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Mesenchymal stem cell (MSC) transplantation alleviates metabolic defects in diseased recipient cells by intercellular mitochondrial
transport (IMT). However, the effect of host metabolic conditions on IMT and thereby on the therapeutic efficacy of MSCs has
largely remained unexplored. Here we found impaired mitophagy, and reduced IMT in MSCs derived from high-fat diet (HFD)-
induced obese mouse (MSC-Ob). MSC-Ob failed to sequester their damaged mitochondria into LC3-dependent autophagosomes
due to decrease in mitochondrial cardiolipin content, which we propose as a putative mitophagy receptor for LC3 in MSCs.
Functionally, MSC-Ob exhibited diminished potential to rescue mitochondrial dysfunction and cell death in stress-induced airway
epithelial cells. Pharmacological modulation of MSCs enhanced cardiolipin-dependent mitophagy and restored their IMT ability to
airway epithelial cells. Therapeutically, these modulated MSCs attenuated features of allergic airway inflammation (AAI) in two
independent mouse models by restoring healthy IMT. However, unmodulated MSC-Ob failed to do so. Notably, in human (h)MSCs,
induced metabolic stress associated impaired cardiolipin-dependent mitophagy was restored upon pharmacological modulation. In
summary, we have provided the first comprehensive molecular understanding of impaired mitophagy in obese-derived MSCs and
highlight the importance of pharmacological modulation of these cells for therapeutic intervention.
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INTRODUCTION
MSCs are widely being explored as promising cell-based therapies
for several human diseases [1]. Clinical trials are underway to
explore MSCs for the treatment of complex lung disorders [1, 2]. A
recent addition is the successful early phase clinical trial of MSCs
to lower mortality due to COVID-19 [3]. The beneficial effect of
MSCs is attributed to their intrinsic immunomodulatory activity,
generally mediated by their paracrine secretions [4–6]. Over the
last decade, a new paradigm of MSC therapeutics has emerged
which is based on their unique ability to donate functional
mitochondria to metabolically compromised recipient cells [7–9].
The mitochondrial donation by MSCs to injured alveolar and
bronchial epithelial cells alleviates acute lung injury and
inflammatory airway diseases [7, 10], independent of their
immunomodulatory cytokine secretion and regenerative potential
[7]. On the flip side, mitochondrial donation by MSCs enhances
bioenergetics in cancer cells [11–13] and increases their drug-
resistance. This mitochondrial donation potential is also retained
by MSCs derived from induced pluripotent cells (iPSCs), which
alleviate asthmatic features and cigarette smoke-induced COPD
[14, 15]. Further, MSCs donate mitochondria directly to immune

cells to modulate host cell immune response and alleviate tissue
inflammation [16]. Nevertheless, most of the studies exploring the
therapeutic efficacy of MSCs have relied on the cells obtained
from disease-free conditions. Induction of cell stress in MSC
drastically reduces their intercellular mitochondrial donation
capacity and compromises their therapeutic efficacy. Accumulat-
ing evidence now show that MSCs derived from disease-specific
animal models and human patients exhibit impaired bioenergetics
and altered mitochondrial quality control (MQC), which may
compromise their long-term therapeutic efficacy [17–20].
Human adipose derived stem cells (ASCs) from aged individuals

display oxidative stress, reduced multilineage proliferation rate,
and decline in differential potential with a concomitant increase in
senescence phenotype [21, 22]. Similarly, ASCs derived from
human orbital fat show senescent phenotype, reduced differential
potential, and impaired stemness properties [23]. These age-
related changes markedly reduce the number of functional MSCs,
which further limits their clinical application [24]. Most notably,
these changes are associated with a decline in mitochondrial
function and elevated oxidative stress [25]. Besides donor age,
mitochondrial dysfunction is also observed in MSCs obtained from
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animal models of metabolic syndrome (MetS) and human patients
with obesity, diabetes, MetS, and aging [26, 27]. Obese condition
also has a pronounced effect on MSC immunomodulatory activity,
stem cell property, and therapeutic efficacy [28]. This has
important clinical implications for autologous MSC treatment in
such patients, especially for indications related to complications of
metabolic disorders. Here we examine whether intercellular
mitochondrial donation capacity and therapeutic efficacy of MSC
from obese subjects is compromised. Further, we examine
whether mitochondria-targeted therapy can reverse such defects,
enabling autologous treatment.
Generally, dysfunctional mitochondria are selectively removed

from the cells by mitophagy that reduces the accumulation of
damaged mitochondria to prevent cell death [29, 30]. Mitophagy
is normally followed by mitochondrial biogenesis to ensure an
adequate number of functional mitochondria through the MQC
pathway [31]. Under certain disease conditions, mitochondrial
dysfunction may not always be accompanied by mitophagy,
which results in metabolic decline and eventually cell death [32].
Classical mitophagy involves stabilization of mitochondrial serine/
threonine-protein kinase PINK1 on the outer membrane of
depolarized mitochondria and recruitment of cytosolic E3-
ubiquitin-protein ligase Parkin to these depolarized mitochondria.
Though, alternate Parkin independent mitophagy mediated by
BNIP3L/NIX and FUNDC1 exists in certain cells[33–35], recent
studies suggest that MSCs mostly utilize the classical PINK1/Parkin
pathway to clear the damaged mitochondria [36, 37]. Conditions
such as senescence, obesity, and type II diabetes mitigate
autophagy/mitophagy in MSCs, resulting in the accumulation of
dysfunctional mitochondria and compromised beneficial effect
[38, 39]. However, the mechanism of mitochondrial dysfunction
and the role of mitophagy in determining the therapeutic
potential of MSCs has largely remained unexplored.
Here, we have systematically evaluated the role of mitophagy in

MSCs derived from the (HFD)-induced obese mouse and human
MSCs and evaluated their therapeutic potential in vitro and in two
independent mouse models of allergic asthma. Our findings
uncover previously unknown mechanism that determine the
mitophagy, IMT and thereupon the therapeutic efficacy of MSCs.
Importantly, we have shown that the impaired therapeutic
potential of MSC-Ob is reversible with a small molecule PQQ,
which restores mitophagy and IMT by enhancing sequestration of
dysfunctional mitochondria to autophagosomes.

RESULTS
MSCs derived from obese mice show reduced intercellular
mitochondrial transport and accumulation of dysfunctional
mitochondria
We developed an 18-week-old (HFD)-induced obese mouse model
as described by us previously (Fig. 1A) [40]. An increase in body
weight (44.2 ± 0.68 in obese vs. 24.9 ± 0.48 in lean) and changes in
biochemical profile confirmed the obesity features in these mice
(Fig. S1). To determine whether MSCs derived from HFD mice
maintain stem cell property, we harvested cells from lean (MSC-L)
and HFD mice (MSC-Ob) and analyzed them for expression of key
stem cell markers (positive: Sca1, CD44; negative: CD11b). Both the
groups had similar expression of the stem cell markers (Fig. S2A).
However, MSC-Ob showed a trend towards increase in cell death
and cellular senescence but decrease in the rate of cell
proliferation (Fig. S2B-E). Thus, MSCs derived from (HFD)-induced
obese mouse, despite retaining the stem cell markers, show
alteration in overall cell survival in the culture.
It has largely remained elusive as to what extent MSCs derived

from diseased, particularly from obese patients retain therapeutic
efficacy. To probe the same, we used a co-culture system to model
mitochondrial donation, using mito-GFP expressing MSCs as
donors and stressed mouse lung epithelial cells (MLE12) as

mitochondria recipients. MLE12 cells were first treated with either
vehicle (Veh) or rotenone (Rot) (to induce mitochondrial dysfunc-
tion) for 12 hours (hrs) and then stained with cell tracker deep-red
before co-culture. After 24 h of co-culture, we performed flow
cytometry analysis to measure the percentage of MLE12 cells
expressing mito-GFP—an indicator of mitochondrial uptake. A
substantial decrease in intercellular mitochondrial transport from
MSC-Ob to the MLE12Rot cells was observed, compared to that
from MSC-L (Fig. 1B). We found a similar trend using imaging
studies followed by quantitative analysis (Fig. 1C, D). This decline
in the mitochondrial donation by MSC-Ob was associated with
their diminished potential to rescue cell death in MLE12Rot cells
(Fig. 1E).
We have previously reported that Miro1 regulates the

intercellular transfer of mitochondria by MSCs [7]. To examine
whether the decrease in mitochondrial donation was due to the
differential expression of Miro1, we measured its expression at
mRNA and protein levels. However, MSC-L and MSC-Ob did not
significantly differ in the Miro1 expression (Figs. 1F and S3A),
which is consistent with our previous study that endogenous
Miro1 expression does change during epithelial cell stress [8].
Similarly, we did not find any significant changes in tunneling
nanotube (TNT) formation, which are the primary mediators of IMT
(Fig. S3B, C) [41].
The decrease in IMT can also attribute to enhanced mitochon-

drial turn-over or reduced mitochondrial biogenesis. On the
contrary, we found a distinctly increased mitochondrial mass,
mtDNA content, and mitochondrial number per cell in MSC-Ob, as
measured by flow cytometry, imaging analysis, and RT-qPCR (Fig.
1G–J). The increase in mitochondrial mass was not due to
mitochondrial biogenesis as reflected by unaltered PGC-1α
expression (Fig. 1K). Notably, MSC-Ob displayed smaller and
punctate mitochondrial structure with robust changes in cristae
structure than the regular tubular network seen in MSC-L (Fig.
1L–N). In line with changes in mitochondrial shape, we found
trend towards increase in Drp1 (mito-fission protein) whereas no
significant difference was observed in Mfn1 (mito-fusion protein-
1) expression (Fig. 1O), suggesting that mitochondrial fission is
increased. These mitochondrial shape and form changes corro-
borate increased mitochondrial ROS (mtROS) levels, reduced
mitochondrial membrane potential (ΔΨm), and decreased bioe-
nergetic flux (Fig. 1P–R). Prominently, ATP levels, basal respiration,
maximal respiration, and spare respiratory capacity were sig-
nificantly reduced (Fig. S4). Altogether, these results indicate that
MSCs derived from obese mice exhibit reduced intercellular
mitochondrial donation, apparently due to the accumulation of
dysfunctional mitochondria.

MSCs derived from obese mice show altered mitochondrial
sequestration to autophagosomes
Accumulation of dysfunctional mitochondria is generally attrib-
uted to their reduced clearance from the cells by mitophagy [42].
Therefore, we looked at the conventional pathway of mitophagy
in MSCs, which involves PINK1 and Parkin. MSCs were treated with
FCCP (5 and 10 μM) to induce mitochondrial depolarization, and
mitochondrial fractions were prepared and subjected to immuno-
blotting for endogenous PINK1 and Parkin. The quality of
mitochondrial fraction was confirmed by checking for the
expression of mitochondrial marker and the absence of cytosolic
marker (Fig. S5A). As shown in Fig. 2A, FCCP treatment induced
accumulation/stabilization of PINK1 in the mitochondrial fractions
derived from MSC-L. Surprisingly, MSC-Ob showed inherent
stabilization of PINK1, with no further increase upon depolariza-
tion (Fig. 2A). Parkin showed a similar pattern of expression (Fig.
2B) and these results were confirmed by immunofluorescence
followed by colocalization analysis (as calculated by Mander’s
coefficient) (Fig. 2C, D). These results are thus consistent with the
notion that depolarized mitochondria stabilize PINK1 and recruit
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Fig. 1 Obese-derived MSCs exhibit reduced intercellular mitochondrial transport due to mitochondrial dysfunction. A Schema of the
development of diet-induced obesity model. The MSCs were harvested from mice fed a high-fat diet for 18 weeks (MSC-Ob) and control mice,
which received a regular diet (MSC-L). The mice were subjected to measurements of body weight (b.w.), fasting glucose (FG), triglycerides
(TG), and total cholesterol (TC) before sacrifice at week 24. B Flow cytometry analysis showing mitochondrial donation by GFP transduced
MSCs (mito-GFP) to the vehicle (Veh), or rotenone (Rot) treated MLE-12 cells after 24 h of co-culture. C Representative images of mito-GFP-
transduced MSC-L show mitochondria donation to Rot treated MLE12, which were stained with cell-tracker deep red (CTDR). Yellow
arrowheads show the mito-GFP signal in MLE12 cells, and TNTs (white arrowhead) between the two cells visualized after fixing the cells and
staining with phalloidin 594 (P594; blue). D The integrated density of mito-GFP signal quantified in CTDR positive MLE12 treated with Veh or
Rot. E Representation of flow cytometry histograms showing mtROS levels in cell tracker green (CTG) stained MLE12 cells after co-culture with
unstained MSCs (left panel). Histogram of the flow cytometry data with n= 5-6 from three independent experiments (right panel).
F Immunoblot of Miro1 expression in total cell lysate and the corresponding densitometric analysis (below panel). G The mitochondrial mass
measured by flow cytometry in MSC-L and MSC-Ob after staining with mitotracker green (MTG) (left panel). Histogram of the flow cytometry
data with n= 4 from three independent experiments (right panel). H Representative images of MSC-L and MSC-Ob after staining with
mitotracker red (MTR) and Hoechst (blue). I Mitochondrial cell number was calculated by staining the cells with MTR and imaging analysis and
presented as number of mitochondria per cell. J RT-qPCR analysis showing mtDNA content in MSC-L and MSC-Ob. K Immunoblot of PGC-1α
and β-actin in cell lysate from MSC-L and MSC-Ob along with densitometric analysis (below panel). L Mitochondria size was calculated in
images obtained after staining the cells with MTR. M, N Electron Microscopy images show imperfect cristae, more pronounced in MSC-Ob
(blue arrowheads) and quantitative analysis per 100 cells. O Immunoblot and densitometric analysis of Drp1, mfn1 and β-actin. P, Q graphical
representation of flow cytometry data showing mtROS in cells stained with mitoSOX and percentage depolarized mitochondria in cells
stained with tetramethyl rhodamine ethyl ester (TMRE). Corresponding graphs of mitoSOX and TMRE represented as fluorescent values and
percentage depolarization respectively. R Measurement of oxygen consumption rate (OCR) in MSC-L and MSC-Ob under basal and various
mitochondrial complex inhibitor treatments. Data is shown as Mean±SEM with n ≥ 3. ****P < 0.001; ***P < 0.005; **P < 0.01; *P < 0.05; ns (non-
significant). Scale bars: C: 20 µm; H: 10 µm; M: 0.1 µm.
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cytosolic Parkin [29, 43]. This pattern of expression seen in MSC-
Ob indicates their inherently depolarized mitochondria, as shown
in Fig. 1Q.
We next assessed the role of essential proteins implicated in

autophagosome formation. Depolarized mitochondria are gener-
ally sequestered to the autophagosomes and thereupon to
lysosomes for clearance [29, 43]. The autophagosome formation
begins with the maturation of diffused LC3-I to the puncta
forming LC3-II, which is also considered as a marker for
autophagosomes. First, we performed immunoblotting to probe
any changes in the maturation of LC3-II. As shown in Fig. 2E, FCCP
treatment induced LC3-II formation in MSC-L, whereas MSC-Ob
had significantly lower levels. Next, we evaluated LC3-dependent
autophagosome formation and LC3 colocalization with mitochon-
dria under un-induced and chemically-induced depolarization
conditions. We used a mild depolarizing agent antimycin A (AMA),
which induces mitochondrial dysfunction by enhancing mtROS
production [44]. As expected, we found LC3 puncta formation in
MSC-L and their colocalization with mitochondria upon depolar-
ization. On the contrary, MSC-Ob showed significantly reduced
colocalization with a concomitant decrease in the autophagosome
number (Figs. 2F–H and S5B, C). We also assessed the effect of LC3
overexpression on autophagosome formation and mitochondrial
sequestration. However, we did not find any significant changes in
LC3 maturation and colocalization with mitochondria in MSC-Ob
after LC3 overexpression (Fig. S5D). These results thus indicate

that reduced sequestration of dysfunctional mitochondria into the
autophagosomes contributes to their accumulation in MSC-Ob.

Increased lysosomal content in MSC-Ob does not correlate
with improved mitophagy
To examine the involvement of the general autophagy pathway,
we assessed the expression of crucial autophagy regulatory
proteins. However, we did not find any significant changes in
the expression of Atg5, Atg7, total and phosphorylated Beclin1
(Fig. S6A–C). Similarly, using an autophagy pathway specific RT-
qPCR array, we did not find differential expression in their
transcript levels (Fig. S6D). These results suggest that the
expression of general autophagy proteins remains unaltered in
MSC-Ob, despite significant alterations in the mitophagy pathway.
The autophagosomes eventually fuse with the lysosomes to form

the autophagolysosome. Previous studies have reported impaired
mitophagy during lysosomal abnormalities [45]. We thus assessed
the status of lysosomes by evaluating the expression of late
endosome/lysosome marker LAMP1 and lysosomal content. Surpris-
ingly, we observed a significant increase in basal LAMP1 expression
in MSC-Ob. On the contrary, MSC-L showed increased expression
only upon depolarization (Fig. 3A, B). Additionally, we performed
live-cell imaging of cells stained with lysotracker deep red (LTDR)
followed by image analysis. As shown in Fig. 3C, an increase in the
LTDR staining in MSC-Ob was observed. These results thus suggest
that MSC-Ob has inherently higher lysosomal content.

Fig. 2 MSC-Ob exhibits impaired mitophagy and reduced activation of LC3-dependent autophagosomes. A Immunoblot of PINK1 in the
mitochondrial extracts prepared under DMSO (0) and FCCP (5 µM and 10 µM) treatment for 1 hr with densitometric analysis (right panel).
B Similarly, immunoblot showing the expression of Parkin. C Representative images of cells stained for endogenous PINK1 (red) and Tom20
(green) treated with Veh or FCCP. Line scans show colocalization (below panel) between PINK1 and Tom20. Images from C were analyzed to
determine Mander’s coefficient (right panel), which indicates the extent of colocalization between mitochondria (green) and PINK1 (red).
D Similarly, images of Parkin’s immunofluorescence and line scan analysis (below panel) and Mander’s coefficient. E Immunoblot of LC3 in MSCs
treated with DMSO (0) or FCCP (5 µM and 10 µM) for 1 hr. The lower panel shows the densitometry analysis. F Representative images of LC3
(red) and Tom20 (green) treated with DMSO (Veh) or 10 µM antimycin (AMA) for 1 hr. G Mander’s coefficient representing the colocalization
between LC3 and Tom20. H Quantitation of LC3 puncta per cell, which represents the autophagosome formation in images from G.
****P < 0.001; ***P < 0.005; **P < 0.01; *P < 0.05; ns (non-significant). Scale bars: C: 10 µm; D, F: 20 µm.
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Given the fact that MSC-Ob have increased lysosomal content
and an alternative autophagy pathway exists wherein depolarized
mitochondria are directly taken up by the endosomal pathway for
clearance [46, 47], we investigated whether increase in lysosomal
content primes these cells to use this alternative for mitochondrial
clearance. To explore this possibility, we transduced the cells with
lentiviral mito-GFP and subsequently stained them with LAMP1
and LTDR, respectively. MSC-Ob did not show any significant
changes in the association of mitochondria with LAMP1 (Fig. 3D, E)

or LTDR (Fig. 3F, G) with or without FCCP treatment, as opposed to
MSC-L. Mander’s coefficient also revealed reduced colocalization
of mitochondria with LAMP1 (0.43 ± 0.03 MSC-L FCCP vs.
0.24 ± 0.03 MSC-Ob FCCP) with a similar trend observed in LTDR
(0.38 ± 0.03 MSC-L FCCP vs. 0.25 ± 0.02 MSC-Ob FCCP) (Fig. 3E, G).
To check whether MSC-Ob has a general defect in the autophagic
flux, we used a control autophagy assay based on p62/SQSTM1
turnover [48]. Autophagy was induced in the cells by starvation.
Consistent with the results above (Fig. 2), autophagosome

Fig. 3 Mitochondrial sequestration into autophagosomes is inhibited by reduced cardiolipin content rather changes in lysosomal
function. A LAMP1 expression in MSCs treated with DMSO or FCCP for 2 h before the total protein lysates were prepared for immunoblotting.
The right panel shows the densitometry analysis of the blots. B Representative images of LAMP1 in MSCs stained with anti-LAMP1 antibody
(red) and DAPI (blue). The right panel shows the image analysis data plotted as integrated density. C MSCs were live stained with lysotracker
deep-red (LTDR) and imaged in the presence of Hoechst stain (blue). The images (C) were quantified and represented as integrated density.
D Representative images of MSC-L (D1) and MSC-Ob (D2) transduced with mitochondrial-targeted GFP (mito-GFP) and treated with DMSO or
FCCP for 2 h. After fixation, the cells were stained with LAMP1 (red) and DAPI. Right panels show the line scans of the images indicating the
extent of colocalization. E Mander’s coefficient showing the degree of colocalisation between LAMP1 and mitochondria. F Similarly, the
images of MSC-L (F1) and MSC-Ob (F2) along with the line scans. G Image analysis (D) to determine the Mander’s coefficient between
lysosomes and mitochondria. MSCs after transduction with mito-GFP (green) were treated with DMSO or FCCP and further stained with LTDR
(red). Line scans indicate the extent of overlap between LAMP1 and mitochondria in the region selected (F). H, I Expression of FUNDC1, VDAC,
p62 and β-actin as revealed by immunoblotting of MSCs treated with DMSO (0) or FCCP (5 µM and 10 µM). J The corresponding densitometry
analysis. K LC-MS data showing the histograms of cardiolipin species detected in MSC-L and MSC-Ob cells. The cardiolipin species (with n= 3
different samples) which were significantly different are shown here while all the species detected are shown in Fig. S8. Mean ± SEM.
****P < 0.001; ***P < 0.005; **P < 0.01; *P < 0.05; ns (non-significant). Scale bars: B: 50 µm; C: 100 µm; D, F: 10 µm.
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formation was induced in MSC-Ob only upon starvation, albeit
lower than MSC-L. Notably, MSC-Ob showed relatively lower p62
colocalization with LC3 and LAMP1 than MSC-L (Fig. S7). Together,
these results illustrate that an increase in lysosomal content
observed in MSC-Ob does not correlate with clearance of
dysfunctional mitochondria.

MSC-Ob and hMSCFFA display reduced cardiolipin content
which is a putative mitophagy receptor for LC3
For activation of downstream mitophagy, LC3-containing autopha-
gosome binds to the depolarized mitochondria via mitophagy
receptors. Altered expression of these receptors impairs sequestra-
tion of damaged mitochondria into autophagosomes [31, 49]. We
thus evaluated the expression pattern of these receptors. While
FUNDC1 and p62 expression did not significantly differ between
MSC-L and MSC-Ob (Fig. 3H–J), a significant decrease in cardiolipin
content was observed when measured by LC-MS (Figs. 3K and S8A).
We found similar results when stained the MSC-Ob with cardiolipin
specific dye Nonyl acridine orange (NAO) (Fig. S8B), commonly used
to monitor cardiolipin levels in live cells [50].
We also observed that MSC-Ob cardiolipin-stained mitochon-

dria (stained with NAO) showed reduced colocalization with LC3
upon depolarization (Fig. S8C). Our findings (including Fig. 1M) are
consistent with previous reports that decrease in cardiolipin
causes cristae structural changes and impairs mitochondrial
clearance due to reduced interaction with LC3-containing
autophagosomes [51, 52]. Thus, these results demonstrate that
obese-derived MSCs with underlying mitochondrial dysfunction
and reduced cardiolipin content fail to sequester their depolarized
mitochondria into the autophagosomes.
To correlate our findings in human MSCs, we also evaluated the

impact of free fatty acids (FFA) on mitochondrial health,
cardiolipin content and mitophagy, in an in vitro model of a
human (h) MSCFFA. Cells were harvested from normal healthy
subjects with no known history of MetS or obesity and
characterized for stem cell markers (Fig. S9A). The in vitro model
depicting features of MetS or obesity was developed by treating
the cells with FFA for 24 h as described earlier [53]. Upon culturing
in FFA, hMSCs showed increased mtROS, pronounced punctate
mitochondrial morphology, and increased mitochondrial mass
(Fig. S9B–D). Additionally, hMSCFFA showed a significant reduction
in cardiolipin content (Fig. S9E). Upon depolarization, LC3
colocalised with cardiolipins to a much higher extent in Veh than
hMSCFFA (Fig. S9F). Collectively, these findings reveal that like
MSC-Ob, hMSCFFA also exhibit accumulation of dysfunctional
mitochondria and reduced cardiolipin content which may impede
the clearance of defective mitochondria.

PQQ treatment restores impaired mitophagy by increasing
sequestration of damaged mitochondria to autophagosomes
From the results above, it is evident that MSC-Ob has dysfunc-
tional mitochondria with associated impaired mitophagy. We thus
hypothesized that restoring mitochondrial health or autophagy
will increase clearance of depolarized mitochondria. We choose
drugs that directly or indirectly regulate mitochondrial health,
mitophagy and autophagy. As an assay outcome, we used
endogenous Tom20 and LC3 as markers to find the effect of
these small molecules in inducing sequestration of mitochondria
into autophagosomes. Images were taken and subjected to image
analysis to determine the extent of colocalization between LC3
and mitochondria. Interestingly, we found relatively higher
colocalization by pyrroloquinoline quinone (PQQ) than other
molecules tested (Fig. 4A). Earlier studies have reported that PQQ
attenuates mtROS and improves mitochondrial health, and
increases autophagy [54–56], so based on these rational we
choose PQQ in subsequent experiments to explore its role in
alleviating mitochondrial health of MSC-Ob. Initially, we tested
various time points of PQQ to find the optimal dose by looking at

its effect in lowering the mtROS. We found that chronic treatment
(6 doses at an interval of 48 h) of 30 μM PQQ (hereafter referred to
as PQQ) significantly reduced mtROS in MSC-ObPQQ as compared
to any other dose and time point tested (Figs. 4B and S10A). PQQ
treatment also restored mitochondrial, ΔΨm, and enhanced
mitochondrial bioenergetics (Fig. 4C–E). Moreover, MSC-ObPQQ

showed more elongated and tubular-shaped mitochondria than
punctate form, with a concomitant decrease in mitochondrial
mass and restoration of damaged cristae, suggesting clearance of
the damaged mitochondria (Figs. 4F–H and S10B, C).
We next assessed the effect of PQQ in the clearance of

damaged mitochondria. A significant increase in the colocalization
of mitochondria with LC3-autophagosomes was observed in MSC-
Ob treated with PQQ (Fig. 4I–J). This effect of PQQ was
corroborated with increase in the cardiolipin content as measured
by LC-MS (Figs. 4K and S11A) and NAO staining (Fig. S11B). The
NAO staining also revealed increased colocalization of cardiolipins
with LC3 (Fig. S11C, D). A similar trend was observed in hMSCFFA

after PQQ treatment (Fig. S11E–G). Similarly, we found that PQQ
enhanced the recruitment of mitochondria to the lysosomes upon
AMA treatment (Fig. 4L, M). Functionally, the effect of PQQ was
evident from the clearance of chemically-induced depolarized
mitochondria from MSC-ObPQQ but not from untreated MSC-Ob,
which accumulate the damaged mitochondria (Fig. 4N). These
results indicate that PQQ potentially helps in regulating the
cardiolipin pathway which thereby enhances sequestration of
dysfunctional mitochondria into LC3-containing autophagosomes.

MSC-ObPQQ rescues mitochondrial damage in stressed
epithelial cells by enhancing the intercellular transport of
functional mitochondria
We and others have previously reported that donation of healthy
functional mitochondria is integral to the therapeutic potential of
MSCs, while a donation of dysfunctional mitochondria deteriorates
the health of recipient cells [7, 57]. Here, we asked whether MSC-
ObPQQ can rescue epithelial cell apoptosis by donating functional
mitochondria. As shown in Fig. 5A, in comparison to the untreated
cells, PQQ treatment significantly increased IMT potential of MSC-
Ob to damaged epithelial cells. This mitochondrial donation was
associated with attenuation of mtROS and restoration of ΔΨm in
recipient MLE12 cells (Fig. 5B, C). Further, the mitochondrial
donation by MSC-ObPQQ restored mitochondrial shape, mitochon-
drial mass, and attenuated cell death in MLE12 cells (Fig. 5D–F).
The effect of PQQ to restore IMT was found independent of its
effect on Miro1 expression and TNT formation (Fig. 5G, H). These
results thus suggest that mitochondrial health regulates IMT in
MSCs. While partially depolarized mitochondria may still undergo
IMT [37], severe depolarization significantly compromises this
property. These findings are consistent with our previous findings
that Rot-induced MSCs have impaired mitochondrial donation
potential [7]. Notably, the results presented here demonstrate that
obesity-associated changes in MSC-Ob are reversible. Their
therapeutic efficacy can be restored by enhancing sequestration
of dysfunctional mitochondria into autophagosomes.

MSC-ObPQQ attenuates allergic airway inflammation in an
Ova-induced mouse model
To investigate the effect of PQQ treatment on the therapeutic
efficacy of obese derived MSCs in vivo. We used our established
ovalbumin-induced allergic airway inflammation (AAI) model [7].
Before transplantation, MSC-Ob were acutely (single dose for 48 h;
MSC-ObP48) or chronically (6 doses for 10 days; MSC-ObPC) treated
with PQQ. Further, obese mice were fed with two different doses of
PQQ (2mg and 4mg/kg body weight) for 15 days before harvesting
MSCs. Following two sensitizations and 4-day ova-challenge, we
intratracheally administered MSCs (1 × 106). The mice were sacrificed
48 h post-transplantation. We observed that MSC-L and MSC-ObPQQ

significantly reduced airway hyperresponsiveness (AHR) in
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comparison to the Ova-induced group (Ova). However, unmodu-
lated MSC-Ob failed to attenuate AHR (Fig. S12A). Corroborating
with AHR data, MSC-ObPQQ showed reduced inflammatory cell
infiltration (Fig. S12B, C) and attenuated mucus secretion in the
airways, whereas MSC-Ob failed to do so (Fig. S12D). Further,
epithelial cell damage was significantly reduced in the animals
treated with MSC-ObPQQ than MSC-Ob (Fig. S12E). Notably, MSCs
harvested from obese mice which were fed PQQ, did not show
significant alleviation in AHR or airway inflammation suggesting that
direct in vitro modulation of MSC-Ob is a better approach.

MSC-ObPQQ enhances intercellular mitochondrial transport
and rescues airway epithelial cell damage
To investigate the effect of PQQ treatment on the therapeutic
efficacy of obese derived MSCs in vivo. We developed a well-
established allergic inflammation model (Fig. 6A) based on house
dust mite (HDM)—a naturally occurring allergen and more
suitable for studying allergic asthma. We chose two different

time points to (1) find the effect of MSCs on intercellular
mitochondrial transfer and (2) the effect on the health of airway
epithelial cells and single chronic PQQ treatment (referred as MSC-
ObPQQ group hereafter). To track the intercellular mitochondrial
donation, we transduced MSCs with a lentiviral expressing mito-
GFP. The tagged MSCs were intratracheally administered and
allowed for 24 h before sacrifice or 48 h using untagged MSCs.
Flow cytometry analysis and immunostaining were performed to
determine the mitochondrial donation of MSCs to airway
epithelial cells. The airway epithelial cells were visualized by
staining with epithelial cell marker; EpCAM (for flow cytometry)
and CCSP (for immunofluorescence). As shown in Fig. 6B, GFP
positive signal was detected in lung epithelial cells from MSC-L,
while MSC-Ob showed a significantly reduced signal. Notably,
MSC-ObPQQ administered animals showed restoration of the GFP
signal in the airway epithelial cells (Fig. 6C, D). We further
evaluated whether mitochondrial donation had any effect on the
bioenergetics and mitochondrial health. To do so, we measured

Fig. 4 MSC-Ob cultured in PQQ restores structure and function of mitochondria and their sequestration to autophagosomes. A MSCs
were treated with DMSO (Veh), Mito-TEMPO (Mito-T), Resveratrol (RESV), N-acetyl cysteine (NAC), 3-methyladenine (3MA), Urolithin A (UA),
nicotinamide mononucleotide (NMN), and Pyrroloquinoline quinone (PQQ) for 48 h before fixing the cells. The cells were stained for
endogenous LC3 (red) and Tom20 (green) and analyzed to determine the Mander’s coefficient represented as heat-map. B Bar graph
representation of flow cytometry analysis of mtROS in MSCs treated with PQQ (chronic 30 μM treatment of 6 doses for 10 days). The cells were
stained with mitoSOX red. C Similarly, cells were stained with TMRE to determine the degree of mitochondrial depolarization. D, E OCR reflects
ATP production and basal respiration. F Representative images of MSCs stained with mitotracker red (MTR) showing mitochondrial
morphology. G Image quantitation (F) showing changes in mitochondrial size between different groups. H Representative flow cytometry
histograms of mitotracker green (MTG) stained MSCs. I MSCs were treated with AMA (10 µM) for 1 hr and then stained for endogenous LC3
(red) and Tom20 (green). J Mander’s coefficient was calculated in images from J to find the colocalization between Tom20 and LC3. K LC-MS
data showing bar graphs of selected cardiolipin species which are significantly different between MSC-L, MSC-Ob and MSC-ObPQQ groups.
L Representative images of cells stained with lysotracker deep red (LTDR) and Tom20. M Mander’s coefficient indicating the extent of co-
localisation between mitochondria and lysosomes. N MSCs were treated with AMA (10 µM) for 2 hr and stained with mitotracker green to find
the mitochondrial turn-over, represented as integrated density. Mean ± SEM. ****P < 0.001; ***P < 0.005; **P < 0.01; *P < 0.05; ns (non-
significant). Scale bars: 10 µm.
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mtROS, ΔΨm and ATP levels in tissue lysate. In comparison to the
unmodulated cells, MSC-ObPQQ showed reduced mtROS, attenu-
ated mitochondrial depolarization and restoration in ATP levels
(Fig. 6E–G). To find the effect of MSCs on epithelial cells, we
obtained tissue sections from mice after 48 h of transplantation
and performed TUNEL assay. As shown in Fig. 6H, I, a significant
decrease in TUNEL positive cells was observed in MSC-ObPQQ

group compared to MSC-Ob or HDM, indicating restoration of
epithelial cell damage. Thus, these results demonstrate that
chronic PQQ treatment enhances mitochondrial donation ability
of MSC-Ob to epithelial cells in vivo and rescues airway epithelial
cell damage.

PQQ treated MSCs attenuated AII and improved lung
physiology in HDM-induced mouse model
To find the effect of MSCs on airway remodeling and AHR in the
HDM model, we evaluated the effect after 48 h of MSC
transplantation. PQQ treated MSCs significantly attenuated AHR
and reduced airway inflammatory cells, while MSC-Ob group
showed a trend towards increased AHR and inflammatory
response (Fig. 7A, B). Further, a decrease in mucus hypersecretion
was observed in animals treated with MSC-ObPQQ but no
significant effect was seen with MSC-Ob (Fig. 7C). To look at the
effect of MSC-ObPQQ on inflammatory cells and pro-inflammatory

cytokines, we performed total leucocyte count (TLC), and
eosinophil cell count in BALF, and measured the inflammatory
Th2 cytokine levels in the lung homogenates. A significant
reduction in inflammatory cell number and Th2 cytokine release
was found in mice treated with MSC-ObPQQ (Fig. 7D–H). However,
MSC-Ob failed to attenuate these inflammatory responses.
Together with the results from the above-mentioned HDM-

induced model, these results strongly suggest that MSCs derived
from obese animals have compromised therapeutic efficacy,
which is restored upon long-term culture of these cells in PQQ.
Thus, it is imperative to consider metabolic modulation of MSCs
derived from patients with metabolic syndrome before their
application for therapeutic intervention.

DISCUSSION
In this study, we have uncovered a critical molecular pathway
responsible for diminished therapeutic efficacy of MSCs derived
from obese source. We found that MSC-Ob: (1) display mitochon-
drial dysfunction, with reduced protective intercellular mitochon-
drial transport; (2) show inadequate activation of mitophagic
pathway; and (3) exhibit reduced cardiolipin content, which
diminishes the sequestration of depolarized mitochondria into
autophagosomes. These metabolic changes are together

Fig. 5 Intercellular mitochondrial transport and therapeutic potential of MSC-Ob are restored upon culturing in PQQ. A MSCs were
transduced with mito-GFP and co-cultured with MLE12 which were treated with Veh or Rot and stained with CTDR. The % GFP signal was
counted in by gating MLE12 cells after 24 h. B, C Similarly, mitoSOX and TMRE staining was done in MLE12 cells after co-culture with MSCs and
represented as TMRE fluorescent intensity (FI). D CTDR stained MLE12 cells were co-cultured with mito-GFP transduced MSCs and further
stained with MTR. The MTR images were taken from MLE12 cells to determine mitochondrial size distribution after 48 h of co-culture. E Similar
to D, with integrated density representing the mitochondrial mass in MLE12 cells by specifically counting the MTR signal in these cells. F MLE-
12 cells were stained with CTDR and co-cultured with untagged MSCs for 24 h. The cells were stained with propidium iodide (PI), and flow
cytometry analysis was done. MLE12 cells were gated using CTDR, and the PI signal was calculated, which is represented as % MLE12 cell
death. G Immunoblots and densitometry analysis (lower panel) of Miro1 and β-actin in cell lysates prepared from various groups of MSCs.
H TNT formation between co-cultured MSCs and MLE12 cells was determined by counting the number of physically attached TNTs. The data is
represented as no. of TNTs per 102 cells. Mean ± SEM. ****P < 0.001; ***P < 0.005; **P < 0.01; *P < 0.05; ns (non-significant).
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responsible for the therapeutic decline in these cells. Notably, we
demonstrate that treatment with a small antioxidant molecule
PQQ reverses this therapeutic deficit both in in vitro and in pre-
clinical models, summarized in graphical abstract.
Age and dietary factors influence the metabolic state of cells

with prominent changes in mitochondrial form and function
[58, 59]. MSCs derived from human adipose tissue were shown to
possess mitochondria with lowered oxygen consumption rate and
compromised intrinsic mitochondrial respiration parameters [60].
We provide the first direct evidence that a high-fat diet modulates
the metabolic state and sensitizes MSCs to apoptosis under
culture. Using an in vitro model of IMT as a rescue assay, we
demonstrate that while MSC-L restored mtROS levels, membrane

potential, bioenergetics, and apoptosis of metabolically stressed
MLE12 cells in coculture, MSC-Ob significantly lacked the
mitochondrial donation potential and protective effect. Notably,
the decline in mitochondrial donation was independent of Miro1
and changes in TNT formation. This diminished IMT was due to
underlying mitochondrial dysfunction which is consistent with our
previous study that chemically induced mitochondrial dysfunction
diminishes IMT by MSCs [7].
Normally, dysfunctional mitochondria are eliminated from cells

by selective autophagy (mitophagy) to escape cell death [29].
However, MSC-Ob displayed impaired mitophagy with concomi-
tant accumulation of dysfunctional mitochondria. Generally, the
mitophagy is initiated by stabilization of PINK1 on the depolarized

Fig. 6 PQQ treatment restores intercellular mitochondrial transport by MSC-Ob to airway epithelial cells and enhances their therapeutic
potential. A Schema showing the development of HDM-induced airway allergic inflammation model. B Representative images show Mito-GFP
(green) donation by MSCs to bronchial epithelial cells stained for CCSP (RED). Mito-GFP tagged MSCs were transplanted into the mice lungs
via intra-tracheal infusion, and tissue sections were prepared after 24 h of infusion. C Images from B were subjected to image analysis to
determine the signal of mito-GFP in CCSP positive epithelial cells and represented as integrated density. D Similarly, mitochondrial donation
by MSCs was calculated using flow cytometry analysis. Single cells were prepared from lung tissue and stained for EpCAM to mark epithelial
cells, which were gated to calculate the GFP signal. E, F Similarly, cells were stained with mitoSOX red and TMRE, respectively, to determine the
mtROS and mitochondrial membrane potential in EpCAM stained epithelial cells. G Lung tissue was obtained from different groups of mice to
prepare total lung protein (TLP). The ATP levels were measured in the TLP immediately after preparation. H Representative TUNEL images
from lung tissue sections prepared from animals after 48 h of MSC transplantation. I No. of TUNEL positive cells were calculated by counting
100 bronchial epithelial cell nuclei per section, representing cell death. Mean ± SEM. ****P < 0.001; ***P < 0.005; **P < 0.01; *P < 0.05; ns (non-
significant). Scale bars: 50 µm.
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mitochondria which then recruits the cytosolic Parkin to
ubiquitinate the outer mitochondrial membrane proteins [43].
The ubiquitin-decorated mitochondria are then loaded to LC3-
phagophores to form the autophagosome before being even-
tually cleared by lysosomes [43]. Interestingly, our data shows that
despite accumulation of PINK1 and Parkin on the inherently
depolarized mitochondria of MSC-Ob, these cells are unable to
clear the damaged mitochondria. Evaluating the downstream
pathway, we found defect in the sequestration of mitochondria to
LC3-containing autophagosomes as the underlying cause.
LC3 binds to mitochondria via mitophagy receptors such as

FUNDC1, p62, AMBRA1, BNIP3, NIX or via interaction with the
ubiquitin chains associated with mitochondrial proteins [61–63].
While we have not specifically investigated the role of all these
proteins, we found that at least FUNDC1 and p62 may not be

directly involved. Previous studies in animal models of (HFD)-
induced obesity have reported that FUNDC1 knockout aggravated
obesity and insulin resistance [64]. However, MSC-Ob did not exhibit
altered expression of FUNDC1, which led us to explore other non-
canonical pathways. Interestingly, we found substantial decrease in
the cardiolipin content of MSC-Ob, which is reported to interact with
LC3 during mitophagy [52]. We also found significant decrease in
the LC3 and cardiolipin colocalization in MSC-Ob and in human
MSCs treated with FFA (signal 1). Based on these findings, we
propose cardiolipins as putative mitophagy receptors for LC3 in
MSCs and an underlying mechanism that prevents sequestration of
dysfunctional mitochondrial to LC3-autophagosomes. In addition,
we found a significant decrease in the induction of LC3-
autophagosomes in MSC-Ob at basal and chemically depolarized
conditions (signal 2). Contrary to the report that over-fed state

Fig. 7 PQQ treated MSC-Ob restore airway mechanics and physiology in HDM-induced allergic asthma model. A AHR measured under
various concentrations of methacholine in mouse transplanted with untagged MSCs for 48 h before the measurements were taken.
B Representative H&E images of HDM-induced AAI in mice transplanted with MSCs for 48 h. Blue arrowheads show the inflammatory cells
around bronchi and blood vessels. The lower right panel shows inflammatory scoring representing the extent of inflammatory cell infiltration.
C Representative images of tissue sections stained with PAS and pseudocolored. Pink color shows the mucus secretion, and blue shows the
nuclei stained with hematoxylin. The images were subjected to image analysis to measure the PAS mucus secretion and represented as
integrated density (right panel). D Total cell count was done in the Bronchoalveolar lavage (BAL) fluid. Similarly, eosinophil cell count was done
in the BAL fluid. E–H Th2 cytokine (IL-4, IL-5, and IL-13) levels were measured in the total lung protein prepared from the lung tissue. The data
is represented as a picogram of cytokines per milligram of the TLP. Mean ± SEM. ****P < 0.001; ***P < 0.005; **P < 0.01; *P < 0.05; ns (non-
significant). Scale bars: B: 200 µm; C: 100 µm.
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reduces autophagy-related gene expression [49], we could not find
any significant changes in the expression of key autophagy proteins
such as Beclin1, Atg5, and Atg7 or gene expression by performing
the autophagy pathway specific expression analysis; we presume
that other regulatory mechanisms may exist. Recent studies have
reported that cells deficient in LC3-dependent autophagosome
formation use alternative pathways to clear damaged mitochondria,
such as Rab GTPase mediated endosomal-lysosomal pathway or
mitochondrial-derived vesicles (MDV)-lysosomal pathways
[37, 46, 47]. We evaluated whether MSC-Ob utilize the former
pathway. While we found an increase in late endosomal/lysosomal
content in MSC-Ob, surprisingly the lysosomal content did not
correlate with mitochondrial clearance, thus negating the possibility
of this alternate mitophagy pathways in our system. To eliminate the
role of defective lysosomal function, we used a control autophagy
assay based on p62 sequestration to lysosomes. We found
recruitment of autophagy protein p62 to lysosomes suggesting
existence of a functional lysosomal pathway. Thus, we propose a
model wherein a cumulative effect (signal 1 and signal 2) of
decrease in sequestration of dysfunctional mitochondria to autop-
hagosomes and reduced induction of these structures leads to
impaired mitophagy and decrease in IMT in MSC-Ob. In some
instances, as a survival mechanism, MSCs outsource mitophagy to
remove their partly depolarized mitochondria [37], or by shedding
off damaged regions of mitochondria as MDVs [65]. Although we
did not evaluate these alternate mitophagy pathways, our results
encourage future studies to explore these mechanisms.
As it became evident that MSC-Ob has impaired mitophagy, we

sought ways to restore the mitochondrial function and induce
mitophagy which may subsequently restore IMT. A small-molecule
screening led to PQQ identification, which alleviated mitochon-
drial dysfunction and restored IMT. Notably, PQQ enhances
cardiolipin content LC3-dependent autophagosome formation
with concomitant induction of mitophagy to eliminate depolar-
ized mitochondria. These results point toward a new role of PQQ
in inducing mitophagy in MSCs, besides regulating mitochondrial
biogenesis and mtROS, as shown by others [54, 66]. Our findings
here are consistent with a recent report showing that PQQ induces
autophagy in human microglia by regulating LC3 maturation and
Atg5 expression, independent of its effect on mitochondrial
biogenesis [55]. Further, in neuroblastoma cells and mouse
models, PQQ induces AMPK1 expression, which is a crucial
regulator of autophagosome formation [56]. Thus, we propose
that PQQ may have a multifactorial role (including in mitochon-
drial biogenesis), with a more pronounced effect on restoring
mitochondrial health by regulating mitophagy.
To determine the therapeutic efficacy of MSC-Ob and check

whether modulation of these cells with PQQ will be clinically
relevant, we tested these cells in two different allergic airway
inflammation models. In line with our in vitro findings, MSC-ObPQQ

showed enhanced IMT to lung epithelial cells, restoring their
bioenergetics, mitochondrial membrane potential, mtROS, and
epithelial cell damage. Moreover, MSC-ObPQQ alleviated Th2
cytokine levels and inflammatory cell infiltration into the lungs,
while MSC-Ob failed to do so. These results are consistent with our
previous study that MSCs with chemically induced mitochondrial
dysfunction fail to restore epithelial cell damage and airway
remodeling [7]. Other studies have also reported the poor
therapeutic outcome of MSCs with chemically induced mitochon-
drial dysfunction [9]. Thus, the metabolic activity of MSCs is
emerging as integral to their therapeutic efficacy [67–69]. In line
with our work, a recent study has shown that reduced heparan
sulfates in white adipose tissue macrophages reduces their ability
to receive the mitochondria from adipocytes in an HFD model
[70]. Taken these reports along with our own study into
consideration, we propose that obesity has a long-lasting impact
on MSCs, which besides reducing their mitochondrial donation
capacity, may also hamper their immunomodulatory activity [71].

Reportedly, oxidative stress and mitochondrial dysfunction impair
the immunomodulatory activity of MSCs [72, 73].
Our findings have far-reaching clinical applications, particu-

larly when autologous MSC transplantation is required. Auto-
logous MSCs are preferable over allogenic sources for their
intrinsic property to alleviate graft vs. host disease (GvHD). While
alternate sources such as induced pluripotent cell (iPSC)-derived
MSCs [74] are being clinically evaluated as universal cells, their
clinical efficacy and long-term safety remains unknown. At
present, more than 1000 clinical trials are underway to explore
the beneficial effect of MSCs (autologous and allogeneic) for the
treatment of a wide range of human diseases, including
complex lung disorders and obesity [1, 75]. Thus, it is imperative
to evaluate the outcome of these studies by considering the
source of MSCs. Based on our findings, we strongly recommend
evaluating the impact of tissue source of MSCs and suggest that
the cells derived from diseased patients should undergo rational
modulation for clinical application.

MATERIAL AND METHODS
Ethics statement
All animal experiments were approved by Institutional Animal Ethics
Committee, Institute of Genomics and Integrative Biology (IGIB/IAEC/4/29/
March 2018). Human bone marrow samples were obtained from healthy
individuals with no history of Metabolic syndrome and Obesity at Apollo
Indraprastha Hospital, New Delhi. The patient consent was taken before
collecting the samples and use in the study.

Cell lines, isolation and characterization of mouse and human
mesenchymal stem cells
MLE12 (mouse lung epithelial cells), were purchased from ATCC and
cultured as per recommendation. Mouse mesenchymal stem cells (MSCs)
were isolated from the bone marrow of C57 BL/6 mice using previously
described protocol [7]. The marrow-derived cells were cultured in
Mesencult (Stem Cell Technologies, Canada), which is a defined selective
growth medium for mouse MSCs. The primary cells were cultured in a
plating density of 106 cells/ml in T25 culture flasks, and all experiments
were performed in third passages.
Mouse MSCs were characterized using Sca-1-PE (eBioscience, USA), CD-44-

PE (eBioscience, USA), CD11b-FITC (eBioscience, USA), Isotype-Rat IgG2ak-PE
(eBioscience, USA) and Isotype-Rat IgG2bk-FITC (eBioscience, USA) using
manufacturer’s protocol (BD biosciences, USA). 10,000 cells were acquired
using BD FACS Melody and data were analyzed using FlowJo software.
Human MSCs were isolated from the bone marrow of healthy individual

as previously described [76]. Briefly, 1 ml of bone marrow was incubated in
one well of 6-well plate with 3ml StemPro™ MSC serum-free medium
(Gibco, Thermo Scientific). Media was changed after every two days until it
reached to 80–90% confluency. Cells were characterized in third passage
using following antibodies: CD29—FITC (eBioscience, USA), CD73-PE (BD,
USA), HLA-Class II-FITC (BD, USA), CD34/45-PE/45 (BD, USA), CD44-PE
(eBioscience, USA), Mouse IgG1k-PE (eBioscience, USA), Mouse IgG2bk-PE
(eBioscience, USA) and Rat IgG2bk-FITC (eBioscience, USA). For each
marker analysis, around 10,000 cells were acquired using flow cytometer
(BD Melody).

Development of high-fat diet-induced obese mouse model
High-fat diet-induced obesity model was developed using our previously
described method [40]. Briefly, four to six-week-old C57BL/6 male mice
were divided in two groups and were labelled according to the diet
provided as control (Chow diet) and high-fat diet (HFD) (Research Diets,
Inc.). All the mice were housed in IVC cage with enrichment facilities. Every
week, weight estimation was done to record the weight gain. Animals
were sacrificed using the combination of xylazine and thiopentone sodium
as per body weight.

Development of HDM and Ova-induced allergic asthma mouse
models
Acute mouse model of asthma using Ovalbumin (OVA) (Sigma) and House
dust mite (HDM) (Greer Laboratories) were developed as previously
described [7]. Briefly, Ova group of mice were sensitized with a mixture of
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50μg OVA and 4mg alum (Vehicle) dissolved in 1X PBS and control group
(Sham) were sensitized with 4mg alum dissolved in 1X PBS on 0, 7th and
14th day. Later mice were challenged with vehicle and OVA from 21st to
27th day. MSCs were administered to the treatment group by intra-tracheal
route 48 h prior to sacrifice. HDM group of mice were sensitized with HDM
(10μg/mice) and Sham with 1XPBS on day 0 & day 3. Challenge of HDM
and vehicle were given to mice from day 9th to 14th. Un-transduced MSCs
were intratracheally administered to treatment group (HDM challenged)
48 h prior sacrifice whereas, Mito-GFP transduced MSCs were transplanted
24 h prior sacrifice.

Drug treatments
For initial in vitro screening to find the candidate drug molecule which
enhances mitophagy by restoring depolarized mitochondria colocalisation
with the LC3-autophagosomes, we used the following drugs: Pyrroloquino-
line quinone (PQQ; 30 µM); nicotinamide mononucleotide (NAM; 1mM);
Urolithin A (UA; 50 µM); Mito-Tempo (Mito-T; 100 μM); resveratrol (RSV:
1 µM); 3-methyladenine (3-MA; 5 mM); N-acetyl cysteine (NAC; 1 mM). After
48 h of incubation, the cells were fixed and stained for LC3 and Tom20.
Images were taken and subjected to analysis using Image J to calculate
Integrated density and Mander’s coefficient.
For all other in vitro studies MSCs were treated with PQQ (30 μM) at

different time intervals. Cells were treated with 6 doses of PQQ (chronic)
and media containing PQQ was changed after every 48 h. For in vivo
studies cells were treated with a single dose of PQQ for 48 h (MSC-
ObP48) or 6 doses of PQQ (MSC-ObPQQ) with media change after every
48 h. Further, HFD mice were fed 2 mg or 4 mg/kg body weight of PQQ
by oral gavage in 20 µl of water. PQQ was given daily for a period of
15 days after which the mice were sacrificed and MSCs were harvested.
Human MSCs were treated with a mixture of FFA such as Palmitic acid,

Stearic acid, and Oleic acid, ratio of 1:1:1). Cells were treated with two
different concentrations of FFA (750mM and 1mM) for 24 h [53]. The PQQ
treatment (30μM) was done 2 h prior to FFA treatment.

Measurement of blood glucose and biochemical analysis
Blood glucose was measured using Accu-chek active test strips as earlier
described [40]. Biochemical parameters such as triglycerides and
cholesterol level were measured in the blood serum by quantitation kits
(BIOVISION) as previously described [40].

Cellular senescence assay
MSCs were seeded in 24 well plates and staining for cellular senescence
was performed using manufacturer’s protocol (Sigma). Briefly, cells were
washed with 1X PBS and fixed with fixative buffer for 7 mins at room
temperature. Cells were stained with SA- β-gal staining solution at 37 °C
for 4 h. Senescent cells were stained blue and counted using phase
contrast microscope at 10X magnification. The percentage was
calculated from five different view field of each sample in four
independent experiments.

Annexin V and propidium iodide apoptotic assay
The cells were dissociated with 0.125% trypsin-EDTA (Sigma) and then
stained with using Dead cell apoptosis kit (Invitrogen) with Annexin V FITC
and propidium iodide using manufacturer’s protocol. 10,000 cells were
acquired using flow cytometry (BD Melody).

Live and dead assay
The live and dead assay was performed using the LIVE/DEAD™ Viability/
Cytotoxicity Kit (Invitrogen) according to the manufacturer’s instructions.
Briefly, the medium was changed to phenol red-free DMEM with green
fluorescent calcein-AM to indicate intracellular esterase activity (live cells)
and red-fluorescent ethidium homodimer-1 which indicates loss of plasma
membrane integrity (dead cells). Cells were incubated at 37 °C for 30mins
and were analyzed under FLoid™ Cell Imaging Station.

Lentiviral production
Lentiviral particle packaging was performed using previously described
method [77]. Briefly, Plasmid encoding for mitochondria specific protein/
autophagosome specific protein is transfected in HEK293T cells along
with packaging vector (pDR8.2; Addgene #8455) and envelope encoding
protein (VSVG; Addgene #8454). Lentiviral particles were collected after
48 h of transfection and were used for transducing target cell lines.

Live cell imaging
MSCs were transduced with lentiviral particles having mitochondria
targeting protein and GFP in downstream (Addgene) and lysosome were
stained with lysotracker Deep-Red (Invitrogen, USA) followed by 3 times
wash with 1X PBS. Imaging was done before and after treating with FCCP
(10 uM) for 2 h using Nikon confocal Ti2E at 60x magnification. Image
analysis was done using Nikon Elements software and Image J.
Quantitation of mitochondrial size in mouse and human MSCs were

done by staining with Mito-tracker Red (Invitrogen/Thermo Fisher
Scientific) using manufacturer’s protocol. In brief, cells were stained with
mito-tracker red for 15mins at 37 °C, followed by 3 wash with 1X PBS.
Imaging was done using Nikon confocal Ti2E at 60x magnification and
analysis was done using Image J.

Immunofluorescence
Cells were allowed to adhere to glass coverslip before being fixed with 4%
paraformaldehyde (ThermoFisher Scientific) in 1X PBS for 15minutes at
room temperature. Permeabilization and blocking was done in a buffer
containing 0.1% Triton X-100, 5% goat serum in 1X PBS for 1 hr at RT.
Primary antibodies, shown in Table 1, incubation was done in the buffer
containing 0.01% Triton X-100 and 2% goat serum in 1X PBS overnight at
4 °C. Secondary antibody incubation was done in the same buffer using
fluorophore tagged secondary antibodies for 1 hr at RT. Cells were washed
between steps using 1X PBS for 5 minutes each at RT. The coverslip was
then mounted on frosted slides (Corning) using DAPI mountant and
allowed to dry before being sealed using colorless nail polish. TNT were
visualized by staining F actin with phalloidin 594 (Invitrogen).
Human and mouse MSCs were stained with NAO (Invitrogen) followed by

three times wash with 1X PBS and fixed with 4% PFA. After fixation, cells were
washed 3 times with 1X PBS, blocked in blocking buffer and primary antibody
incubation for overnight at 4 °C followed by secondary antibody incubation
for 1 hr. Mounted using DAPI and images were obtained on a Nikon confocal
Ti2E and were analyzed using Nikon Elements software and Image J.
Immunofluorescence of Mito-GFP presence in MSC transplanted mouse

lung tissue was done as previously described [7]. Briefly, tissue sections
were deparaffinized following the antigen retrieval. Permeabilization was
done in a buffer containing 0.1% Triton X-100 for 30mins followed by
blocking with blocking buffer (5% sera in 0.01% Triton X-100) at RT for 1 hr.
Primary antibody incubation was done in same buffer for overnight at 4 °C
followed by 3 times wash with 1 X PBS. Secondary antibody incubation
was done in the same buffer for 1 hr at RT followed by 3 times wash with
1X PBS. Nuclear staining was done using DAPI and mounted with DPX
mounting solution using coverslip. The images were obtained on a Zeiss
microscope integrated with Apotome 2 (ZEISS Axio Observer 7) and
analyzed using Image J.

Cardiolipin content measurement by LC-MS
Sample preparation. Lipid extraction was performed from around 1
million MSCs in triplicate from each condition using Folch’s method.
Briefly, cells lysed in 500 µl of chloroform: methanol (2:1) with 30 ng of
tetramyristoyl-cardiolipin as an internal standard. Next, homogenize the
mixture using bath sonicator for 10min in an ice-cold condition and vortex
additionally for 30 sec. Added 25 µl of water to the suspension to induce
phase separation, followed by centrifugation at 10,000 g for 10minutes at
4 °C. Lower organic phase was carefully collected for cardiolipin analysis
and evaporate the organic phase in speed vacuum centrifuge under
organic mode at 30 °C. The interface disc was conserved for protein
normalization. Lipid was reconstituted in 75 µl of 7/93 dichloromethane/
acetonitrile with 2mM Ammonium acetate before LC-MS/MS analysis.

Mass spectrometry analysis for cardiolipins. Cardiolipin (CL) identification
was performed from the pooled sample using a hybrid triple quadrupole
linear ion trap mass spectrometer QTRAP 6500+ system (SCIEX) equipped
with turbo source, coupled to an Exion LC system. The instrument was
operated in the negative ion scan mode and the optimized source
parameters were used: ion spray voltage, -4500 V; ion source heater,
400 °C; curtain gas, 45 psi; ion source gas 1, 45 psi; ion source gas 2, 50 psi;
collision gas pressure, medium for survey scans and high for EPI scans.
Samples were separated on a Waters AQUITY UPLC BEH HILIC XBridge Amide
column (3.5 µm, 4.6 × 150mm) using a 15minutes long binary gradient of 7/
93 dichloromethane/acetonitrile with 2mM ammonium acetate (Mobile
phase A) and 50/50 Water/Acetonitrile with 2mM ammonium acetate, pH 8.2
(Mobile phase B) with the following gradient: flow rate was set at 0.3ml/min
with 100%mobile phase A for the first 2minutes, flow rate was then raised to
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Table 1. Key resources table.

Primary Antibodies

S. No. Name Company Catalogue No.

1 Anti-Mitofusin 2 Abcam ab56889

2 Recombinant Anti-DRP1 Abcam ab184247

3 Anti-PGC1 alpha Abcam ab54481

4 Anti-MIRO1 Abcam ab83779

5 Anti-LC3B Abcam ab48394

6 Anti-TOMM20 Abcam ab56783

7 Anti-LAMP1 Abcam ab25245

8 Recombinant Anti-Beclin 1 Abcam ab207612

9 Anti-VDAC1/Porin Abcam ab15895

10 Anti-PGC1 alpha Abcam ab106814

11 Anti-PINK1 Abcam ab75487

12 Anti-COX IV Abcam ab14744

13 Anti-FUNDC1 Abcam ab74834

14 Anti-DRP1 Abcam ab140494

15 Anti-SQSTM1/p62 Abcam ab56416

16 Anti-Uteroglobin (CCSP) Abcam ab40873

17 Recombinant Anti-EpCAM Abcam ab32392

18 Anti-alpha Tubulin Abcam ab7291

19 Anti-Mitofusin 1 Abcam ab57602

20 Anti-LAMP1 Abcam ab24170

21 Anti-Cytochrome C Abcam ab90529

22 Anti-Parkin Cell Signaling Technology 2132 S

23 Anti-Phospho Beclin1 Cell Signaling Technology 13825

24 Anti-COX IV Cell Signaling Technology 4844

25 Anti-Atg5 Cell Signaling Technology 2630

26 Anti-Atg7 (D12B11) Rabbit mAb Cell Signaling Technology 8558

27 Anti-PINK1 Rabbit pAb ABclonal A11435

28 Anti-Parkin Rabbit pAb ABclonal A0968

29 Anti-β-Actin antibody, Mouse monoclonal Sigma A1978-200UL

30 CD326 (EpCAM) Monoclonal Antibody (G8.8), PE eBioscience 12-5791-82

31 Ly-6A/E (Sca-1) Antibody, PE conjugated (Mouse) eBioscience 12-5981-82

32 CD105 Antibody PE conjugated (Mouse) eBioscience 12-1051-82

33 CD11b Antibody FITC conjugated (Mouse) eBioscience 11-0112-82

34 CD44 Monoclonal Antibody (IM7), PE eBioscience 12-0441-82

35 CD29 (Integrin beta 1) Monoclonal Antibody (TS2/16) eBioscience 14-0299

36 Rat IgG2a kappa Isotype Control (eBR2a), PE eBioscience 12-4321-80

37 Rat IgG2b kappa Isotype Control (eB149/10H5), FITC eBioscience 11-4031-82

38 Mouse IgG2b kappa Isotype Control (eBMG2b), PE eBioscience 12-4732-41

39 PE Mouse Anti-Human CD73 BD Biosciences 550257

40 PE-Cy™5 Mouse Anti-Human CD90 BD Biosciences 555597

41 FITC Mouse Anti-Human HLA-DR BD Biosciences 555560

42 Anti-Human CD45 FITC/CD34 PE BD Biosciences 341071

43 PE Mouse IgG1, κ Isotype Control BD Biosciences 554080

Secondary Antibodies

1 Donkey anti-Rabbit IgG (H+ L) Highly Cross-Adsorbed Secondary Antibody, Alexa
Fluor 488

Invitrogen A-21206

2 Donkey anti-Goat IgG (H+ L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 Invitrogen A11055

3 Goat anti-Rabbit IgG (H+ L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor
594

Invitrogen a11037

4 Donkey anti-Rabbit IgG (H+ L) Highly Cross-Adsorbed Secondary Antibody, Alexa
Fluor 647

Invitrogen a31573

5 Donkey anti-Mouse IgG (H+ L) Highly Cross-Adsorbed Secondary Antibody, Alexa
Fluor 488

Invitrogen a21202

6 Donkey anti-Mouse IgG (H+ L) Highly Cross-Adsorbed Secondary Antibody, Alexa
Fluor 546

Invitrogen a10036

7 Goat anti-Rat IgG (H+ L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 647 Invitrogen A21247
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Table 1. continued

Primary Antibodies

S. No. Name Company Catalogue No.

8 Rabbit anti-mouse IgG - HRP GeNeiTM 1140580011730

9 Rabbit anti-goat IgG – HRP GeNeiTM 1140480011730

10 HRP-AffiniPure Goat Anti-Rabbit IgG (H+ L) Secondary Antibody Jackson ImmunoResearch Inc. 111-035-003

Serum

1 NORMAL GOAT SERUM Jackson 005-000-121

2 NORMAL RABBIT SERUM Jackson 011-000-120

Drugs

1 Urolithin A Sigma SML1791

2 Resveratrol Sigma R5010

3 Mito-Tempo Santa Cruz SC-221945

4 Pyrroloquinoline quinone Sigma D7783

5 Nicotinamide mononucleotide Sigma N3501

6 3-methyladenine Sigma M9281

7 N-acetyl cysteine Sigma A7250

8 Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone Sigma C2920

9 Oligomycin A Sigma 75351

10 Antimycin A Sigma A8674

11 Rotenone Sigma R8875

12 Sodium Palmitate Sigma P9767

13 Stearic Acid Sigma S4751

14 Oleic acid Sigma O1383

Plasmids

1 pLYS1-FLAG-MitoGFP-HA Addgene 50057

2 pCMV-VSV-G Addgene 8454

3 pCMV-dR8.2 dvpr Addgene 8455

4 pLVX-LC3-YFP Addgene 99571

Cell staining dyes

1 TMRE Invitrogen T669

2 MitoSOX Red Invitrogen M36008

3 Mitotracker Red Invitrogen M7513

4 Mitotracker Green Invitrogen M7514

5 Lysotracker green Invitrogen L7526

6 Lysotracker deep red Invitrogen L12492

7 Propidium Iodide Invitrogen V13242

8 Hoechst 33342 Invitrogen H21492

9 CellTrace™ CFSE Cell Proliferation Kit Invitrogen C34554

10 CellTracker™ Green Invitrogen C2925

11 CellTracker™ Deep Red Dye Invitrogen C34565

12 DAPI Invitrogen P36966

13 Alexa Fluor™ 594 Phalloidin Invitrogen A12381

14 Nonyl Acridine Orange (NAO) Invitrogen A1372

8 Hoest 3344 Invitrogen H21492

9 CFSE Invitrogen C34554

10 Cell tracker green Invitrogen C2925

11 DAPI Invitrogen P36966

12 Phalloidin 594 Invitrogen A12381

Kits

1 Senescence Cells Histochemical Staining Kit Sigma CS0030

2 Mitochondria Isolation Kit Sigma MITOISO2-1KT

3 ELISA MAX™ Deluxe Set Mouse IL-4 BioLegend 431104

4 ELISA MAX™ Deluxe Set Mouse IL-5 BioLegend 431204

5 Live Dead assay kit Invitrogen L3224

6 Dead cell apoptosis kit Invitrogen V13242

7 DeadEnd™ Colorimetric TUNEL System Promega G7130

8 ATP assay kit Abcam ab83355
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0.7ml/min with an increase in mobile phase B to 20% in the next
1.25minutes, mobile phase B was further increased to 50% in next
3.25minutes. In the next 0.5-minute mobile phase B was increased to 70%
and finally to 100% mobile phase B in next 1minute. Mobile phase condition
was kept constant for 4minutes then brought to initial gradient condition in
0.5minutes and equilibrated for 2.5minutes. Column oven temperature was
set at 40 °C. CL molecular species were identified using an information
dependent acquisition method (IDA), which included a survey scan in the
enhanced MS (EMS) followed by 2 enhanced product ion scan (EPI) on the
two most abundant ions in each survey scan. The EMS scan was performed at
a rate of 1000 Da/s at a spectral range of 1200–1600. EPI scans was
performed at a scan rate of 10,000 Da/s at a spectral range of m/z 200–1600.
Acquired spectra was searched in LipidView software v1.2 for cardiolipins

with the inbuilt database. The identified CL species [M-H] were quantitated
(after normalizing with number of mitochondrial per cell) by scheduled MRM
(sMRM) in MSCs lipid extracts from the three conditions using the QTRAP
6500+ mass spectrometer coupled to Exion LC in a similar ESI source and
chromatographic conditions as used for the EMS-IDA-EPI analysis and
mentioned in Table 2. The.wiff files for relative quantitation were processed
in MultiQuant 3.0.2 and statistical analysis was carried out using Excel.

Image analysis
Measurement of mitochondrial length and number. The mitochondrial
length and number were calculated using FIJI software for image
analysis. At first, the microscopy image files were opened into the

Table 1. continued

Primary Antibodies

S. No. Name Company Catalogue No.

9 Mouse IL-13 DuoSet ELISA R&D Systems DY413

Chemicals

1 Sodium Pyruvate 100mM Sigma S8636-100ML

2 Sodium Azide Sigma S8032-25G

3 (+)-Sodium L-Ascorbate Sigma A4034-100G

4 L-()-Malic Acid Sigma M6413-25G

5 TMPD Sigma T7394-5G

6 ADP Sigma A5285-1G

7 Succinic acid Sigma S9512-100G

8 Palmitoyl-L-carnitine chloride sigma P1645

9 TMB liquid substrate system for ELISA Sigma T0440-1L

10 Hydrogen peroxide–Urea adduct Sigma U8879-100 TAB

11 Acetyl-β-methylcholine chloride Sigma A2251-25G

12 Hydrogen peroxide solution Sigma 323381-500 ML

13 Bicinchoninic Acid (BCA) Sigma B9643-1L

14 Water: Molecular Biology Reagent Sigma W4502-6X1L

15 Sodium dodecyl sulfate (SDS) Sigma L3771-500G

16 D-Glucose Sigma G8270-100G

17 Triton X 100 Sigma T9284

18 Hexadimethrine bromide Sigma H9268-10G

19 Bovine Serum Albumin Fatty acid free (BSA) Sigma A7511

20 Insulin human Sigma I2643

21 Protease Inhibitor Cocktail Sigma p8340

22 Albumin from chicken egg white Sigma A5503

23 Pierce™ 16% Formaldehyde Invitrogen 28908

24 RNA later invitrogen AM7021

25 cDNA synthesis kit Invitrogen 4368814

26 LTX Invitrogen A12621

27 SuperSignal™ West Femto Maximum Sensitivity Substrate Invitrogen 34095

28 SuperSignal™ West Pico PLUS Chemiluminescent Substrate Invitrogen 34580

29 L-Glutamine (200mM) Invitrogen 25030081

30 HBSS Invitrogen 14025092

31 PageRuler™ Prestained Protein Ladder Invitrogen 26616

32 Ampicillin sodium salt HiMedia CMS645-5G

33 Kanamycin sulphate HiMedia MB105-1G

34 Phosphate Buffered Saline Tablets Gibco 18912014

35 StemPro™ MSC SFM Gibco A1033201

36 KAPA SYBER FAST QPCR MM KAPA kk4601

37 MesenCult Expansion Kit (Mouse) Stem Cell Technologies #05513

38 Bovine Serum Albumin (BSA) Bio World 22070004-5

39 RNeasy Mini Kit (250) Qiagen 74106

40 House Dust Mite Extract Dermatophagoides pteronyssinus, 2.5 ml Greer Laboratories XPB70D3A2.5

41 Rodent purified diet W/60% energy from Fat diet Research Diets, Inc. D12492
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software and a single cell was selected using the free-hand selection
tool. The rest of the image processing steps were applied on this single
cell selected image. This image was then splitted into three channel
images i.e. red, green and blue. Out of the three channels, the green
channel was selected as it labels the mitochondria. Then, this image was
processed using various filters in the following order: sharpen,
despeckle, background subtraction and enhance the local contrast of
the final image. As mitochondria are filamentous tube-like structures, so
a filter named ‘tubeness’ (sigma = 0.0210) is also applied to enhance the
filamentous property of the segmented mitochondria. At last, the image
is converted into binary preceded by gaussian blur (sigma radius =
1.000). So, this image is then used to analyze the number of
mitochondria and their length using the count and size parameters in
the software respectively.

Integrated density. For integrated density calculation, the image was first
split into three different channels. The green channel image is selected and
the rest are closed. During the image processing step, the background was
subtracted from the image followed by binary conversion. Finally, the
image was redirected to measure the integrated density parameter.

Colocalisation study. For colocalisation analysis, the ‘EzColocalization’
plugin [78] was used to measure the following parameters. At first step, the
three-channel image was again split into different channels, out of which
red and green channel image was taken to perform colocalization analysis.
Mander’s overlap coefficient (or Mander’s’ coefficient) was calculated
between PINK1 and Tom20; Parkin and Tom20; LC3 and Tom20 or mito-
GFP; LAMP1 and Tom20; p62 and LC3; p62 and LAMP1; Tom20 and MTDR.
Mander’s coefficient measures the percentage colocalisation between two
channels with values ranging from 0 to 1 as represented in the Figure. 0
indicates no colocalisation and 1 indicates 100% colocalisation. Line scans
measurements were done by drawing a 10 µm line on the images and the
intensity profile of both the channels was calculated as described by us
previously [79].

Flow cytometry
Mitochondria specific reactive oxygen species (ROS), membrane potential
and mitochondrial mass was measured using MitoSOX Red (Invitrogen/
Thermo Fisher Scientific), tetramethylrhodamine, ethyl ester (TMRE; Sigma-
Aldrich, St. Louis, MO, USA) and Mito-tracker green (Invitrogen/Thermo
Fisher Scientific), respectively using manufacturer’s protocol. Briefly, cells
were stained under live conditions and washed 3 times with 1X PBS before
acquisition. The data were presented as percentage- gated fluorescence
shift and detected using BD Melody and BD Accuri C6 plus.
MSCs were stained with NAO (Invitrogen) using manufacturer’s

instruction. Briefly, cells were stained with NAO, followed by 3 times wash
with 1X PBS. Cells were dissociated and acquired using flow cytometer (BD
Melody).
Quantification of mitochondria transfer from MSCs to MLE12 cells was

done as previously described [7]. Briefly, in in vitro MSCs was transduced
with Mito-GFP lentiviral particles and MLE12 cells were stained with CTDR
(Invitrogen/Thermo Fisher Scientific). Prior co-culture MLE12 cells were
induced with vehicle (DMSO) or rotenone for 12 h and then co-cultured for
24 h at 37 °C with 5% CO2. Quantification was done by gating double
positive cells for CTDR and MitoGFP in FACS dot plot on FL3 window. For
rescue experiment, cells were stained with propidium iodide (Invitrogen)
using manufacturer’s protocol. Cells positive for Cell tracker green (CTG)
were further analyzed for propidium iodide staining using flow cytometer
(FACS Melody).
For in vivo study, the quantification of mitochondria transfer from MSCs

to epithelial cells was done as described earlier [7]. In brief, MSCs
transduced with Mito-GFP lentiviral particles were delivered into the
mouse lungs by intratracheal route. Lung tissues were homogenized using
Miltenyi tissue dissociator (Miltenyi Biotech, USA) and single cell
suspension was prepared in 1X PBS supplemented with 1% BSA. Bronchial
epithelial cells were stained with EpCAM (Ebioscience/Thermo Fisher
Scientific) and quantification of mitochondria transferred to epithelial cells
was done by gating double positive cells for EpCAM-PE and Mito-GFP in
FACS dot plot on FL3 window.

Mitochondrial fraction preparation
Mitochondria fraction was prepared using mitochondria isolation kit
(Sigma) following the manufacturer’ s protocol. Briefly, 2-3 × 107 cells were
washed with ice cold PBS and centrifuged at 600 × g @ 4 °C. The pellet was

resuspended in 1.5 ml of 1x extraction buffer A following with the
incubation for 10mins on ice. Cells were homogenized using Dounce
homogenizer 10-30 strokes following with a centrifuge at 600 × g for
10mins @ 4 °C. Transfer the supernatant to another tube and centrifuge at
11,000 × g for 10mins @ 4 °C. The supernatant contains the cytosolic

Table 2. ESI source and chromatographic conditions.

Molecular species Q1 m/z Q3 m/z RT CE DP

CL 54:0_FA 21:0 1211.8 325.3 7.3 −55 −80

CL 54:0_FA 19:0 1211.8 297.3 7.3 −55 −80

CL 54:0_FA 20:0 1211.8 311.3 7.3 −55 −80

CL 54:1_FA 22:0 1209.8 339.3 7.3 −55 −80

CL 54:1_FA 21:0 1209.8 325.3 7.3 −55 −80

CL 54:1_FA 19:0 1209.8 297.3 7.3 −55 −80

CL 54:1_FA 19:1 1209.8 295.3 7.3 −55 −80

CL 54:1_FA 20:0 1209.8 311.3 7.3 −55 −80

CL 54:1_FA 18:1 1209.8 281.2 7.3 −55 −80

CL 54:1_FA 18:0 1209.8 283.3 7.3 −55 −80

CL 54:2_FA 22:0 1207.8 339.3 7.3 −55 −80

CL 54:2_FA 22:1 1207.8 337.3 7.3 −55 −80

CL 54:2_FA 18:2 1207.8 279.2 7.3 −55 −80

CL 54:2_FA 19:1 1207.8 295.3 7.3 −55 −80

CL 54:2_FA 21:0 1207.8 325.3 7.3 −55 −80

CL 54:2_FA 19:0 1207.8 297.3 7.3 −55 −80

CL 54:2_FA 17:1 1207.8 267.2 7.3 −55 −80

CL 54:2_FA 21:1 1207.8 323.3 7.3 −55 −80

CL 54:2_FA 18:1 1207.8 281.2 7.3 −55 −80

CL 54:2_FA 20:0 1207.8 311.3 7.3 −55 −80

CL 54:4_FA 21:1 1203.7 323.3 7.3 −55 −80

CL 54:4_FA 18:1 1203.7 281.2 7.3 −55 −80

CL 54:4_FA 18:3 1203.7 277.2 7.3 −55 −80

CL 54:4_FA 22:4 1203.7 331.3 7.3 −55 −80

CL 54:4_FA 16:2 1203.7 251.2 7.3 −55 −80

CL 54:4_FA 19:0 1203.7 297.3 7.3 −55 −80

CL 54:4_FA 22:0 1203.7 339.3 7.3 −55 −80

CL 54:4_FA 19:1 1203.7 295.3 7.3 −55 −80

CL 54:4_FA 21:0 1203.7 325.3 7.3 −55 −80

CL 54:4_FA 20:1 1203.7 309.3 7.3 −55 −80

CL 54:4_FA 18:2 1203.7 279.2 7.3 −55 −80

CL 54:4_FA 20:0 1203.7 311.3 7.3 −55 −80

CL 54:4_FA 17:1 1203.7 267.2 7.3 −55 −80

CL 54:4_FA 18:0 1203.7 283.3 7.3 −55 −80

CL 54:5_FA 22:3 1201.7 333.3 7.3 −55 −80

CL 54:5_FA 20:0 1201.7 311.3 7.3 −55 −80

CL 54:5_FA 21:0 1201.7 325.3 7.3 −55 −80

CL 54:5_FA 22:0 1201.7 339.3 7.3 −55 −80

CL 54:5_FA 17:1 1201.7 267.2 7.3 −55 −80

CL 54:5_FA 20:1 1201.7 309.3 7.3 −55 −80

CL 54:5_FA 18:1 1201.7 281.2 7.3 −55 −80

CL 54:5_FA 16:0 1201.7 255.2 7.3 −55 −80

CL 54:5_FA 19:1 1201.7 295.3 7.3 −55 −80

CL 54:5_FA 19:0 1201.7 297.3 7.3 −55 −80

CL 54:6_FA 19:1 1199.7 295.3 7.3 −55 −80

CL 54:6_FA 20:3 1199.7 305.3 7.3 −55 −80

CL 56:0_FA 14:0 1239.8 227.2 7.3 −55 −80

CL 56:2_FA 21:0 1235.8 325.3 7.3 −55 −80

CL 56:2_FA 20:0 1235.8 311.3 7.3 −55 −80

CL 60:10_FA 22:0 1275.7 339.3 7.3 −55 −80

CL 60:10_FA 21:0 1275.7 325.3 7.3 −55 −80

CL 68:8_FA 20:0 1391.9 311.3 7.3 −55 −80

CL 56:0_FA 20:0 1239.8 311.3 7.3 −55 −80

CL 58:3_FA 21:0 1261.8 325.3 7.3 −55 −80

CL 58:7_FA 21:0 1253.8 325.3 7.3 −55 −80

CL 78:11_FA 16:0 1526 255.2 7.3 −55 −80
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fraction and the pellet obtained was mitochondria fraction. Washed the
pellet with extraction buffer to remove cytosolic contamination from
mitochondrial fraction.

Western blot analysis
Cells were lysed using RIPA buffer (Sigma) supplemented with protease
inhibitor cocktail (Sigma). The debris were removed from the lysates by
centrifugation and protein estimation was performed by Bicinchoninic
Acid (BCA) assay (Sigma). Proteins were resolved by loading 10ug of
protein on a 10% and 12% SDS-PAGE gel. Transfer of proteins to the
polyvinylidene difluoride (PVDF) membrane was done using a wet transfer
technique. Blots were probed with primary antibodies, indicated in Table 1,
for overnight at 4 °C, followed by HRP-conjugated secondary antibodies for
1 hr at room temperature, indicated in Table 1. The protein bands were
visualized with enhanced chemiluminescence (Invitrogen/Thermo scien-
tific). The uncropped western blots are shown as supplemental data.

Measurement of oxygen consumption rate
Mitochondrial respiration in live MSCs were measured using seahorse XF24
Extracellular Flux Analyzer with Mito stress test kit according to manufac-
turer’s protocol (Agilent). In brief, cells were plated at 60,000 cells/ well onto
XF24-well microplates the day before analysis. On the day of analysis, the
cells were equilibrated in XF buffer and were kept in non-CO2 incubator for
60minutes. OCR was measured after repeated cycles which includes mixing
(3minutes), the incubation (2minutes), and measurement (3minutes)
periods. Following basal line measurements, cells were treated with 1 μM
oligomycin (ATP synthase inhibitor), 2 μM FCCP (Mitochondrial OXPHOS
uncoupler) and mixture of 1 μM rotenone (Complex I inhibitor) and antimycin
A (Complex III), and the changes in OCR were recorded. OCR data was
normalized by total cell protein and the data was expressed in pmol/min/ug.

Gene expression analysis
Mouse MSCs RT2 Prolifer PCR array (PAMM-084ZG, Qiagen) was used to
evaluate the expression of 84 specific genes related to autophagy using
manufacturer’s instructions. Briefly, total RNA was isolated from 105 to 106

cells using the RNeasy Mini kit (Qiagen) using manufacturer’s protocol.
cDNA synthesis from 500 ng of the total RNA using the RT2 first strand kit
(Qiagen). The RT2 Prolifer PCR array test includes various measures
allowing to identify the contamination with genomic DNA, contamination
with DNA during the procedure, to control the presence of reverse
transcription and PCR inhibitors. After all control test, the samples were
analyzed using the RT2 Prolifer PCR array, altogether 84 different genes
simultaneously amplified in the sample. PCR array were performed in 384-
well plates on a LightCycler 480 instrument (Roche Applied Science). The
reaction mix of 102 ul of sample cDNA was prepared using 2x SA
Biosciences RT2 qPCR Master Mix and 10 ul of this mixture was added into
each well of the PCR array. The data was analyzed using Qiagen’s online
Web analysis tool (https://dataanalysis2.qiagen.com/pcr). A more than
twofold change in gene expression compared to control group was
considered as the up- or downregulation of a specific gene expression.
The RT-qPCR for Miro1 and PCR for mitochondrial DNA was performed

on Rotor gene Q (Qiagen). Relative gene expression of Miro1 and
mitochondrial DNA copy number were evaluated using their specific
forward and reverse primers as indicated in Table 3. The analysis and fold
change expression were done as previously described [80].

Transmission electron microscope
Examination of MSCs mitochondria using a TEM was performed as
described earlier [7]. In brief, cells were fixed overnight at 4 °C in fixative
containing 2.5% glutaraldehyde and 4% paraformaldehyde. After washing
with 0.1 M sodium cacodylate buffer to remove excess fixative, cells were
embedded in 2% agar blocks. Samples were post-fixed in 2% osmium tetra

oxide for 1 hr, dehydrated in graded series of ethanol (30%, 50%, 70%, and
100%) and infiltrated in upon resin and polymerized at 60 °C for 72 h.
Ultrathin sections (63 nm) were cut on an Ultramicrotome (Leica EM UC7),
placed on copper grids and stained with 5% uranyl acetate and 0.2% lead
citrate. Sections were examined on a 200 KVA transmission electron
microscope (Tecnai G2 20 twin, FEI). The condition of the cristae was
analyzed manually by three independent researchers blind to the study
and the mitochondria with no clear double membrane and deformed
cristae were labelled as imperfect cristae.

TUNEL assay
The quantification of dead cells in lung tissue was performed using an in-
situ apoptosis detection DeadEnd Colorimetric TUNEL System (Promega)
as previously described [7]. Briefly, the tissues sections were cut into 5 µm
slices and stained as per the protocol. Hematoxylin was used as a
counterstain to visualize the nuclei. The images were taken with LMI
microscope using 100X objective (DM-X, LMI microscopes, UK).

ATP assay
ATP levels was measured using ATP assay kit (Colorimetric) (Abcam)
following the manufacturer’s protocol in lung tissue lysate as previously
described [7].

Histopathology and airway hyperresponsiveness
measurement
Histopathology of lung and Airway hyperresponsiveness was measured
using the protocol as previously described [7]. The AHR was measured with
the flexiVent systems (SCIREQ). The scoring of the H&E slides was done
manually as described previously [7].

PAS staining
The tissues sections were subjected to Periodic acid–Schiff (PAS) staining
as described by us previously [7]. Briefly, the tissues sections were
deparaffinized and hydrated using decreasing concentrations of ethanol
following that the slides were incubated in 0.3% periodic acid. The slides
were subsequently incubated in Schiff’s reagent (Sigma) and counter-
stained with hematoxylin and mounted with DPX mountant (Sigma) and
images were taken with LMI microscope using 20X objective (DM-X, LMI
microscopes, UK). For better visualisation of the signal, the images were
processed with Image J software and the images were split into three
channels (red, green and blue). The red channel represents mucus
secretion and the blue channels which represents nuclei (hematoxylin)
were merged. The intensity of the images was calculated as described in
the image analysis section and represented as integrated density.

ELISA assay
ELISA assay of different cytokines IL-4 (BioLegend), IL-5 (BioLegend) and IL-
13 (R&D Systems) was done in Lung lysate using manufacturer’s protocol.
Briefly, 10 µg of the total cell lysate was used for the measurement. The
readings were obtained by the spectrophotometer (Multiskan SkyHigh
Microplate Spectrophotometer, Thermofischer scientific). The calculations
were done as described by us previously [7].

Statistical analysis
For statistical analysis, non-parametric t test was used to compare various
groups. The analysis was done using Prism version 8.0 (GraphPad
Software). The bar graphs were plotted in the Prism with respective P
values. The data is expressed as mean ± SEM and the values indicate
****P < 0.001; ***P < 0.005; **P < 0.01; *P < 0.05, which were considered as
significant. The analysis was done in a minimum of three biological
replicates or else as mentioned in the Fig. legends.

Table 3. List of Primers.

S. No. Gene Forward Primer Reverse Primer

1 Miro1 5’TGAGGCTGAGACCATTTGTG 3' 5’ CAGGGAATTCTGCTGTCCAT3'

2 ACTB 5’CGGGACCTGACTGACTACCTC3' 5’ CCATCTCTTGCTCGAAGTCCAG3'

3 tRNA-Leu (UUR) 5’CACCCAAGAACAGGGTTTGT3' 5’ TGGCCATGGGTATGTTGTTA3'

4 β2-microglobulin 5’TGCTGTCTCCATGTTTGATGTATCT3’ 5’ TCTCTGCTCCCCACCTCTAAGT3’
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