygiene hypothesis’ which
puts forth limited exposure to pathogens during early devel-
opmental stages, as the cause of reduced immune tolerance
[7]. The loss of tolerance promotes Th2-type inflammatory
responses that have been observed to drive allergies; asthma;
airway hyperresponsiveness and, more recently, MetS [8].
Another factor seems to be the concomitant increase in the
levels and persistence of air pollutants, also directly impacted
by anthropogenic activities [9•]. A central hypothesis
connecting pollution, microbial triggers, inflammatory predis-
position, allergies, asthma and metabolic disease is beginning
to emerge, with mitochondria as the nexus. This review ex-
amines how mitochondria critically modulate immune re-
sponse and cites recent studies connecting mitochondrial dys-
function and allergic diseases, particularly asthma, additional-
ly bringing out the connection with metabolic disorders as
would be expected in a mitochondria-centric pathology. We
also take this opportunity to bring out the important causal role
of air pollution, acting via mitochondrial dysfunction. The
potential of mitochondria-targeted therapies as the new age
approach in prevention and cure is touched upon.

Mitochondria and MitoDAMPs: Environmental
Stress Sensors and Immunity Modulators

The endosymbiotic evolution and prokaryotic characteristics
of the mitochondria uniquely enable them to serve as sensors
of environmental threats/stress to the cell. Being semiautono-
mous and regulating their machinery via an independently
replicating and transcribing DNA, the mitochondria code for
unique constituents making up their structure. For example,
mitochondrial DNA (mtDNA) and n-formyl peptides are very
akin to their prokaryotic counterparts in having unmethylated
CpG motifs and n-formyl methionine respectively [10, 11].
Further, Cardiolipin, a phospholipid present in the inner mito-
chondrial membrane, is distinct from eukaryotic membrane
lipid composition [12]. Consequently, by the simple mecha-
nism of the necrosis of stressed cells in an organ, the released
mitochondrial constituents act as effective extracellular ‘dam-
age-associated molecular patterns (DAMPs)’ and trigger im-
mune response by associating with receptors reserved for
intercepting pathogen-associated molecular patterns

(PAMPs) [13, 14]. Upon binding, the Toll-like receptors
(TLRs) and Nod-like receptors (NLRs) trigger signalling cas-
cades that modulate immune responses, depending on the type
of cells getting activated [15, 16]. As detailed below, most
experimental evidence points towards a proinflammatory ef-
fect of mitoDAMPs on the immune system, achieving distant
organ effects and causing tissue damage.

Interestingly, intracellular release of DAMPs into the cyto-
sol also elicits signalling responsive to environmental stress
and insults. The mitochondria house the electron transport
chain and Kreb cycle activity, giving their matrix a high con-
centration of metabolic enzymes like aconitase, metabolites
like citrate, ATP and succinate, redox proteins, electron
donors/acceptors and free radical species—as compared to
the cytosol and other organelles. Therefore, mitochondrial
damage/dysfunction can modulate the concentration and ac-
tivity of these entities, enabling a switch in metabolism—pri-
marily between carbohydrate and fat [6••]. Thus, as a response
to environmental factors, the mitochondria can elicit a switch
in metabolism and/or mount proinflammatory immune
response.

ATP Extracellular ATP is demonstrated to be perhaps the
most direct and damaging of mtDAMPs with autocrine and
paracrine effects in the cellular milieu. The BAL fluids of
patients with respiratory diseases and smoking habits show
high levels of ATP [17, 18].

Increased ATP levels correlated with decreased lung func-
tion, increased neutrophil infiltration of the lung and tissue
injury [18]. Fungal spore extracts are shown to increase the
extracellular levels of ATP, leading to the establishment of IL-
33-mediated Th2 inflammation [19]. Extracellular ATP per-
forms certain physiological functions, and its efflux concen-
tration is determined by ecto-ATP/ADPases [20]. However,
damaged cells can also secrete ATP [21, 22], where it leads
to activation of inflammatory cells, which further secrete ATP,
leading to a loop of autocrine and paracrine effects that poten-
tiate inflammation [17, 23].

mtDNA Upon release and extracellular localisation, mtDNA
interacts with TLR 9 receptors (recognising unmethylated
CpGs) on neutrophils, monocytes, macrophages and vascular
endothelial cells [14, 24], leading to organ infiltration by pro-
moting chemotaxis, increasing proinflammatory cytokine pro-
duction and upregulating surface adhesion molecules through
the MyD88 pathway [25]. Intracellularly, mtDNA is shown to
activate the NLRP3- and AIM2-dependent inflammasome
[26, 27]. These findings assume importance in the face of
environmental pollutants that cause mitochondrial stress, in-
duction of ROS, promote mitochondrial membrane transition
pores or affect mitochondrial biogenesis, wherein a cluster of
cells facing environmental insults can not only remotely trig-
ger proinflammatory action and tissue injury but can also
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activate inflammatory pathways in the immune cells them-
selves, thereby exacerbating proinflammatory action at the
organ site.

Succinate Extracellular succinate rises when the integrity of
cytochrome B and C1 of the electron transport chain is com-
promised, either by inhibitors or by metabolic reprogramming
[28]. Within the cell, succinate causes increased Ca2+ mobi-
lization, promoting migration in immune cells [29]. Succinate
has been shown to synergise with TLR agonists, leading to a
proinflammatory TNFα and IFN γ cascade [30].

Cardiolipin Cardiolipin, present in the mitochondrial inner
membrane, is required for the protection and optimal function-
ing of the mitochondrial ETC [12]. Therefore, any deregula-
tion in cardiolipin level potentiates mitochondrial dysfunction.
It has been observed that cardiolipin is released into extracel-
lular space following acute lung infections and injury, increas-
ing the alveolar surfactant levels beyond the average 1–2%
[31, 32]. External cardiolipin can be internalised via PAMP
receptors, and within the cell, it promotes proinflammatory
cytokine production by directly binding to NLRP3 [33]. It
has also been observed to suppress anti-inflammatory signal-
ling by inhibiting the production of IL-10 [34]. Therefore,
cardiolipin release can lead to a persistent inflammatory

environment, conducive for the development of allergies,
asthma and MetS.

N-Formyl Peptides N-formyl peptides (NFPs) derived from
mitochondrial proteins are recognised by the formyl peptide
receptors 1–3 present on immune cells and endothelial cells,
leading to their activation [35]. High levels of ROS are gen-
erated in target cells upon binding of NFPs [36]. Further, these
peptides have been shown to synergise with mtDNA to elicit
the production of IL-8, which serves as a chemoattractant [14,
37].

Reactive Oxygen Species (ROS): The flux of high-energy
electrons through the mitochondrial ETC, predisposes them to
generate ROS, which is minimised by the high concentrations
of antioxidants that neutralises ROS formed by leaks from the
ETC. Mitochondria do release ROS in a controlled fashion
during health, which seems to be necessary for optimal func-
tioning [6••]. During stress or mitochondrial damage, mito-
chondrial ROS can increase manifold, setting into motion a
cascade of signalling events that promote inflammation and
lead to a switch in mitochondrial metabolism, as discussed
elsewhere [6••, 13]. The critical role of mtROS in cellular fate
and the tendency of damaged mitochondria to leak ROS are
managed by a highly conserved program of mitochondrial
dynamics and mitophagy, where damaged mitochondria that
are releasing excessive ROS are selectively eliminated.

Fig. 1 A schematic overview of the convergence of environmental
influences on mitochondrial dysfunction linking and potentiating
metabolic syndrome, asthma and allergic rhinitis. Common allergens,
airborne particulate matter, over nutrition and sedentary lifestyle cause
mitochondrial dysfunction via ETC stress and oxidative damage.
Resulting ROS production causes TCA defects, increased fat storage,
mitochondrial fission or fragmentation and production of MitoDAMPS.

These outcomes can individually or collectively elicit proinflammatory
cytokine upregulation and systemic inflammation that drive the changes
in allergic rhinitis, metabolic syndrome and asthma establishing their
bidirectional coexistence. ETC electron transport chain, ROS reactive
oxygen species, O2

− superoxide, H2O2 hydrogen peroxide, TCA
tricarboxylic acid cycle
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Disturbances in mitochondrial dynamics or mitophagy can
thus lead to abnormal release of mtROS and consequent
inflammation.

Mitochondrial Dysfunction and Allergy

As discussed in the preceding section, mitochondria are criti-
cal regulators of the immune response. Mitochondrial dys-
function and elevated ROS have been noted in a variety of
allergic diseases including atopy, atopic dermatitis, allergic
rhinitis and asthma [38••, 39–42]. Here, we will focus on
allergic rhinitis and asthma, which are better studied in this
context. Importantly, the connection between asthma and mi-
tochondria transcends the allergic inflammatory pathways and
is part of a broader metabolic phenotype. Whether the same is
true for all allergies or allergic rhinitis is less clear, since the
associations with obesity are much weaker [43].

Allergic rhinitis is an inflammatory condition of the upper
respiratory tract, including the nasal passages, while asthma
involves lower respiratory tract inflammation. Approximately
38% of patients with allergic rhinitis have or will develop
concomitant asthma [44]. However, the two can be distinct
and subtypes of asthma, especially those associated with obe-
sity or metabolic dysfunction, may not exhibit allergic fea-
tures. Global metabolic changes have been associated with
both allergic rhinitis and asthma, despite their limited anatom-
ic clinical presentation.

A recent report indicates that allergic rhinitis causes sys-
temic metabolic changes in peripheral blood mononuclear
cells (PBMCs). In a study of 11 patients with history of grass
pollen allergy, a primary sensitisation dose of pollen through
nasal spray was given, followed by a secondary challenge
after 4 weeks. The PBMCs were then isolated and the maxi-
mal respiratory rate of the ETC was determined by high-
resolution respirometry. It was found that the maximal respi-
ratory rate was lowered by 50% in subjects receiving the sec-
ondary pollen challenge, as compared to the placebo, 6 h after
sensitisation. The respiration rate was however restored 24 h
after the challenge. The authors point to previous studies that
report the acute phase of the nasal immune response to last 3–
24 h after challenge, with the 6 h time point marking the peak
of immune response activity [45•]. This is one of the first links
between pollen allergy and systemic inflammation that in-
volve mitochondrial dysfunction. House dust mite allergen
(HDM) was previously known to cause inflammation in air-
way epithelial cells, via the endoplasmic reticulum stress re-
sponse. Using human bronchial epithelial cells and HDM
treatment, a study reports increased contacts of stressed endo-
plasmic reticulum with the mitochondria, leading to the as-
sembly of DRP1 (mitochondrial fission protein) at points of
contact, resulting in mitochondrial fragmentation. Production

of the proinflammatory cytokines IL-8 and IL-1β, were events
downstream to mitochondrial fragmentation [46].

In experimental models, it has been shown that the allergic
response to ragweed allergen is enhanced in mice that have
pre-existing defects in the mitochondrial ETC [38••]. Such
mice had greater IgE response with increased airway remod-
elling and hyperresponsiveness. The mechanistic connections
between allergens and mitochondrial dysfunction may take
one or more of many parallel paths [47]. Pollens and other
natural allergens are a complex mixture of proteases, antigens,
lipids and oxidases. Proteases can not only damage cell junc-
tions, increasing allergen penetration to dendritic cells, but
also induce protease-activated receptor (PAR) signalling in
epithelial cells [47]. Increased release of ROS by oxidases or
mitochondria forms an important second hit, during this cas-
cade, which is critical for sustained immune response. Release
of proinflammatory mtDAMPs via cell injury, immune cell
activation or even via exogenous modulators such as air pol-
lution influences this process, as discussed previously.

Mitochondrial Dysfunction in Asthma
and Connection to Metabolic Syndrome

Mechanistic aspects of the link between mitochondrial dys-
function and asthma are well reported by others and us.
Importantly, bizarre dysfunctional mitochondria are a histo-
logical feature of airway epithelium from asthma patients;
pre-existing mitochondrial dysfunction leads to a stronger
asthma phenotype in experimental models (as discussed
above) and mitochondrial-targeted therapies show efficacy
in models of asthma. The association appears fundamental
and beyond the allergic process. Epidemiologic data strongly
connects MetS, which is strongly associated with systemic
mitochondrial dysfunction at a molecular level, with asthma
[2]. While asthma-like changes in lungs can occur indepen-
dent of any allergy [48], there is also a synergistic conver-
gence between allergic inflammation and metabolic stress, at
the level of mitochondria. In particular, arginine metabolism
seems to be tightly interconnected between allergic and met-
abolic processes, in the context of mitochondrial function.
Asymmetric dimethyl arginine (ADMA), an endogenous un-
coupler of nitric oxide synthase, has been associated strongly
with MetS as well as asthma, especially obese-asthma. IL-4,
the prototypical allergic cytokine, modulates ADMA metab-
olism such that ADMA synthesis is increased and degradation
decreased. Synergistic action of IL-4 and ADMA potently
induces reduction in mitochondrial numbers and increase in
mtROS via the cellular hypoxic response and consequent
downregulation of TFAM and PGC 1α [41]. Such changes
in mitochondrial function are already well known in insulin
resistance, diabetes and MetS.
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It is to be noted that aberrations in a mitochondrial bioen-
ergetic within a normal cell can be easily buffered by the
presence of high mitochondrial number. It is therefore inter-
esting and significant that existing literature cumulatively in-
dicates reduction in mitochondrial biogenesis and the persis-
tence of stressed mitochondria within the cell, leading to de-
fects due to oxidative stress and propagation of asthma/MetS.
While environmental stressors such as allergens, cigarette
smoke or air pollutants are important modulators of mitochon-
drial function in allergy or asthma, at least some of the risk
appears to be inherited. Mitochondrial haplogroup U and
polymorphisms in mitochondrially encoded genes have been
associated with increased IgE or asthma, as reported previous-
ly [49].

Air-Borne Particulate Matter as a Trigger
of Mitochondrial Dysfunction and Implications
for Metabolic and Allergic Diseases

Air pollution, especially exposure to airborne particulate mat-
ter (PM), has been linked to multiple diseases including aller-
gies [50], asthma and cardiometabolic syndromes. There are
several pathways, which connect airborne PM exposure to
mitochondrial dysfunction, potentially culminating in in-
creased risk for these disorders. Given the increasing global
threat of air pollution and the likely consequences to human
health, we discuss the mechanisms in greater detail.

The Effect of PM on Mitochondrial Dynamics

In a study assessing the impact of fine particulate matter below
2.5 μm in diameter (PM 2.5), PM2.5-exposed rat lung injury
was found to be associated with mitochondrial fusion-fission
dysfunction, ROS generation, mitochondrial lipid peroxida-
tion and cellular homeostasis imbalance, leading to disruption
of mitochondrial dynamics [51••]. Mitochondrial fission and
fusion are crucial for the maintenance of metabolic efficiency
and mitochondrial quality control. Under conditions of cyto-
solic stress, which often results in oxidative damage to the
mitochondrial membrane through lipid peroxidation or the
oxidation of mitochondrial proteins, smaller, damaged mito-
chondria fuse together to preserve metabolic efficiency. These
larger hypertrophied mitochondria are characteristic of high
cytosolic stress and oxidative damage. Mitochondrial fission
serves as a mechanism for removal of damaged components
of the organelle through autophagy. PM 2.5 influences the
expression of dynamin-related proteins such as Opa1 in mam-
mals, required for inner membrane fusion, and Drp1 in mam-
mals that assemble on the mitochondrial surface to mediate
mitochondrial fission [52, 53]. Since increased rates of mito-
chondrial fission and fusion are part of the conserved mito-
chondrial response to stress, PM 2.5-mediated disruption of

mitochondrial dynamics is expected to accelerate irreversible
mitochondrial dysfunction.

PM-Mediated Damage to Mitochondrial DNA

That mitochondrial DNA is susceptible to oxidative damage
due to oxidative stress has been well documented. Located in
the mitochondrial matrix, near the inner mitochondrial mem-
brane where both ATP and free radicals are produced, it is
prone to mutations in the absence of DNA repair mechanisms
and the protection offered by histone molecules. The mito-
chondrial genome encodes 37 genes that are mostly related
to the electron transport chain and plays a pivotal role in the
synthesis of mitochondrial proteins, and its preservation
would have a direct effect on the overall efficiency of oxida-
tive phosphorylation. Mutations in mtDNA therefore result in
a loss of encoded respiratory chain subunits and an overall
reduction in the efficiency of ATP synthesis, the earliest indi-
cators of metabolic dysfunction [54]. Evidence of PM-
associated increase in mitochondrial oxidative DNA damage
during pregnancy in both mothers and their newborns was
observed in a study assessing the effect of particulate air pol-
lution exposure in early life with 9-OHDG levels as a as a
biomarker for oxidative stress [55••]. Effects of air pollution
on mtDNA damage, including copy number variation, 8-hy-
droxy-2′-deoxyguanosine (8-OHDG) formation and
heteroplasmy in ‘complex’mitochondrial diseases, have been
reported in human and animal studies [56].

PM-Induced Changes in Mitochondrial Membrane
Potential

While the inner membrane is impermeable to protons to main-
tain the necessary H+ gradient, the inner membrane in un-
healthy cells becomes permeable to solutes less than
1.5 kDa. This leads to permeability transition and significantly
reduces the potential difference across the membrane, culmi-
nating in opening of the permeability transition pore complex
[57••]. Diesel exhaust particles are strongly implicated in trig-
gering the mitochondrial apoptotic pathway through increased
ROS production and an overall disruption of mitochondrial
function, via a sequence of events that commence with change
in the mitochondrial membrane potential, followed by cyto-
chrome c release and subsequent development of membrane
asymmetry [58]. A study assessing the effect of cadmium on
MRC 5 foetal lung fibroblasts found that cadmium-induced
oxidative stress led to peroxidation of lipids, DNA damage
and protein oxidation. Further, in mouse and rat liver cells,
subcutaneous administration of cadmium led to cadmium in-
toxication for 4–8 h and caused sustained lipid peroxidation
[59]. Lipid peroxidation is known to cross-link and polymer-
ise membrane components resulting in modification of mem-
brane lipids and altered membrane activity such as release of
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mitochondrial calcium. The released Ca2+ can potentiate
ROS formation, which in turn leads to production of oxidised
lipids and cross-linked proteins, culminating in membrane
permeability [60–63]. As cadmium is seen to induce a 12.5-
fold increase of Ca2+ after 2 h of intoxication in osteosarcoma
cells, cadmium intoxication may be involved in mitochondrial
membrane transition via lipid peroxidation and calcium re-
lease [64].

PM 2.5-Mediated Ubiquitin-Proteasome System
Inhibition

The ubiquitin proteasome system (UPS) is a mechanism to
eliminate surplus or dysfunctional mitochondrial proteins, or
whole damaged organelles that can negatively influence cel-
lular homeostasis, and functions mainly by eliminating
misfolded or damaged proteins. Damaged/misfolded proteins
are selectively polyubiquitinated, recognised and then degrad-
ed by proteasomes. The initial impairment of the UPS impli-
cated in the generation of ROS, occurs in the mitochondria
through proteasome inhibition [64–66]. Proteasomal activity
is normally seen to decline with age as a result of decreased
expression and oxidative modification of proteasomal proteins
[50]. Exposure to air pollution toxicants too has been found to
result in decreased proteasomal activity, directly resulting in
oxidative stress [67]. Damage to the proteasome is known to
result in the accumulation of oxidatively damaged
polyubiquitinated proteins, which further inhibit proteasome
function either by exceeding its binding capacity or by poi-
soning its catalytic properties. These findings are consistent
with an increase in the level of oxidative stress following the
inhalation of diesel exhaust particles or secondary organic
aerosols. It remains unclear, however, whether the role of
UPS inhibition is pathological, homeostatic or merely a mark-
er of exposure.

Mitochondrial Targeted Therapy in Allergy, Asthma
and Metabolic Syndrome

It is being increasingly seen that the importance of the mito-
chondria lies beyond its canonical roles of ATP synthesis,
apoptosis and stress signalling. A novel study reports the role
of mitochondria in cytosolic protein homeostasis, wherein ag-
gregated cytoplasmic proteins are imported into the mitochon-
dria for degradation [68]. There are several reports that mito-
chondria can epigenetically regulate the nucleus both at the
level of DNA and histones [69, 70]. While the exact cellular
mechanism is not yet elucidated, the upregulation of TET
proteins—the only known effectors of hydroxymethylation
of cytosines in nuclear DNA—and the resulting epigenetic
changes in the nuclear gene signature is documented under
conditions of oxidative stress [71]. Similarly, ETC stress

induced in C. elegans upregulated jmjd 1.2 and jmjd 3.1
encoded lysine demethylases that act upon H3Kme2 and
H3Kme3 modifications, leading to nuclear gene expression
promoting longevity [69]. Therefore, a mitochondrial popula-
tion which is intact and unharmed in all respects is critical to
ensure a cell’s healthy continual.

This understanding comes in the face of reports that show
ambiguous results of antioxidant therapy. Intuitively, the ad-
ministration of antioxidants in the case ofMetS/asthma should
have been effective, as these are mtROS disorders. However,
administration of alpha tocopherol and vitamin C has not been
successful [2, 72, 73]**. This is probably because the surge of
mtROS is too high to be countered by antioxidants or that the
oxidative damage sustained by mitochondria is too far gone to
be helped by belated quenching of ROS. However, the mito-
chondrial antioxidant coenzyme Q10 and its derivative Mito
Q are being looked upon as potential therapeutic molecules,
after a study involving steroid-dependent asthma patients ad-
ministered with a daily dose of coenzyme Q10, alpha tocoph-
erol and vitamin C showed increased corticosteroid sensitivity
[74]. It is important to note that untargeted quenching of ROS
could achieve different results in different cells. While in-
creased mtROS is harmful in airway smooth muscle cells
and fibroblasts leading to mitochondrial dysfunction and asth-
ma, fluctuating mtROS levels in homing immune cells, such
as Tregs, promote fatty acid metabolism and consequent anti-
inflammatory functions that should be left undisturbed [72]**.
Therefore, cell type-specific ROS quenching is called for in
this approach to therapy.

There are two emerging approaches with potential for ther-
apy of metabolic disorders that are still in experimental stages.
One of these is reduction of heteroplasmy or elimination of
damaged mitochondria. MetS is characterised by SNPs in the
mtDNA, which serve as points of difference from their normal
counterpart and can be exploited. A proof of principle for this
approach is obtained from experiments in heteroplasmic
cybrids carrying G14459A LHON/dystonia mutation in the
ND 6 gene. A mitoTALEN specific for this site was intro-
duced into the cybrid population, leading to transient decrease
of mutant mitochondria and repopulation with the wild type
[75]. Similarly, NBZ/BalbC heteroplasmic mice were either
injected or intravenously infused to specific organs, with vec-
tors encoding the mitochondrially targeted Apal1 restriction
enzyme, under tissue-specific promoters. This led to the suc-
cessful elimination of the mitochondrial haplotype that
contained the Apal1 site [76••, 77].

A simpler alternative is the transfer of mitochondria or
healthy mitochondrial repopulation in stressed cells by ‘dona-
tion’ from surrounding cells. Studies indicate that mitochon-
drial exchange between cells might be a regular physiological
phenomenon. Intercellular mitochondrial transfer occurs uni-
directionally (mesenchymal stem cells (MSCs) –> injured
lung epithelia) and bidirectionally (fibroblast <–> fibroblast,
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MSCs <–> fibroblasts) in the cellular milieu [78–80]*. It is
speculated that such transfers enhance the availability of func-
tional mitochondria in cells, supplementing the relatively
slower, multistage process of mitochondrial biogenesis [79•].
Even cancer cells depend on functional mitochondria for
growth potential. Indeed, T7 rho0s (cancerous T7 without
mitochondrial DNA) show a time lag to tumour initiation in
mice, forming observable tumours only after they have ac-
quired mitochondria from the neighbouring untransformed
cells [81]. Mitochondrial transfer occurs via vesicles or
through extracellular membrane connections called tunnelling
nanotubules (TNTs) that form a connecting tunnel between
two communicating cells [82, 83]. TNTs have been shown
to transport mitochondria between cells [84, 85]. The Rho
GTPase Miro1 regulates transfer of mitochondria between
MSCs and injured epithelial cells. Using a mouse model of
allergic asthma, it was shown that the intratracheal adminis-
tration of MSCs to injured airway epithelium led to the rever-
sal of airway injury—by the repopulation of injured epithelial
cells with healthy mitochondria donated by MSCs—and at-
tenuation of allergic inflammation. This phenomenon was
found to occur with higher efficiency inMiro1 overexpressing
MSCs [86••].

The attraction of mitochondrial transfer therapy lies in its
relative simplicity and inherent specificity. In our experiments,
we find that the donor MSCs shrink or disappear completely
after airway rehabilitation, possibly on account of robust do-
nation of mitochondria to injured cells (unpublished). Further,
TNT formation between MSCs and the injured epithelial cells
is vastly more abundant compared to that of MSCs and other
cells in the milieu, conferring specificity to the intervention.

Conclusions

Allergens and air pollutants cause mitochondrial dysfunction
and mtROS-mediated systemic inflammation, which is crucial
in the pathogenesis of allergy, asthma and MetS, individually.
Research is increasingly providing evidence that inflamma-
tion during any one of these conditions can drive the patho-
genesis of another, establishing a bidirectional cause-and-
effect relationship, as illustrated in Fig. 1. With increased per-
sistence of air pollutants and allergies, a common effective
therapy for the comorbidities is needed. This now seems pos-
sible by targeting dysfunctioning mitochondria in these disor-
ders. While mitochondrial antioxidant coenzymes Q10 and
Mito Q are an effort in that direction and have entered clinical
trials, mitochondrial transfer therapy is potentially promising
in skewing the cellular heteroplasmy in favour of healthy mi-
tochondrial numbers and has met with success in many exper-
imental animal models. Mitochondrial targeted therapy, there-
fore, merits greater research focus in mtROS-linked disorders.

Repair, reprogramming and replacement are the three axes
around which clinical interventions could be designed [87••].
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