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Abstract
Rationale: Oxidant stress contributes signi�cantly to the pathogenesis of bronchopulmonary dysplasia
(BPD) in extremely low birth weight (ELBW) infants. Mitochondrial function regulates oxidant stress
responses as well as pluripotency and regenerative ability of mesenchymal stem cells (MSCs) which are
critical mediators of lung development.

Objective: To test whether differences in endogenous MSC mitochondrial bioenergetics, proliferation and
survival are associated with BPD risk in ELBW infants.

Findings: Umbilical cord-derived MSCs of ELBW infants who later died or developed moderate/severe
BPD had lower oxygen consumption and aconitase activity but higher extracellular acidi�cation -
indicative of mitochondrial dysfunction and increased oxidant stress vs. MSCs from infants who survived
with no/mild BPD. Hyperoxia-exposed MSCs from infants who died or developed moderate/severe BPD
also had lower PINK1 expression but higher TOM20 expression and numbers of mitochondria/cell,
indicative of decreased mitophagy. Finally, these MSCs were noted to proliferate at lower rates but
undergo more apoptosis in cell cultures when compared to MSCs from infants who survived with no/mild
BPD.

Conclusions: These results indicate that mitochondrial bioenergetic dysfunction and mitophagy de�cit
induced by oxidant stress may lead to depletion of the endogenous MSC pool and subsequent disruption
of lung development in ELBW infants at increased risk for BPD.

Introduction
Supplemental oxygen frequently required for prolonged periods (hyperoxia) by prematurely born
extremely low birth weight (ELBW) infants contributes to oxidant stress in their lungs that would
otherwise develop in a hypoxemic intrauterine environment. Such oxidant stress is a major contributor to
the pathogenesis of bronchopulmonary dysplasia (BPD) which is characterized by disrupted pulmonary
alveolar and vascular development and remains the leading cause of morbidity and mortality in up to
60% of ELBW infants despite improved neonatal intensive care.(1–3) Therefore, there is a critical need to
identify new biomarkers and therapeutic targets to decrease oxidant stress, neonatal lung injury and BPD
risk in ELBW infants.

Oxidant stress can induce apoptotic cell death through release of mitochondrial cytochrome c.
Mitochondria are also major sources of reactive oxygen species (ROS) and mitochondrial electron
transport chain (ETC) bioenergetic function is highly sensitive to oxidant injury. Consequently,
mitochondrial function and quality control mechanisms such as PINK1 (PTEN-induced putative kinase 1)
mediated mitophagy that removes dysfunctional mitochondria play a critical role in maintaining cellular
homeostasis during oxidant stress.(4–7) Our previous studies indicate that mitochondrial dysfunction is
associated with neonatal lung injury and increased BPD risk in ELBW infants.(8, 9) Other studies suggest
that insu�cient or unregulated mitophagy may increase susceptibility to lung diseases such as chronic



Page 3/21

obstructive pulmonary disease and pulmonary hypertension.(10–12). Consequently, studying the
association between oxidant stress-induced mitochondrial dysfunction and dysregulated mitophagy,
metabolism and survival in cells critical for early lung development could help identify novel mechanisms
for BPD pathogenesis in ELBW infants.

In this context, cellular bioenergetics and redox state have been known to regulate self-renewal and
differentiation of mesenchymal stem cells (MSCs) that contribute signi�cantly to fetal and neonatal lung
development. MSC derived extracellular vesicles (EVs) that mediate their paracrine anti-in�ammatory and
angiogenic effects also contain functional mitochondria that can modify their activity and uptake.(13)
MSCs have also been known to transfer mitochondria to restore bioenergetic function in alveolar and
airway epithelial cells in models of acute lung injury and asthma.(14–17) MSC injury repair ability is
reduced by adverse local microenvironments that overwhelm their autophagy and mitophagy processes
and trigger apoptosis.(18–20) However, whether mitochondrial function and autophagy e�ciency of
endogenously available MSCs are associated with their proliferative ability and survival as well as BPD
severity in ELBW infants remains unknown.

Therefore, in this study we tested the hypothesis that MSCs derived from umbilical cords of ELBW infants
who die or develop moderate/severe BPD have decreased mitochondrial bioenergetics, and impaired
autophagy/mitophagy, proliferation and survival when compared to MSCs from survivors with no/mild
BPD.

Results

Baseline characteristics
39 ELBW infants were enrolled in the study and followed to determine their BPD status and severity using
NICHD consensus guidelines. 18 of these infants survived to discharge with no/mild BPD whereas 21
infants developed moderate/severe BPD or died before 36 weeks post-menstrual age (PMA). Known BPD
risk factors such as birth weight, gestational age, gender, ethnicity, intrauterine growth restriction (IUGR),
maternal preeclampsia and chorioamnionitis (in�ammation of placental membranes) were also
compared between the two groups. As expected, infants who died or developed moderate/severe BPD
had lower BW compared to infants who survived with no/mild BPD. Caucasian infants and infants
without exposure to maternal chorioamnionitis had a higher incidence of moderate/severe BPD or death
before discharge compared to African-American (AA) infants and infants exposed to maternal
chorioamnionitis. However, median GA, IUGR incidence, sex and exposure to maternal preeclampsia did
not differ signi�cantly between infants who died or developed moderate/severe BPD and survivors with
no/mild BPD (Table 1).
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Table 1
Clinical characteristics and MSC bioenergetics by BPD Status

Characteristic N None/Mild, N = 181 Mod/Sev, N = 211 p-value2

GA (weeks) 39 26.00 [25.25, 27.00] 25.00 [24.00, 26.00] 0.2

Birth Weight (g) 39 870 [704, 980] 690 [595, 840] 0.036

Sex (Female) 39 10 [56%] 9 [43%] 0.4

Intrauterine Growth Restriction 39 3 [17%] 5 [24%] 0.7

Ethnicity 39     0.002

Caucasian   3 [17%] 14 [67%]  

African-American   15 [83%] 7 [33%]  

Histologic Chorioamnionitis 39 17 [94%] 2 [9.5%] < 0.001

Preeclampsia/PIH/Eclampsia 39 5 [28%] 8 [38%] 0.5

Basal OCR (pmol/min/30k cells) 29 67 [47, 98] 36 [27, 44] < 0.001

ATP-linked OCR

(pmol/min/30k cells)

29 36 [28, 45] 14 [12, 21] < 0.001

Non-mitochondrial OCR

(pmol/min/30k cells)

29 11 [9, 22] 16 [11, 21] 0.5

Leak OCR (pmol/min/30k cells) 29 16 [9, 25] 5 [4, 7] < 0.001

Maximal OCR

(pmol/min/30k cells)

29 143 [101, 209] 73 [70, 82] < 0.001

Spare Respiratory

Capacity

(pmol/min/30k cells)

29 62 [45, 99] 37 [32, 46] 0.003

Complex IV OCR

(pmol/min/30k cells)

29 125 [79, 170] 63 [30, 93] 0.023

MSC ATP content

(pMol/cell)

29 29.82 [26.81, 30.21] 25.23 [23.70, 26.70] < 0.001

Basal ECAR

(mpH/min/30k cells)

29 37 [36, 45] 52 [46, 60] < 0.001

1Median [IQR]; n [%] 2Student's t-test; Pearson's Chi-squared test; Wilcoxon rank sum exact test
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Characteristic N None/Mild, N = 181 Mod/Sev, N = 211 p-value2

Glycolytic capacity

(mpH/min/30k cells)

29 56 [45, 66] 82 [61, 95] 0.004

1Median [IQR]; n [%] 2Student's t-test; Pearson's Chi-squared test; Wilcoxon rank sum exact test

MSC bioenergetic dysfunction is higher in ELBW infants with moderate/severe BPD

Mitochondrial and glycolysis stress tests were performed to assess bioenergetic function of MSCs
obtained from 29 of the 39 ELBW infants enrolled in the study as su�cient numbers of MSCs to perform
bioenergetic analyses could not be obtained from the remaining 10 infants. Basal and maximal oxygen
consumption rates (OCR), ATP-linked OCR and proton leak, spare respiratory capacity (SRC) and ETC
complex-IV activity were lower in MSCs from ELBW infants who died or developed moderate/severe BPD
vs. MSCs from infants who survived with no/mild BPD (Fig. 1 and Table 1). No differences were noted in
MSC non-mitochondrial OCR between the 2 groups of infants.

Both GA and BW correlated poorly with MSC basal OCR (0.27, p = 0.16 and 0.28, p = 0.27 respectively) as
well as maximal OCR (0.29, p = 0.13 and 0.22, p = 0.23 respectively). MSCs from infants with IUGR had
similar basal and maximal OCR when compared to MSCs from infants without IUGR (median[IQR]:
43[38,123] vs. 45[37,62] pmol/min/3x10^4 cells respectively, p = 0.8 and 83[80,190] vs. 90[72,126]
pmol/min/3x10^4 cells respectively, p = 0.8 respectively), implying that growth restriction also did not
signi�cantly modify MSC OCR in this infant cohort

Quantitative measurement of glycolysis in MSCs was �rst done using extracellular acidi�cation rates
(ECAR). Basal ECAR rates measured in the absence of additional substrates, glycolysis-associated ECAR
measured after addition of glucose to the substrate, as well as glycolytic capacity related ECAR measured
after inhibition of mitochondrial oxidative phosphorylation using oligomycin were all higher in MSCs
from ELBW infants who died or developed BPD compared to MSCs obtained from infants who survived
with no or mild BPD (Fig. 2 and Table 1). Proton e�ux rates (PER) measured through glycolytic rate
assays were also used as an additional measure of glycolysis in MSCs. Higher rates of basal glycolysis
and compensatory glycolysis (measured after the addition of mitochondrial inhibitors antimycin-A and
rotenone) were again noted in MSCs from infants who died or developed BPD compared to MSCs from
infants who survived with no/mild BPD. Glycolysis-speci�c PER (measured as the difference between
PER measured during basal glycolysis and PER measured during compensatory glycolysis) was also
higher in MSCs from infants who died or developed BPD compared to infants who survived with no/mild
BPD (Fig. 3).

Finally, total cellular ATP content in MSCs grown in standard culture media with glucose and in the
absence of any mitochondrial or glycolytic inhibitors was lower in infants who died or developed
moderate/severe BPD compared to survivors with no/mild BPD (mean[SD]: 20.23[23.70, 26.70] vs.
29.82[26.81, 30.21] pmol/cell respectively, p < 0.001).
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Mitophagy is decreased in MSC from ELBW infants with
moderate or severe BPD
Mitophagy mediators including PINK1, mitochondrial content markers such as TOM20 as well as
transmission electron microsocopy (TEM) images were used to assess MSC mitophagy. When exposed
to normoxia (5% O2), PINK1 and TOM20 expression were noted to be similar between MSCs obtained
from infants who developed moderate/severe BPD and MSCs from infants who survived with no/mild
BPD. However, upon exposure to hyperoxia (85% O2), PINK1 mRNA and protein levels were lower, while
TOM20 protein content was noted to be higher in MSCs obtained from ELBW infants who died or
developed moderate/severe BPD compared to MSCs from infants who survived with no/mild BPD.
(Figs. 4A-4D).

TEM imaging (Fig. 5A) showed that vacuolar structures - indicative of autophagic foci - were decreased in
hyperoxia-exposed MSCs (but not normoxia-exposed MSCs) from infants who died or developed
moderate/severe BPD compared to MSCs from survivors with no/mild BPD (Fig. 5B). Mitochondrial
morphology was more severely disrupted in both normoxia and hyperoxia-exposed MSCs from infants
who died or developed moderate/severe BPD vs. MSCs from infants who survived with no/mild BPD
(Fig. 5C). Additionally, mitochondria in hyperoxia-exposed MSCs from infants who died or developed
moderate/severe BPD were increased in number, larger in size and also occupied a larger area of the cell
surface vs. mitochondria in hyperoxia-exposed MSCs from infants who survived with mild/no BPD
(Fig. 5D-5F).

MSC survival is decreased in ELBW infants who developed moderate/severe BPD

MSCs obtained from infants who died or developed moderate/severe BPD had higher rates of apoptosis
vs. MSCs from infants who survived with no/mild BPD (Fig. 6A). Proliferation rates of MSCs grown in
culture were similar between both groups on days 1 and 2, but found to be lower in infants who died or
developed moderate/severe BPD vs. infants who survived with no/mild BPD (Fig. 6B). This decreased in-
vitro survival of MSCs from infants with increased risk for moderate/severe BPD was also re�ected in
immunohistochemistry (IHC) images of ex-vivo sections of umbilical cords that showed that MSCs from
these infants occupied a relatively lower surface area of cord segments vs. those from infants who
survived with mo/mild BPD (Fig. 6C).

MSC oxidant stress is increased in ELBW infants with moderate/severe BPD

Mitochondrial aconitase is known to be a sensitive and critical target of oxidant stress. Aconitase activity
also protects against oxidant stress. Therefore aconitase content and activity in MSCs obtained from
ELBW infants were examined. Both hyperoxia and normoxia exposed MSCs from infants who died or
developed moderate/severe BPD had similar aconitase protein content vs. MSCs from infants who
survived with no/mild BPD (Figs. 4A and 4E). However, aconitase activity was noted to be lower in both
hyperoxia and normoxia exposed MSCs from infants who died or developed moderate/severe BPD vs.



Page 7/21

MSCs from infants who survived with no/mild BPD. Additionally, as would be expected, hyperoxia
exposure decreased aconitase activity in MSCs from both groups of infants (Fig. 6D).

Discussion
Quiescent MSCs typically reside in hypoxic environments in which they are exposed to minimal oxidant
stress and ful�ll their ATP demands primarily through glycolysis.(21–23) A metabolic switch from
glycolysis to oxidative phosphorylation is required to provide both a signi�cant portion of the ATP
demand as well as the basal level of ROS stimulation necessary to induce and maintain MSC
proliferation and subsequent differentiation into cell lineages that can replace and repair host tissue
damage.(24–27) Mesenchymal-epithelial interactions are critical for normal pulmonary alveolarization
and MSCs have been found to contribute to lung injury repair by differentiating into alveolar epithelial
cells. (28–30) The current study indicates that MSCs obtained at birth from umbilical cords of ELBW
infants who later died or developed moderate/severe BPD had lower basal and maximal OCR but
increased ECAR and PER compared to MSCs from infants who survived to hospital discharge with no or
mild BPD. Such lower oxygen consumption and higher glycolytic activity as well as decreased in-vitro
growth and survival in cell cultures noted in MSCs from infants at high risk for BPD suggests that
mitochondrial dysfunction and decreased proliferation of MSCs that reside in or migrate to injured sites
in the developing lung could contribute to the increased risk for BPD observed in these infants.
Furthermore, total basal ATP content in MSCs from infants at risk for severe BPD was also decreased
when compared to MSCs from infants at low risk, implying that the increase in glycolysis observed in
these MSCs may provide only insu�cient compensation for the decline in their mitochondrial
bioenergetic function.

Physiological ROS upregulation is also considered essential for activating MSC differentiation.(6, 31, 32)
However, excessive mitochondrial ROS generation, which can be induced in MSCs even during
physiologic normoxia (21% O2), has been noted to decrease their proliferation, increase apoptosis and
reduce engraftment when administered to treat acute respiratory distress syndrome.(33) Mild uncoupling
of oxidation from phosphorylation (which lowers mitochondrial membrane potential but does not
signi�cantly affect ATP generation) as well as higher spare mitochondrial bioenergetic capacity can
protect cells against such oxidant stress related decrease in lifespan.(34, 35) Therefore, the lower
uncoupled OCR, SRC, aconitase activity, tissue density in umbilical cord sections and increased apoptosis
in cell cultures noted in MSCs from infants at high risk for BPD further suggest that mitochondrial
dysfunction could lead to reduced MSC lifespan and increased susceptibility to BPD. While aconitase
protein content remained similar, aconitase activity was lower in MSCs from infants who died or
developed moderate/severe BPD when compared to MSCs from infants who survived with no/mild BPD,
implying that differences in post-translational modi�cations of aconitase, that have been previously
noted to be especially relevant under conditions of oxidant stress, may also play a role in the
pathogenesis of the BPD.(36, 37)
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Recent evidence also indicates that MSCs are able to recognize, engulf and degrade damage associated
molecular patterns including dysfunctional mitochondria released by neighboring cells, and transfer their
own functional mitochondria to such cells.(38) Upon uptake, these MSC-derived mitochondria are able to
improve membrane potential, oxidative phosphorylation and redox function of recipient cell
mitochondrial networks.(16, 39–42) Additionally, EVs released by MSCs from infants have been shown to
contain mitochondria as well as functioning isolated mitochondrial ETC complexes that generate the ATP
required for cytoskeletal rearrangements through which EV entry into target cell cytoplasm is mediated.
(43, 44) In this context, the decreased oxygen consumption and complex IV activity identi�ed in MSCs
from infants at increased risk for BPD in our study provides a rationale to hypothesize that improving
MSC mitochondrial function and activity of ETC complexes could enhance the therapeutic ability of
autologous MSC, MSC-derived EVs and conditioned media administration that are currently undergoing
clinical trials in ELBW infants at risk for BPD.

Finally, PINK1-mediated mitophagy removes dysfunctional mitochondria and improves cellular
bioenergetic and redox health. MSCs de�cient in autophagy proteins such as microtubule–associated
protein 1 light chain 3B (LC3B) experience signi�cant mitochondrial dysfunction when exposed to oxidant
stress.(11, 45) Rescuing mitophagy and autophagy or decreasing mitochondrial oxidant stress were both
effective in decreasing mitochondrial dysfunction and increasing survival of these cells and upregulation
of mitophagy in MSCs that are used in therapeutic transfusions has been shown to improve their
therapeutic ability.(46, 47) Our �ndings that lower autophagy and PINK1 expression are associated with
higher numbers of mitochondria with ultrastructural and functional abnormalities per cell and TOM20
protein content in MSCs from infants at risk for severe BPD that were exposed to hyperoxia (but not
normoxia) indicate that augmenting MSC mitochondrial quality control mechanisms during oxidant
stress could also decrease BPD risk.

Limitations of our study include the small sample size of infants included in the study, as well as the
heterogeneity in mitochondrial function that is characteristic of cells obtained from different sources
which makes extrapolation of umbilical cord-derived MSC bioenergetic changes to bone marrow-derived
or resident lung MSCs challenging.(48) However, the umbilical cord-derived exogenous MSC transfusions
have been found to decrease neonatal hyperoxic injury in small studies.(49–52). Therefore, the
association between mitochondrial dysfunction, decreased autophagy and survival identi�ed in UC-MSCs
through this study may be of relevance to help examine the effectiveness of these cells in reducing BPD
risk in ELBW infants.(53) Additionally, while in-vitro testing does not permit complete assessment of MSC
biology in its physiological niche, MSCs were grown at 5% O2 instead of 21% O2 to mimic the relatively
hypoxic environment that these cells typically experience in-vivo. Our study also has several strengths.
We used a high throughput bioenergetic assay for both OCR and ECAR to derive a comprehensive pro�le
of bioenergetic function of MSCs obtained from ELBW infants and correlated these measures to their
BPD status. Furthermore, the use of intact MSCs allowed us to avoid artefacts often associated with
isolated mitochondrial testing.(54) We also note that GA and BW correlated poorly with MSC
bioenergetics in this study. However, a previous study found that umbilical cord-derived MSCs from
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infants born moderateluy preterm had predominantly glycolytic metabolism whereas MSCs obtained
from term infants had more oxidative metabolism.(55) Possible explanations for these differences
include methodology differences (OCR was measured using intact cells in a Seahorse™ �ux analyzer in
this study vs. permeabilized cells in an Oxygraph™ in the previous study) as well as the extreme
prematurity of the infant cohort included in the current study.

In summary,the �ndings of our study indicate that umbilical cord-derived endogenous MSC mitochondrial
dysfunction in ELBW infants is associated with autophagy/mitophagy de�cits, decreased proliferation
and survival as well as increased risk for severe BPD in ELBW infants. Further studies to con�rm these
�ndings and to determine the mechanisms responsible for MSC mitochondrial dysfunction in ELBW
infants could provide important insights regarding the role of endogenous MSCs and the therapeutic
e�cacy of autologous MSC transfusions in neonatal lung injury and BPD in ELBW infants.

Methods

MSC collection and characterization
Umbilical cord segments immersed in phosphate-buffered saline (Lonza, MD) were minced into 1–2 mm3

fragments and aligned at regular intervals in 10 cm culture dishes until they were �rmly attached to the
bottom of the dish for at least 30 minutes and expanded in Dulbecco’s modi�ed essential medium
(DMEM) supplemented with 10% fetal bovine serum at 37°C and 5% O2 and 5% CO2. Culture media was
replaced 2–3 days after initial plating and then every 2 days. Adherent cells were characterized as MSCs
according to the International Society of Cell Therapy guidelines by using immunocytochemistry to
con�rm expression of stem cell markers including CD105 and CD90 (Fig. 7A). Mesenchymal
differentiation ability of these cells was tested by inducing cells to differentiate in media supplemented
with 100 µM indomethacin, 0.5 mM IBMX, and 10 µg/mL insulin and staining with Oil Red O (Millipore
Sigma, VT) to con�rm their differentiation into adipocytes. Once the �broblast-like adherent cells reached
80–90% con�uence they were removed from the culture dishes using 10% trypsin and passaged further
or cryopreserved for future use.

OCR assay
Preliminary studies of MSC bioenergetics were used to determine that a seeding density of 30,000
MSCs/well produced optimal (100 pmol/min) basal OCR rates best suited for performing mitochondrial
stress tests (Fig. 7B). Therefore, 30,000 MSCs were seeded per well into Seahorse™ XF96 Cell Culture
Microplates (Agilent) and allowed to adhere for up to 24 hours on the day before the assay. On the day of
the assay, MSCs were washed once and incubated in DMEM supplemented with 10 mM glucose and 2
mM L-glutamine. After calibration of the Seahorse XF96 Analyzer, the Seahorse™ XF96 Cell Culture
Microplate was inserted and basal oxygen consumption rates (OCR) were determined followed by further
OCR measurements after the addition of mitochondrial inhibitors Oligomycin (1 µM), carbonyl cyanide-p-
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tri�ouromethoxyphenylhydrazone (FCCP, 1 µM), rotenone/antimycin ( 0.5 µM/1 µM) and N,N,N′,N′-
tetramethyl-p-phenylenediamine (TMPD)/ascorbic acid (0.5 mM/2 mM) as described previously.(8, 57)

ECAR assay
ECAR, measured using a Seahorse™ XF96 analyzer, was used as a surrogate for anaerobic glycolysis.
30,000 MSCs were seeded per well in Seahorse™ XF96 Cell Culture Microplates (Agilent) and allowed to
adhere for up to 24 hours on the day before the assay. On the day of the assay, cells were washed with XF
base medium and incubated for 60 minutes at 37°C in Seahorse XF Base medium supplemented with 5
mM glucose, 2 mM glutamine, 1 mM sodium pyruvate, and 0.5 mM HEPES buffer, pH 7.4 in the absence
of CO2. Basal ECAR was �rst measured followed by addition of glucose (10 mM) to measure glycoysis-
associated ECAR, oligomycin (2 µM) to inhibit mitochondrial oxidative phosphorylation to measure ECAR
associated with maximal glyolysis (glycolytic capacity) and 2-deoxyglucose (100mM) to con�rm
suppression of ECAR measurements due to inhibition of glycolysis, as described previously.(58)

PER assay
As bulk acidi�cation of extracellular medium measured by ECAR are not speci�c to glycolysis but also
includes acidi�cation caused by CO2 released through mitochondrial phosphorylation, glycolytic rate
assays were also performed to measure glycolysis-speci�c PER. 30,000 MSCs were seeded per well in
Seahorse™ XF96 Cell Culture Microplates (Agilent) and incubated in Seahorse XF Base medium
supplemented with 5 mM glucose, 2 mM glutamine, 1 mM sodium pyruvate. Followed by basal
measurements of PER, MSCs were next treated with simultaneous addition of antimycin A and rotenone
(0.5 µM/1 µM) to inhibit mitochondrial oxidative phosphorylation and subsequent production of carbonic
acid produced from the CO2 generated by the TCA cycle. PER measurements during this phase enable
determination of the mitoPER (PER from mitochondrial respiration) and compensatory glycoPER (PER
from glycolysis). Finally, 2-deoxyglucose (100mM) was injected to inhibit glycolysis and provide
qualitative con�rmation that proton e�ux measured in the experiment was secondary to glycolysis.(59)

ATP assay
A luminescent ATP Detection Assay Kit (ab113849, Abcam, MA) was used to measure MSC ATP. Brie�y,
luciferase enzyme and luciferin were added to MSC lysates, and the luminescence emitted was measured
using a SpectraMax™ i3 reader (Molecular Devices, CA) and quanti�ed using standard curves for ATP
generated by following manufacturer’s instructions.

Quantitative PCR
RNA from cultured cells exposed to normoxia (5%) or hyperoxia (85%) for 24 hours was isolated with
RNeasy Plus Mini Kit (Qiagen, Cat. No.74136).The concentration and purity of the RNA were measured
checked using SpectraMax i3x (Molecular Devices). Then a total of 1µg of RNA was reverse-transcribed
to cDNA using iScript Reverse Transcription Superrmix (Bio-Rad, Cat. No.1708840), following the
manufacturer’s instructions and the cDNA was used as a template in the subsequent qPCR which was
performed using TaqMan Fast Advanced master Mix (Thermo Fisher Scienti�c. Cat. No. 4444556) with
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TaqMan gene expression assays for PINK1 (Hs00260868_m1) according to the manufacturer’s
instruction of Taqman Fast Advanced Master Mix on the Bio-Rad CFX96 system.(60) All qPCR were
carried out using �ve independent samples in duplicate. To correct the differences in the amount of cDNA
loading into qPCR reaction wells, Eukaryotic 18S rRNA Endogenous Control (Thermo Fisher Scienti�c.
Cat. No. 4310893E) was used to normalize the expression levels of the target genes. qPCR data was
analyzed by applying the comparative Ct method (ΔΔCT). The results were presented as the fold change
in mRNA expression for targeted genes relative to controls.

Western blotting
MSCs exposed to normoxia (5%) or hyperoxia (85%) for 24 hours were lysed in RIPA buffer (Alfa Aesar.
Cat. No. J62885) and the lysate was centrifuged at 6,000g for 10min at 4ºC, then the supernatant was
mixed with 4x Laemmli sample buffer for western blotting according to standard procedures. 30 to 60 µg
of total protein from the samples were separated on 4–20% Criterion TGX Gels (Bio-Rad, Cat. No.
5678093), transferred to PVDF membranes (Trans-Blot Turbo System, Bio-Rad) and probed with
antibodies against PINK1 (ab23707), Aconitase (ab181153),TOM20 (ab56783, Abcam, MA) and B-Actin
(Cell Signaling Technology, 5125S) as loading control.(61) Membranes were developed using Clarity ECL
Substrate (Bio-Rad) and visualized with ChemiDoc imaging System. Densitometry analysis of band
intensities was performed using ImageJ software.

TEM imaging
MSCs exposed to normoxia (5%) or hyperoxia (85%) for 24 hours were detached from plates using 0.25%
Trypsin and spun down at 1,000g for 5min to remove media. The cell pellet was �xed in 0.1M Sodium
Cacodylate Buffer pH 7.4 with 1% Osmium tetroxide (EMS) for 1h at RT, then dehydrated through a series
of graded ethyl alcohols from 50 to 100%. After the in�ltration process in propylene oxide, the specimens
were embedded in a fresh 100% embedding media and polymerized at 60ºC overnight. For thin sections,
the appropriate blocks are cut using a diamond knife (Diatome, Electron Microscopy Sciences, Hat�eld,
PA) at 70-90nm (silver to pale gold using color interference) and sections were then placed on copper
grids. After drying, the sections were stained with the heavy metals uranyl acetate and lead citrate for
contrast and then viewed on a Tecnai Spirit 120kv TEM (FEI, Hillsboro, OR). Digital images were taken
with an AMT BioSprint 29.(62)

IHC of umbilical cord sections
IHC was performed on 10% formalin – �xed and para�n - embedded (FFPE) 5 µm sections of umbilical
cords. Tissue sections on the slides were depara�nized �rst with xylene and then rehydrated with alcohol
in a graded fashion. Endogenous peroxidases were blocked with 3% hydrogen peroxide and antigen was
retrieved by placing the slides in a thermostatic bath of sodium citrate buffer solution for 15–30 minutes
at 98°C and then allowing them to cool down to room temperature. The tissue sections were then treated
with 1% BSA for an hour to block non- speci�c endogenous antibodies and next with anti CD-105 rabbit
monoclonal antibody (Abcam, CA) at 1: 200 dilution after which they were left overnight at 4°C. After
rinsing the antibody incubated tissue sections, the antigen antibody complexes in tissue sections were



Page 12/21

visualized with diaminobenzidine (DAKO and DAB substrate kit) reaction that resulted in brown staining
of the membrane. Images of stained tissue sections were captured using a Nikon-T1E microscope (Nikon,
NY). 20 images of umbilical cord sections per infant were analyzed to measure the area of each image
occupied by cells positive for stem cell surface markers using ImageJ software.

Proliferation assay
A CyQUANT™ MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) Assay Kit (Thermo�sher,
MA) was used to measure MSC proliferation. The assay is based on the principle that redox potential of
viable mammalian cells causes the conversion of water-soluble MTT to formazan that can be analyzed
colorimetrically. 1x105 MSCs/well were seeded in 96-well plates and incubated with 100 µL of culture
media and 10 µL of 12 mM MTT solution for 4 hours. 100 µL of sodium dodecyl sulfate was next added
to each well to solubilize the formazan. Each microplate was incubated for a further 12 hours at 37°C and
absorbance was measured at 540 nm using a SpectraMax™ reader. 10 µL of the MTT stock solution to
100 µL of medium alone was included as a negative control for each sample.(63)

Apoptosis assay
Caspase-3 activity in MSC lysates was determined using the Caspase-3 Colorimetric Assay Kit (BioVision,
CA).Following manufacturer’s instructions, 5x106 MSCs were lysed and centrifuged at 10000×g for 1 min
and the supernatant, reaction buffer (10 mM DTT) and Asp-Glu-Val-Asp–p-nitroanilide (a substrate for
caspase-3) were incubated for 2 h at 37°C and transferred to 96-well plates. Absorbance at 405 nm was
read by a SpectraMax™ reader.(64)

Aconitase activity
To measure mitochondrial aconitase activity, an aconitase activity kit (Abcam, CA) was used as per
manufacturer’s instructions. Brie�y, MSCs in six-well plates were exposed to normoxia or hyperoxia for 24
hours. After treatment, cells were homogenized in 100 µL of assay buffer provided and spun at 20,000 g
for 15 min at 4°C to separate mitochondrial fractions. 300 µg of isolated mitochondria per sample were
re‐suspended with 100 µL of assay buffer and then incubated for 1 h with the isocitrate substrate mixture
at 25°C and absorbance at 240 nm was recorded for 30 min using a SpectraMax™ reader. Catalytic
activity of aconitase was determined by measuring the rate of formation of cis-aconitate as detected by
increase in the absorbance.(65)

Statistical analysis
Student’s t-test (parametric), Wilcoxon rank sum test (non-parametric) and Chi-Square test or Fisher’s
exact test (categorical) were used to test for differences between individual pairwise comparisons.
Correlation between continuous variables was evaluated using Pearson’s test. All analyses were
performed using R 4.0.2.(66) Results are expressed as mean ± SD or median (IQR). P < 0.05 was
considered signi�cant.To detect a difference of 30 ± 15 pmol/min/30k cells (mean ± SD) difference in
MSC basal OCR (based on OCR measurements in umbilical venous endothelial cells obtained from ELBW
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infants in our previous study) at 5% level of signi�cance (α = 0.05), and 80% power, we estimated that we
would need a sample size of 15 infants per group.(8)

Study Approvals
All protocols were approved by the Institutional Review Board of the University of Alabama at
Birmingham (UAB). Infants were enrolled after appropriate informed consent was obtained from their
mothers before or within 6 hours after birth. All procedures and experiments conducted in the study were
carried out in accordance with all relevant institutional guidelines and regulations.

Declarations
ACKNOWLEDGMENTS

The authors thank Kelley E. Smith-Johnston and Melissa J. Sammy at the UAB Bioanalytical Redox
Biology (BARB) Core, Diabetes Research Center (NIDDK DK P30DK079626), NORC (NIDDK DK056336),
UCEM, UCDC, CFRB and UCNC, for helping with mitochondrial bioenergetics assessment. The authors
also thank the UAB High Resolution Imaging Facility for their help with the transmission electron
microscopy.

AUTHOR CONTRIBUTIONS

SH, JK and NA conceived and designed the study; SH, RL, BMV, TJ and JK performed experiments; SH,
BMV, SWB, NA and JK analyzed the data; SH, SWB, TJ, NA and JK interpreted the results of experiments;
SH and JK prepared the �gures; SH, NA and JK drafted the manuscript; SH, RL, BMV, TJ, SWB, NA and JK
revised and approved the �nal version of manuscript.

DATA AVAILABILITY

The clinical datasets and the various experimental data analyzed to perform the current study are
available from the corresponding author on reasonable request. 

Con�ict of Interest Statement: The authors have declared that no con�ict of interest exists.

References
1. Wai KC, Kohn MA, Ballard RA, Truog WE, Black DM, Asselin JM, Ballard PL, Rogers EE, Keller RL. Early

Cumulative Supplemental Oxygen Predicts Bronchopulmonary Dysplasia in High Risk Extremely Low
Gestational Age Newborns. J Pediatr 2016;177:97.

2. Jensen EA, Edwards EM, Greenberg LT, Soll RF, Ehret DEY, Horbar JD. Severity of Bronchopulmonary
Dysplasia Among Very Preterm Infants in the United States. Pediatrics 2021;148:e2020030007.

3. Martin JA, Osterman MJK. Describing the Increase in Preterm Births in the United States, 2014-2016.
NCHS Data Brief 2018;312:1–8.



Page 14/21

4. Bertolo A, Capossela S, Fraänkl G, Baur M, Poötzel T, Stoyanov J. Oxidative status predicts quality in
human mesenchymal stem cells. Stem Cell Res Ther 2017;8:1–13.

5. Garrido C, Galluzzi L, Brunet M, Puig PE, Didelot C, Kroemer G. Mechanisms of cytochrome c release
from mitochondria. Cell Death Differ 2006;13:1423–1433.

�. Hu C, Zhao L, Peng C, Li L. Regulation of the mitochondrial reactive oxygen species: Strategies to
control mesenchymal stem cell fates ex vivo and in vivo. J Cell Mol Med 2018;22:5196.

7. Mancini OK, Lora M, Cuillerier A, Shum-Tim D, Hamdy R, Burelle Y, Servant MJ, Stochaj U, Colmegna I.
Mitochondrial Oxidative Stress Reduces the Immunopotency of Mesenchymal Stromal Cells in
Adults With Coronary Artery Disease. Circ Res 2018;122:255–266.

�. Kandasamy J, Olave N, Ballinger SW, Ambalavanan N. Vascular Endothelial Mitochondrial Function
Predicts Death or Pulmonary Outcomes in Preterm Infants. Am J Respir Crit Care Med
2017;196:1040–1049.

9. Kandasamy J, Rezonzew G, Jilling T, Ballinger S, Ambalavanan N. Mitochondrial DNA variation
modulates alveolar development in newborn mice exposed to hyperoxia. Am J Physiol Lung Cell Mol
Physiol 2019;317:740–747.

10. Haslip M, Dostanic I, Huang Y, Zhang Y, Russell KS, Jurczak MJ, Mannam P, Giordano F, Erzurum SC,
Lee PJ. Endothelial uncoupling protein 2 regulates mitophagy and pulmonary hypertension during
intermittent hypoxia. Arterioscler, Thromb, Vasc Biol 2015;35:1166–1178.

11. Mizumura K, Cloonan SM, Nakahira K, Bhashyam AR, Cervo M, Kitada T, Glass K, Owen CA,
Mahmood A, Washko GR, Hashimoto S, Ryter SW, Choi AMK. Mitophagy-dependent necroptosis
contributes to the pathogenesis of COPD. J Clin Invest 2014;124:3987–4003.

12. Sureshbabu A, Bhandari V. Targeting mitochondrial dysfunction in lung diseases: emphasis on
mitophagy. Front Physiol 2013;4:384.

13. Morrison TJ, Jackson MV, Cunningham EK, Kissenpfennig A, McAuley DF, O’Kane CM,
Krasnodembskaya AD. Mesenchymal Stromal Cells Modulate Macrophages in Clinically Relevant
Lung Injury Models by Extracellular Vesicle Mitochondrial Transfer. Am J Respir Crit Care Med
2017;196:1275–1286.

14. Hough KP, Trevor JL, Strenkowski JG, Wang Y, Chacko BK, Tousif S, Chanda D, Steele C, Antony VB,
Dokland T, Ouyang X, Zhang J, Duncan SR, Thannickal VJ, Darley-Usmar VM, Deshane JS. Exosomal
transfer of mitochondria from airway myeloid-derived regulatory cells to T cells. Redox Biol
2018;18:54–64.

15. Ludwig N, Yerneni SS, Menshikova EV, Gillespie DG, Jackson EK, Whiteside TL. Simultaneous
Inhibition of Glycolysis and Oxidative Phosphorylation Triggers a Multi-Fold Increase in Secretion of
Exosomes: Possible Role of 2,3-cAMP. Sci Rep 2020;10:1–12.

1�. Torralba D, Baixauli F, Sánchez-Madrid F. Mitochondria Know No Boundaries: Mechanisms and
Functions of Intercellular Mitochondrial Transfer. Front Cell Dev Biol 2016;4:107.

17. Weiss DJ, English K, Krasnodembskaya A, Isaza-Correa JM, Hawthorne IJ, Mahon BP. The
Necrobiology of Mesenchymal Stromal Cells Affects Therapeutic E�cacy. Front Immunol



Page 15/21

2019;10:1228.

1�. Kusuma GD, Carthew J, Lim R, Frith JE. Effect of the Microenvironment on Mesenchymal Stem Cell
Paracrine Signaling: Opportunities to Engineer the Therapeutic Effect. Stem Cells Dev 2017;26:617–
631.

19. Ito K, Turcotte R, Cui J, Zimmerman SE, Pinho S, Mizoguchi T, Arai F, Runnels JM, Alt C, Teruya-
Feldstein J, Mar JC, Singh R, Suda T, Lin CP, Frenette PS, Ito K. Self-renewal of a puri�ed Tie2+
hematopoietic stem cell population relies on mitochondrial clearance. Science 2016;354:1156–1160.

20. Ho TT, Warr MR, Adelman ER, Lansinger OM, Flach J, Verovskaya EV, Figueroa ME, Passegué E.
Autophagy maintains the metabolism and function of young and old stem cells. Nature
2017;543:205–210.

21. Basciano L, Nemos C, Foliguet B, Isla N de, Carvalho M de, Tran N, Dalloul A. Long term culture of
mesenchymal stem cells in hypoxia promotes a genetic program maintaining their undifferentiated
and multipotent status. BMC Cell Biol 2011;12:12.

22. Lombardi M, Gabrielli M, Adinol� E, Verderio C. Role of ATP in Extracellular Vesicle Biogenesis and
Dynamics. Front Pharmacol 2021;12:654023.

23. Shum LC, White NS, Mills BN, Mesy Bentley KL de, Eliseev RA. Energy Metabolism in Mesenchymal
Stem Cells During Osteogenic Differentiation. Stem Cells Dev 2016;25:114–122.

24. Pattappa G, Heywood HK, Bruijn JD de, Lee DA. The metabolism of human mesenchymal stem cells
during proliferation and differentiation. J Cell Physiol 2011;226:2562–2570.

25. Zhang Y, Marsboom G, Toth PT, Rehman J. Mitochondrial respiration regulates adipogenic
differentiation of human mesenchymal stem cells. PLoS One 2013;8:e77077.

2�. Pattappa G, Thorpe SD, Jegard NC, Heywood HK, Bruijn JD de, Lee DA. Continuous and uninterrupted
oxygen tension in�uences the colony formation and oxidative metabolism of human mesenchymal
stem cells. Tissue Eng Part C Methods 2013;19:68–79.

27. Forni MF, Peloggia J, Trudeau K, Shirihai O, Kowaltowski AJ. Murine Mesenchymal Stem Cell
Commitment to Differentiation Is Regulated by Mitochondrial Dynamics. Stem Cells 2016;34:743–
755.

2�. Demayo F, Minoo P, Plopper CG, Schuger L, Shannon J, Torday JS. Mesenchymal-epithelial
interactions in lung development and repair: are modeling and remodeling the same process? Am J
Physiol Lung Cell Mol Physiol 2002;283:510–517.

29. Moreira A, Winter C, Joy J, Winter L, Jones M, Noronha M, Porter M, Quim K, Corral A, Alayli Y, Seno T,
Mustafa S, Hornsby P, Ahuja S. Intranasal delivery of human umbilical cord Wharton’s jelly
mesenchymal stromal cells restores lung alveolarization and vascularization in experimental
bronchopulmonary dysplasia. Stem Cells Transl Med 2020;9:221–234.

30. Mendez JJ, Ghaedi M, Steinbacher D, Niklason LE. Epithelial Cell Differentiation of Human
Mesenchymal Stromal Cells in Decellularized Lung Scaffolds. Tissue Eng Part A 2014;20:1735.

31. Atashi F, Modarressi A, Pepper MS. The Role of Reactive Oxygen Species in Mesenchymal Stem Cell
Adipogenic and Osteogenic Differentiation: A Review. Stem Cells Dev 2015;24:1150.



Page 16/21

32. Zhang D-Y, Pan Y, Zhang C, Yan B-X, Yu S-S, Wu D-L, Shi M-M, Shi K, Cai X-X, Zhou S-S, Wang J-B,
Pan J-P, Zhang L-H. Wnt/-catenin signaling induces the aging of mesenchymal stem cells through
promoting the ROS production. Mol Cell Biochem 2013;374:13–20.

33. Wang Q, Shen C, Zhu H, Zhou W-G, Guo X-C, Wu M-J, Xu Z-Y, Jiang J, Liu H-Q. N-Acetylcysteine-
Pretreated Human Embryonic Mesenchymal Stem Cell Administration Protects Against Bleomycin-
Induced Lung Injury. Am J Med Sci 2013;346:113–122.

34. Vyssokikh MY, Holtze S, Averina OA, Lyamzaev KG, Panteleeva AA, Marey MV, Zinovkin RA, Severin
FF, Skulachev MV, Fasel N, Hildebrandt TB, Skulachev VP. Mild depolarization of the inner
mitochondrial membrane is a crucial component of an anti-aging program. Proc Natl Acad Sci USA
2020;117:6491–6501.

35. Sriskanthadevan S, Jeyaraju DV, Chung TE, Prabha S, Xu W, Skrtic M, Jhas B, Hurren R, Gronda M,
Wang X, Jitkova Y, Sukhai MA, Lin F-H, Maclean N, Laister R, Goard CA, Mullen PJ, Xie S, Penn LZ,
Rogers IM, Dick JE, Minden MD, Schimmer AD. AML cells have low spare reserve capacity in their
respiratory chain that renders them susceptible to oxidative metabolic stress. Blood 2015;125:2120–
2130.

3�. Lushchak OV, Piroddi M, Galli F, Lushchak VI. Aconitase post-translational modi�cation as a key in
linkage between Krebs cycle, iron homeostasis, redox signaling, and metabolism of reactive oxygen
species. Redox Report : Communications in Free Radical Research 2014;19:8.

37. Gardner PR, Nguyen DD, White CW. Aconitase is a sensitive and critical target of oxygen poisoning in
cultured mammalian cells and in rat lungs. Proc Natl Acad Sci USA 1994;91:12248–12252.

3�. Mahrouf-Yorgov M, Augeul L, Da Silva CC, Jourdan M, Rigolet M, Manin S, Ferrera R, Ovize M, Henry
A, Guguin A, Meningaud J-P, Dubois-Randeé J-L, Motterlini R, Foresti R, Rodriguez A-M. Mesenchymal
stem cells sense mitochondria released from damaged cells as danger signals to activate their
rescue properties. Cell Death Differ 2017;24:1224–1238.

39. Islam MN, Das SR, Emin MT, Wei M, Sun L, Westphalen K, Rowlands DJ, Quadri SK, Bhattacharya S,
Bhattacharya J. Mitochondrial transfer from bone-marrow-derived stromal cells to pulmonary alveoli
protects against acute lung injury. Nat Med 2012;18:759–765.

40. Li X, Michaeloudes C, Zhang Y, Wiegman CH, Adcock IM, Lian Q, Mak JCW, Bhavsar PK, Chung KF.
Mesenchymal stem cells alleviate oxidative stressinduced mitochondrial dysfunction in the airways.
J Allergy Clin Immunol 2018;141:1634–1645.e5.

41. Li C, Cheung MKH, Han S, Zhang Z, Chen L, Chen J, Zeng H, Qiu J. Mesenchymal stem cells and their
mitochondrial transfer: a double-edged sword. Biosci Rep 2019;39:BSR20182417.

42. Paliwal S, Chaudhuri R, Agrawal A, Mohanty S. Regenerative abilities of mesenchymal stem cells
through mitochondrial transfer. J Biomed Sci 2018;25:31.

43. Adamo A, Brandi J, Caligola S, Del�no P, Bazzoni R, Carusone R, Cecconi D, Giugno R, Manfredi M,
Robotti E, Marengo E, Bassi G, Kamga PT, Dal Collo G, Gatti A, Mercuri A, Arigoni M, Olivero M,
Calogero RA, Krampera M. Extracellular Vesicles Mediate Mesenchymal Stromal Cell-Dependent



Page 17/21

Regulation of B Cell PI3K-AKT Signaling Pathway and Actin Cytoskeleton. Front Immunol
2019;10:446.

44. Panfoli I, Ravera S, Podestà M, Cossu C, Santucci L, Bartolucci M, Bruschi M, Calzia D, Sabatini F,
Bruschettini M, Ramenghi LA, Romantsik O, Marimpietri D, Pistoia V, Ghiggeri G, Frassoni F, Candiano
G. Exosomes from human mesenchymal stem cells conduct aerobic metabolism in term and preterm
newborn infants. FASEB J 2016;30:1416–1424.

45. Ghanta S, Tsoyi K, Liu X, Nakahira K, Ith B, Coronata AA, Fredenburgh LE, Englert JA, Piantadosi CA,
Choi AMK, Perrella MA. Mesenchymal Stromal Cells De�cient in Autophagy Proteins Are Susceptible
to Oxidative Injury and Mitochondrial Dysfunction. Am J Respir Cell Mol Biol 2017;56:300–309.

4�. Cairns G, Thumiah-Mootoo M, Burelle Y, Khacho M. Mitophagy: A New Player in Stem Cell Biology.
Biology 2020;9:481.

47. Ito S, Araya J, Kurita Y, Kobayashi K, Takasaka N, Yoshida M, Hara H, Minagawa S, Wakui H, Fujii S,
Kojima J, Shimizu K, Numata T, Kawaishi M, Odaka M, Morikawa T, Harada T, Nishimura SL, Kaneko
Y, Nakayama K, Kuwano K. PARK2-mediated mitophagy is involved in regulation of HBEC
senescence in COPD pathogenesis. Autophagy 2015;11:547–559.

4�. Phinney DG. Functional heterogeneity of mesenchymal stem cells: implications for cell therapy. J
Cell Biochem 2012;113:2806–2812.

49. Abman SH, Matthay MA. Mesenchymal stem cells for the prevention of bronchopulmonary
dysplasia: delivering the secretome. Am J Respir Crit Care Med 2009;180:1039–1041.

50. Aslam M, Baveja R, Liang OD, Fernandez-Gonzalez A, Lee C, Mitsialis SA, Kourembanas S. Bone
marrow stromal cells attenuate lung injury in a murine model of neonatal chronic lung disease. Am J
Respir Crit Care Med 2009;180:1122–1130.

51. Gronbach J, Shahzad T, Radajewski S, Chao C-M, Bellusci S, Morty RE, Reicherzer T, Ehrhardt H. The
Potentials and Caveats of Mesenchymal Stromal Cell-Based Therapies in the Preterm Infant. Stem
Cells International 2018;2018:9652897.

52. Mohammadalipour A, Dumbali SP, Wenzel PL. Mitochondrial transfer and regulators of
mesenchymal stromal cell function and therapeutic e�cacy. Frontiers in Cell and Developmental
Biology 2020;8:1519.

53. Moroncini G, Paolini C, Orlando F, Capelli C, Grieco A, Tonnini C, Agarbati S, Mondini E, Saccomanno
S, Goteri G, Baroni SS, Provinciali M, Introna M, Del Papa N, Gabrielli A. Mesenchymal stromal cells
from human umbilical cord prevent the development of lung �brosis in immunocompetent mice.
PLoS One 2018;13:e0196048.

54. Gu X, Ma Y, Liu Y, Wan Q. Measurement of mitochondrial respiration in adherent cells by Seahorse
XF96 Cell Mito Stress Test. STAR Protocols 2021;2:100245.

55. Ravera S, Podestaà M, Sabatini F, Fresia C, Columbaro M, Bruno S, Fulcheri E, Ramenghi LA, Frassoni
F. Mesenchymal stem cells from preterm to term newborns undergo a signi�cant switch from
anaerobic glycolysis to the oxidative phosphorylation. Cell Mol Life Sci 2018;75:889–903.



Page 18/21

5�. Chacko BK, Kramer PA, Ravi S, Johnson MS, Hardy RW, Ballinger SW, Darley-Usmar VM. Methods for
de�ning distinct bioenergetic pro�les in platelets, lymphocytes, monocytes, and neutrophils, and the
oxidative burst from human blood. Laboratory Investigation; a Journal of Technical Methods and
Pathology 2013;93:690.

57. Chacko BK, Kramer PA, Ravi S, Johnson MS, Hardy RW, Ballinger SW, Darley-Usmar VM. Methods for
de�ning distinct bioenergetic pro�les in platelets, lymphocytes, monocytes, and neutrophils, and the
oxidative burst from human blood. Laboratory Investigation; a Journal of Technical Methods and
Pathology 2013;93:690.

5�. Mookerjee SA, Brand MD. Measurement and Analysis of Extracellular Acid Production to Determine
Glycolytic Rate. J Vis Exp 2015;doi:10.3791/53464.

59. Lund J, Ouwens DM, Wettergreen M, Bakke SS, Thoresen GH, Aas V. Increased Glycolysis and Higher
Lactate Production in Hyperglycemic Myotubes. Cells 2019;8:1101.

�0. Lutz AK, Exner N, Fett ME, Schlehe JS, Kloos K, Lämmermann K, Brunner B, Kurz-Drexler A, Vogel F,
Reichert AS, Bouman L, Vogt-Weisenhorn D, Wurst W, Tatzelt J, Haass C, Winklhofer KF. Loss of
parkin or PINK1 function increases Drp1-dependent mitochondrial fragmentation. J Biol Chem
2009;284:22938–22951.

�1. Zhu W, Yuan Y, Liao G, Li L, Liu J, Chen Y, Zhang J, Cheng J, Lu Y. Mesenchymal stem cells
ameliorate hyperglycemia-induced endothelial injury through modulation of mitophagy. Cell Death
Dis 2018;9:837.

�2. Bhansali S, Bhansali A, Walia R, Saikia UN, Dhawan V. Alterations in Mitochondrial Oxidative Stress
and Mitophagy in Subjects with Prediabetes and Type 2 Diabetes Mellitus. Front Endocrinol
2017;8:347.

�3. Petty RD, Sutherland LA, Hunter EM, Cree IA. Comparison of MTT and ATP-based assays for the
measurement of viable cell number. J Biolumin Chemilumin 2021;10:29–34.

�4. Ahn J-O, Coh Y-R, Lee H-W, Shin I-S, Kang S-K, Youn H-Y. Human Adipose Tissue-derived
Mesenchymal Stem Cells Inhibit Melanoma Growth In Vitro and In Vivo. Anticancer Res
2015;35:159–168.

�5. Haffar T, Akoumi A, Bousette N. Lipotoxic Palmitate Impairs the Rate of-Oxidation and Citric Acid
Cycle Flux in Rat Neonatal Cardiomyocytes. Cell Physiol Biochem 2016;40:969–981.

��. R Core Team. R: A language and environment for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing; 2020. at <https://www.R-project.org/>.

Figures

Figure 1



Page 19/21

Oxygen consumption rates (OCR) of MSCs obtained from ELBW infants who died or developed
moderate/severe BPD (Mod/Sev) and ELBW infants who survived with no/mild BPD (None/Mild). (A)
Representative plot of a typical mitochondrial stress test conducted using a Seahorse XF96 �ux analyzer.
30,000 cells were seeded per well in 96-well plates, and MSC oxygen consumption was measured in the
presence of various mitochondrial effectors. (B) Basal OCR. (C) Panel with plots showing MSC ATP-linked
OCR, proton leak, and non-mitochondrial OCR. (D) Maximal OCR measured after FCCP introduction. Data
for all experiments obtained from MSCs from 15 infants with Mod/Sev BPD and 14 with No/Mild BPD.
Differences were analyzed using Mann-Whitney U-test and data expressed as median [25th - 75th
centiles]. * and ** represent p-value < 0.05 and < 0.005 respectively. NS - no signi�cant difference.

Figure 2

Extracellular acidi�cation rates (ECAR) of MSCs obtained from ELBW infants who died or developed
moderate/severe BPD (Mod/Sev) and ELBW infants who survived with no/mild BPD (None/Mild). (A)
Representative plot of a typical glycolytic stress test conducted using a Seahorse XF96 �ux analyzer.
30,000 cells were seeded per well in 96-well plates, and MSC extracellular acidi�cation was measured in
the presence of various glycolytic effectors. (B) Basal ECAR. (C) ECAR during glycolysis (D) ECAR due to
maximal glycolysis measured after oligomycin introduction. Data for all experiments obtained from
MSCs from 15 infants with Mod/Sev BPD and 14 with No/Mild BPD. Differences were analyzed using
Mann-Whitney U-test and data expressed as median [25th - 75th centiles]. * and ** represent p-value <
0.05 and < 0.005 respectively. NS - no signi�cant difference.

Figure 3

Proton E�ux Rates (ECAR) of MSCs obtained from ELBW infants who died or developed
moderate/severe BPD (Mod/Sev) and ELBW infants who survived with no/mild BPD (None/Mild). (A)
Representative plot of a typical Proton E�ux Rate (PER) Assay conducted using a Seahorse XF96 �ux
analyzer. 30,000 cells were seeded per well in 96-well plates, and MSC proton e�ux was measured at
baseline and in the presence of Antimycin-A. 2-deoxy-glucose was used to con�rm that proton e�ux was
speci�cally related to cellular glycolysis. (B) Basal PER (C) Compensatory PER due to antimycin
A/rotenone-induced inhibition of mitochondrial respiration (D) GlycoPER measured as the difference
between basal PER and compensatory PER, indicative of glycolysis-speci�c PER due to maximal
glycolysis measured after oligomycin introduction. Data for all experiments obtained from MSCs from 15
infants with Mod/Sev BPD and 14 with No/Mild BPD. Differences were analyzed using Mann-Whitney U-
test and data expressed as median [25th - 75th centiles]. * and ** represent p-value < 0.05 and < 0.005
respectively. NS - no signi�cant difference.
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Figure 4

Expression changes of PTEN-induced putative kinase 1 (PINK1), translocase of outer membrane
(TOM20), and mitochondrial aconitase (ACO) in MSCs from ELBW infants exposed to normoxia (5%) or
hyperoxia (85%) for 24 hours. (A) Representative Western blot images of ACO, PINK1 and TOM20 in
MSCs from infants who survived with no/mild BPD and MSCs who died or developed moderate/severe
BPD (n=5 per group). (B) and (C) Quantitative densitometric and qPCR analysis of MSC PINK1 protein
content and RNA expression respectively (n=5 per group). (D) and (E) Quantitative densitometric analysis
of TOM20 and ACO protein content in MSCs (n=5 per group). Differences were analyzed using Mann-
Whitney U-test and data expressed as median [25th - 75th centiles]. * and ** represent p-value < 0.05 and
< 0.005 respectively. NS - no signi�cant difference.

Figure 5

TEM imaging of MSCs from ELBW infants exposed to normoxia (5%) or hyperoxia (85%) for 24 hours. (A)
and (B) Representative TEM images and quanti�cation of autophagic vacoules. MSCs from infants who
survived with no/mild BPD exposed to normoxia (a) or hyperoxia (b) had increased number of
autophagic vacoules and less elongated mitochondria vs. MSCs from infants who died or developed
moderate/severe BPD (c and d). Scale bar represents 2 µm. (C) Higher numbers of abnormal
mitochondria were found in both normoxia and hyperoxia-exposed MSCs from infants at increased risk
for death/moderate/severe BPD vs. infants who survived with no/mild BPD. n = 11 per group. Hyperoxia-
exposed from MSCs infants with increased BPD risk had increased mitochondrial number per cell (D) as
well as larger mitochondria (E) and consequently increased area occupied by mitochondria per cell (F)
vs. infants who survived without BPD. MSCs from 10 infants per group were used to obtain a minimum
of 20 images per infant that were examined by 2 trained independent investigators. Differences were
analyzed using Mann-Whitney U-test and data expressed as median [25th - 75th centiles]. * and **
represent p-value < 0.05 and < 0.005 respectively. NS - no signi�cant difference.

Figure 6

Panel showing MSC survival, proliferation and aconitase activity in ELBW infants. (A) MSC proliferation
rates measured in cell culture over 3 days (n = 10 per group). (B) MSC Apoptosis rates (n=10 per group).
(C) Quantitative analysis of surface area of umbilical cord sections occupied by MSCs PINK1 protein and
RNA expression respectively (n = 10 per group). (D) Aconitase activity of MSCs exposed to normoxia (5%)
or hyperoxia (85%). n = 5 per group. Differences were analyzed using Mann-Whitney U-test and data
expressed as median [25th - 75th centiles]. * and ** represent p-value < 0.05 and < 0.005 respectively. NS -
no signi�cant difference.
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Figure 7

MSC characterization. (A) MSCs in umbilical cord tissue sections stained for CD105 antigen. (B) Basal
oxygen consumption of MSCs seeded at different densities.  MSCs - mesenchymal stem cells. OCR -
oxygen consumption rate.
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