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Abstract

Aging is a physiological process that leads to a higher risk for the most devastating

diseases. There are a number of theories of human aging proposed, and many of

them are directly or indirectly linked to mitochondria. Here, we used mesenchymal

stem cells (MSCs) from young and older donors to study age‐related changes in

mitochondrial metabolism. We have found that aging in MSCs is associated with a

decrease in mitochondrial membrane potential and lower NADH levels in mi-

tochondria. Mitochondrial DNA content is higher in aged MSCs, but the overall

mitochondrial mass is decreased due to increased rates of mitophagy. Despite the

higher level of ATP in aged cells, a higher rate of ATP consumption renders them

more vulnerable to energy deprivation compared to younger cells. Changes in mi-

tochondrial metabolism in aged MSCs activate the overproduction of reactive oxy-

gen species in mitochondria which is compensated by a higher level of the

endogenous antioxidant glutathione. Thus, energy metabolism and redox state are

the drivers for the aging of MSCs/mesenchymal stromal cells.
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1 | INTRODUCTION

Progress in medicine increased the life expectancy in most of the

countries around the world. Consequently, the proportion of the

aged versus young people in society has been steadily augmenting.

This brought age‐related problems to the front line (Cylus

et al., 2019). Aging is a physiological process occurring over life that

induces a general decline of physical and mental capacities. Human

aging leads to a higher risk for individuals to develop cancer, neu-

rodegenerative, cardiovascular, and metabolic disorders (Kennedy

et al., 2014). Therefore, a better understanding of the biological

pathways associated with aging would contribute to the improve-

ment of the quality of life of the elderly. Yet, researchers in the field

defined hallmarks of aging to foster the comprehension of this pro-

cess. Among them, stem cell exhaustion was indicated as the cause of

impaired regeneration of injured organs and loss of tissue home-

ostasis. Furthermore, other theories of aging were proposed, in-

cluding genetic predisposition, programmed senescence, DNA

damage, endocrine dysfunction, or the free radical hypothesis

(Angelova & Abramov, 2016; Lopez‐Otin et al., 2013). Most of these

hypotheses are linked to cellular organelles named mitochondria,

which play a role of an energy plant and are also responsible for other
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vital functions in the eukaryotic cell, including control of the process

of cell death and free radical production. However, the main function

of mitochondria is producing energy in the form of ATP and all other

processes inside of mitochondria are connected or dependent on

bioenergetics.

In this frame, adult tissue‐specific stem cells represent a suitable

cell type to study age‐related changes in bioenergetics. Specifically,

mesenchymal stem/mesenchymal stromal cells (MSC) from bone

marrow are a relevant and crucial model to study aging for several

reasons: a) access to cells of individuals with different age, which

allows for the study of chronological aging rather than replicative

senescence (Demirovic et al., 2015; Ganguly et al., 2017; Geissler

et al., 2012; Y. K. Yang, 2018), even in the case of fetal sources

(Barilani, Palorini, et al., 2019; Gu et al., 2016); b) influence of aging

on properties and functionality of bone marrow niche cells (Hoffman

et al., 2019), already extensively documented by others for what

concerns proliferation and differentiation (Beane et al., 2014;

Ganguly et al., 2019; Kretlow et al., 2008; Lund et al., 2010; Stolzing

et al., 2008; Zaim et al., 2012); c) use of MSC in diverse clinical

applications, such as bone reconstruction (Gómez‐Barrena

et al., 2020); and d) lack of information regarding age‐related bioe-

nergetics changes for MSC participating in programs of tissue re-

generation. Indeed, metabolism is a growing area of research in the

stem cell field, as the influence of mechanisms of energy production

on stem cell physiology and disease is increasingly recognized. In

particular, metabolism and mitochondria themselves have been as-

sociated with stem cell self‐renewal, cell fate decisions, and differ-

entiation control (Shyh‐Chang et al., 2013). Finally, in addition to

canonical paracrine and differentiation mechanisms of action of MSC,

a new one also involved in bone marrow niche homeostasis and

therapeutic efficacy has been recently ascribed to horizontal transfer

of mitochondria to damaged cells (Ahmad et al., 2014; Cho

et al., 2012; Han et al., 2016; Hsu et al., 2016; Spees et al., 2006;

Théry et al., 2018; Torralba et al., 2016). Yet, envisioning a “mi-

totherapy” scenario using MSC, the selection of the best mitochon-

drial donor would be pivotal to attain optimal rescue of the

dysfunctional phenotype. Here, we found that aged MSC has a lower

rate of glucose metabolism and decreased mitochondrial membrane

potential and mitochondrial NADH redox state. Aged MSC exhibits

overall lower net mitochondrial mass, despite higher mitochondrial

DNA (mtDNA) content, due to increased rates of mitophagy. Finally,

because of higher rates of ATP consumption, aged MSC is more

vulnerable to energy deprivation.

2 | MATERIALS AND METHODS

2.1 | Cell culture

Human MSC used in this study (Passages 5–7) were isolated from

the bone marrow of healthy individuals (n = 5 ≥ 56‐years old, two

females and three males, aged MSC; n = 5 ≤ 20‐years old, two

females and three males, juvenile MSC), following standard

protocols published elsewhere (Angelova et al., 2018). Both MSC

groups were characterized following the International Society for

Cellular Therapy minimal definition criteria (Dominici et al., 2006;

Horwitz et al., 2005), including plastic adherence, im-

munophenotype, and differentiation properties into mesodermal

derivatives (data not shown), as described in previous studies

(Barilani et al., 2016, 2015). Written informed consent was ob-

tained from all the donors involved in the study. All experiments

were performed according to the amended Declaration of Hel-

sinki under the evaluation of the Ethical Committee of Fonda-

zione IRCCS Ca' Granda Ospedale Maggiore Policlinico n°

1982, January 14, 2020. The culture medium consisted of α‐

minimal essential medium‐GlutaMAX (Thermo Fisher Scientific)

supplemented with 10% fetal bovine serum (FBS; Thermo Fisher

Scientific) and medium changes were performed twice a week.

Cell cultures were maintained at 37°C in a humidified atmosphere

containing 5% CO2. At 80% confluence, the cells were harvested

using 25% TrypLE Select 1X (Thermo Fisher Scientific) and were

washed with phosphate‐buffered saline (Thermo Fisher Scien-

tific) and cultured at a concentration of 4 × 103 cells/cm2.

2.2 | Live‐cell imaging

2.2.1 | Mitochondrial membrane potential (ΔΨm)
measurements

For measurements of ΔΨm, cells plated on 25‐mm glass coverslips

were loaded for 30min at room temperature (RT) with 25 nM tet-

ramethylrhodamine methyl ester (TMRM; Invitrogen) in a HEPES‐

buffered saline solution (HBSS) composed of 156mM NaCl, 3 mM

KCl, 2 mM MgSO4, 1.25mM KH2PO4, 2 mM CaCl2, 10mM glucose,

and 10mM HEPES; pH adjusted to 7.35 with NaOH. The dye re-

mained present in the media at the time of recording. Confocal

images were obtained using a Zeiss 710 VIS CLSM equipped with a

META detection system and a ×40 oil immersion objective. TMRM

was excited using the 560 nm laser line and fluorescence was mea-

sured above 580 nm (M. H. R. Ludtmann et al., 2018). For basal ΔΨm

measurements, Z‐stack images were obtained by confocal micro-

scopy and analyzed using Zeiss software. For analysis of response to

mitochondrial toxins, images were recorded continuously from a

single focal plane. TMRM is used in the redistribution mode to assess

ΔΨm, and, therefore, a reduction in TMRM fluorescence represents

mitochondrial depolarization.

2.2.2 | Measurement of NADH/flavin adenine
dinucleotide redox index and pool

NADH autofluorescence was measured using an epifluorescence

inverted microscope equipped with a ×20 fluorite objective. Excita-

tion light at a wavelength of 350 nm was provided by a Xenon arc

lamp, the beam passing through a monochromator (Cairn Research).
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Emitted fluorescence light was reflected through a 455 nm long‐pass

filter to a cooled charge‐coupled device (CCD) camera (Retiga; QI-

maging) and digitized to 12‐bit resolution. Imaging data were col-

lected and analyzed using software from Andor. Flavin adenine

dinucleotide (FAD) autofluorescence was monitored using a Zeiss

710 VIS CLSM equipped with a META detection system and a ×40 oil

immersion objective. Excitation was using the 454 nm Argon laser

line and fluorescence was measured from 505 to 550 nm. Illumina-

tion intensity was kept to a minimum (at 0.1%–0.2% of laser output)

to avoid phototoxicity and the pinhole set to give an optical slice of

∼2 µm. FAD and NADH redox indexes and mitochondrial pools were

estimated according to previously described (Al‐Menhali et al., 2020).

2.2.3 | Mag‐Fura2 measurements

To assess the ATP levels, which correlate with the release of Mg2+

upon degradation of the ATP‐Mg complex, [Mg2+]c was imaged using

Mag‐Fura2 AM according to (M. H. Ludtmann et al., 2016). Fluor-

escence images were acquired at a 30 s interval on an epi-

fluorescence inverted microscope equipped with a ×20 fluorite

objective (upon excitation at 340 and 380 nm). The emitted light was

reflected through a 515 nm long‐pass filter to a cooled CCD camera

(Retiga; QImaging) and digitized to 12‐bit resolution (Cairn Research).

Andor iQ3 software was used to collect and analyze data.

2.2.4 | mtDNA content assessment

mtDNA content in live cells was assessed using Quant‐iT PicoGreen

dsDNA probe (Molecular Probes Inc.) at 3 μM directly into the cell

culture medium. The cells were then incubated for 30min, under

standard culture conditions (37°C, 5% CO2) according to (Angelova

et al., 2018). The cells were then rinsed 3X in prewarmed HBSS and

visualized using a Zeiss 710 VIS CLSM equipped with a META de-

tection system under ×40 magnification. Excitation was using the

488 nm Argon laser line and fluorescence was measured from 510 to

550 nm.

2.2.5 | Mitochondrial colocalization with lysosomes

For visualization of the mitolysosome formation (late phase of mi-

tophagy), we have used the colocalization of mitochondrial and ly-

sosomal signals. Cells were loaded with 200 nM MitoTracker Green

FM and 50 nM LysoTracker Red in HBSS for 30min before experi-

ments as described previously (Berezhnov et al., 2016). Confocal

images were obtained using a Zeiss 710 confocal microscope

equipped with a ×40 oil immersion objective. The 488 nm Argon laser

line was used to excite MitoTracker Green fluorescence which was

measured between 505 and 530 nm. Illumination intensity was kept

to a minimum (about 1% of laser output) to avoid phototoxicity and

the pinhole set to give an optical slice of ∼2 µm. For LysoTracker Red,

the 543 nm Ne/He laser line was used with measurements above

650 nm. All data presented were obtained from at least five cover-

slips and 2–3 different cell preparations.

2.2.6 | Mitochondrial reactive oxygen species
measurements

For measurement of mitochondrial reactive oxygen species (ROS)

production, cells were preincubated with MitoTracker Red CM‐H(2)

XROS for 10min at RT. MitoTracker Red CM‐H(2)XROS measure-

ments were produced using 560 nm excitation and emission above

580 nm (Angelova et al., 2021).

2.2.7 | Glutathione level assessment

MSC was incubated with 50 μM monochlorobimane (MCB) (Mole-

cular Probes, Invitrogen) for 40min in HEPES‐buffered salt solution

before imaging (Arber et al., 2017). Cells were then washed with

HEPES‐ buffered salt solution and images of the fluorescence of the

MCB‐glutathione (GSH) were acquired using a Zeiss 710 CLSM with

excitation at 405 nm and emission at 435–485 nm.

2.2.8 | β‐galactosidase activity

β‐galactosidase staining was performed using the Senescence Cells

Histochemical Staining Kit (CS0030; Sigma‐Aldrich) as previously

described (Barilani, Palorini, et al., 2019). Images of stained cells were

acquired with a Nikon Eclipse TS100 microscope (Nikon). A total of

10 fields were screened, acquiring images from n = 2 technical re-

plicates (two separate wells of a six‐well plate), to analyse for positive

staining at least 50 cells for each MSC population (n = 5 aged MSC vs.

n = 5 juvenile MSC).

2.2.9 | Quantitative polymerase chain reaction

Gene expression (n = 5 aged MSC vs. n = 5 juvenile MSC, by two

independent experiments), telomere length, and mtDNA copy num-

ber (mtDNAcn; n = 11 aged MSC vs. n = 6 juvenile MSC, by two in-

dependent experiments) studies were performed by quantitative

polymerase chain reaction (qPCR) as elsewhere described (Barilani

et al., 2016; Barilani, Peli, et al., 2019). RNA was extracted by

standard TRIzol protocol (Thermo Fisher Scientific), following man-

ufacturer's instructions. DNA extracted with QIAamp DNA Blood

Mini Kit (51104; Qiagen), following manufacturer's instructions. All

amplification reactions were performed in n = 3 replicates in 96‐well

plates on a CFX96 machine (Bio‐Rad). The data analysis was carried

out using CFX Manager software (Bio‐Rad).
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2.2.10 | Total ATP quantification

Total ATP in MSC (n = 7 aged MSC vs. n = 7 juvenile MSC, by two

independent experiments) was quantified by the ATP Biolumines-

cence Assay Kit HS II (11699709001; Roche). All steps were per-

formed on ice and all reagents and ATP standard curve were

prepared as indicated by the manufacturer's instructions. Cells were

diluted to 200,000 cells/ml in dilution buffer at pH in the range

7.6–8.0. Next, 50 μl of cell dilution and ATP standards were aliquoted

in n = 3 replicates in 96‐well white plates with flat wells. Chemilu-

minescent signal was generated by a 5‐min incubation with 50 μl of

cell lysis reagent and subsequent addition of 100 μl of luciferase

reagent at RT. The signal was measured on a plate reader (Infinite

200 PRO; TECAN) equipped with Te‐Injec reagent injectors (TECAN),

using Magellan software v7.0 (TECAN) for automated protocol set up

and implementation.

2.2.11 | Glucose consumption and lactate
production

Glucose and lactate levels were measured with StatStrip meters

(Nova Biomedicals). Cells were seeded at 30,000 cells/cm2. The day

after, the medium was changed with basal medium without FBS and

collected 24 h later for glucose and lactate measurements. The

amounts of consumed glucose and produced lactate were calculated

based on initial concentrations (n = 5 aged MSC vs. n = 5 juve-

nile MSC).

2.3 | Statistical analysis

Data and statistical analysis were performed using Prism 6 (GraphPad

Software) and OriginPro, Version 2019 (OriginLab Corporation).

Details of statistical analyses are specified in the figure legends. A

p < 0.05 was considered statistically significant.

3 | RESULTS

3.1 | MSCs from older individuals recapitulate
senescent traits

To validate in vitro cultured MSC as a model for in vivo aging, specific

hallmarks of aging were investigated. First, β‐galactosidase activity

was addressed by a colorimetric assay as the main phenotypic feature

of senescent cells. MSC from older individuals (aged MSC, n = 5; an

average of 65.2 ± 5.4 years old) showed a significantly higher per-

centage of β‐galactosidase‐positive cells compared to MSC from

younger individuals (juvenile MSC, n = 5; an average of 16.8 ± 4.4

years old) (Figure 1a,b). The latter presented a value consistent with

MSC isolated from fetal tissue (Barilani, Palorini et al., 2019). Second,

qPCR analyses were performed to corroborate the β‐galactosidase

result. The gene expression of p21, a crucial protein involved in cell

cycle control, was found to be significantly higher in aged MSC than

in juvenile MSC (Figure 1c). Furthermore, telomere's length was de-

termined, and a significant decrease was detected in aged MSC

compared to juvenile MSC (Figure 1d). This is of particular interest, as

telomere erosion is directly involved in the aging process. Finally, the

gene expression of anti‐inflammatory and proinflammatory cytokines

was addressed. Consistent with a senescent phenotype, aged MSC

showed increased levels of interleukin (IL)‐6 and tumor necrosis

factor‐α messenger RNA, two major inflammatory cytokines, to-

gether with a decreased level of IL‐10, the most known anti‐

inflammatory cytokine, compared to juvenile MSC (Figure 1e).

3.2 | Basal mitochondrial membrane potential
declines with age

Mitochondrial membrane potential (ΔΨm) is the major indicator of

any changes in mitochondrial metabolism and related processes in

this organelle. We used TMRM to assess ΔΨm in aged and juvenile

MSC. Mitochondrial membrane potential in aged MSC was sig-

nificantly lower compared to juvenile MSC (58.6%, n = 5, 66.9%,

n = 5; first young control was taken as 100%, n = 5; Figure 2a,b).

Mitochondrial membrane potential is maintained mostly by the

function of the electron transport chain (ETC). However, in case of

pathology or lack of oxygen, it can be compensated by the F0‐F1‐

ATPase, which consumes ATP to pump protons to keep ΔΨm in an

optimal range (Abramov & Angelova, 2019b). Oligomycin can block

both F0‐F1‐ATPase and synthase functions. We take advantage of its

effects to assess whether partial depolarization of mitochondria, the

result of the reversal of ATP‐synthase, takes place with aging. Ap-

plication of 2 µg/ml oligomycin to juvenile MSC induced a small in-

crease or no changes in ΔΨm (Figure 2c,d) that suggested that

membrane potential was maintained by ETC. The use of 5 µM in-

hibitor of complex I rotenone surprisingly had only a moderate effect

on these cells and reduced ΔΨm only by 26% (N = 6) and 12% (N = 6;

Figure 2c,d) that suggests a relatively low activity of complex I in

juvenile MSC. The addition of 1 µM of the protonophore carbonyl

cyanide p‐trifluoromethoxy)phenylhydrazone (FCCP) led to a com-

plete depolarization of the mitochondrial membrane, which (after the

addition of oligomycin and rotenone) could correspond to the im-

plication of complex II in the maintenance of ΔΨm and in case of

juvenile MSC it was 72.9% ± 3.8% and 89.3% ± 5.7% (Figure 2c,d).

Aged MSC generated a small decrease of ΔΨm in response to oli-

gomycin (12% and 11%, N = 7) that suggested partial compensation

of the signal by F0‐F1‐ATPase, working in reverse mode. The effect

of 5 µM rotenone was also higher in aged MSC compared to juvenile

MSC (45% and 44%; Figure 2e,f). The final decrease by FCCP was

38.2% ± 3.2% and 45.5% ± 2.8% (Figure 2e,f). These data suggested a

shift not only in the range of ΔΨm in aged MSC but also changes in

the mechanism of its maintenance with aging.
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3.3 | NADH and FAD‐dependent respiration
changes with the age of the MSC donor

The level of substrates for Complex I and Complex II, NADH and

FADH, can be measured as the autofluorescence of the latter. To

separate the autofluorescence of mitochondrial NADH and FAD

from NADPH and cytosolic NADH and FAD, we used the mi-

tochondrial uncoupler FCCP and the inhibitor of respiration

NaCN. FCCP maximizes respiration and minimizes the substrates

NADH (taken as 0%) and FADH, while FAD, in contrast, increases

(taken as 100%). NaCN blocks respiration and substrate con-

sumption which results in an increase in NADH to maximal level

(taken as 100%) but leads to the decrease of FAD (due to in-

creased FADH) to a minimum level (taken as 0%). Using these

data, we estimated the mitochondrial pool of NADH and FAD/

FADH and also the respiratory activity (redox state) as a balance

between production and consumption of these substrates (in

normalized Figure 3a,b correspond to the basal values). We have

F IGURE 1 Senescence status of aged MSC compared with juvenile MSC. (a) Scatter dot plot shows the percentage of senescent cells (%) in
aged and juvenile MSC. Median and interquartile ranges are represented. (b) Representative bright‐field images of senescent (β‐galactosidase‐
positive MSC) and nonsenescent (β‐galactosidase‐negative MSC) cells. (c) Scatter dot plots show fold change of p21 gene expression normalized
to aged MSC. Median and interquartile ranges are represented. (d) Scatter dot plots show telomere length normalized to aged MSC. Median and
interquartile ranges are represented. (e) Scatter dot plots show fold change of IL‐6, TNF‐α, and IL‐10 gene expression normalized to aged MSC.
Median and interquartile ranges are represented. Statistical analyses were by two‐tailed nonparametric Mann–Whitney test for (a, c, and e), and
by Kolmogorov–Smirnov normality test followed by two‐tailed parametric Student's t‐test for (d); *p < 0.05, **p < 0.01, ****p < 0.0001, n = 5, for
each experimental group. BMMSC, bone marrow mesenchymal stem cell; IL‐6, interleukin‐6; MSC, mesenchymal stem cell; TNF‐α, tumor
necrosis factor‐α
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found that NADH redox index was reduced in aged MSC (from

74 ± 5, N = 7 to 47 ± 5.1, N = 7; Figure 3a–c). Mitochondrial NADH

pool in aged MSC was significantly decreased (from 171.2 ± 28.2,

N = 7 to 60.4 ± 10.1, N = 7, Figure 3a,c). Taken together, higher

respiratory activity in aged MSC leads to a reduction of the mi-

tochondrial NADH pool that is in agreement with responses to

rotenone addition in the ΔΨm measurement. Importantly, the

FAD redox index was significantly higher in aged MSC than in

juvenile MSC (Figure 3d,e) confirming higher respiratory activity

in these cells. However, we have not found any highly significant

differences in mitochondrial FAD pool between the pooled aged

and young MSC data (Figure 3d,f).

F IGURE 2 Mitochondrial membrane potential is decreased in aged MSC. (a) Changes in ΔΨm (TMRM fluorescence) between young and
aged MSC. (b) Representative images of TMRM fluorescence of young and aged MSC. Changes in the maintenance of ΔΨm in aged (e, f)
compared to younger (c, d) MSC. 2 µg/ml oligomycin, 1 µM rotenone, and 1 µM FCCP were applied to cells during experiments. Statistical
analysis was done by two‐tailed parametric Student's t‐test, preceded by Kolmogorov–Smirnov normality test, ***p > 0.0001. FCCP, carbonyl
cyanide p‐trifluoromethoxy)phenylhydrazone; MSC, mesenchymal stem cell; TMRM, tetramethylrhodamine methyl ester
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F IGURE 3 Age‐related activation of NADH and FADH dependent respiration in MSC. (a) Representative traces of NADH autofluorescence
in young and aged MSC in response to 1 µM FCCP and 1mM NaCN. Quantification of the NADH redox index (b) and mitochondrial NADH pool
(c) calculated for young and aged MSC. (d) Representative traces of FAD autofluorescence in young and aged MSC in response to 1 µM FCCP
and 1mM NaCN. Quantification of the FAD redox index (e) and mitochondrial NADH pool (f) calculated in young and aged MSC. Statistical
analysis was done by two‐tailed parametric Student's t‐test, preceded by Kolmogorov–Smirnov normality test, *p < 0.05, **p < 0.01, ***p >
0.0001. FAD, flavin adenine dinucleotide; FCCP, carbonyl cyanide p‐trifluoromethoxy)phenylhydrazone; MSC, mesenchymal stem cell
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3.4 | Aged MSC have a lower glucose uptake and
glycolytic activity

The lower level of mitochondrial NADH pool could be explained

by lower glucose uptake and glycolytic activity, which results in

lower pyruvate production, or alteration of the Krebs cycle. To

address these aspects, both glucose consumption and lactate

production in the culture medium were measured. Aged MSC

revealed significantly lower glucose consumption (Figure 4a) and

lactate production (Figure 4b), consistent with the lower level of

mitochondrial NADH pool. To corroborate this hypothesis, total

ATP content was measured. As shown in Figure 4c, aged MSC

produced significantly higher amounts of ATP despite lower

glucose consumption, confirming preference for oxidative phos-

phorylation (OXPHOS). ATP balance in the cells is maintained not

only by the production of ATP in glycolysis and OXPHOS, but also

by the rate of ATP consumption (Abramov & Angelova, 2019a;

Abramov & Duchen, 2010). To measure ATP consumption, we

used Mag Fura‐2. Magnesium is released from Mg–ATP com-

plexes upon hydrolysis of ATP (Leyssens et al., 1996), and,

F IGURE 4 ATP production and ATP consumption in aged and young MSC. Scatter dot plots show glucose consumption (a) and lactate
production (b) during 24 h for aged and juvenile MSC. Median and interquartile ranges are represented. (c) Scatter dot plots show total ATP
quantification normalized to 1 million cells for aged and juvenile MSC. Median and interquartile ranges are represented. Statistical analyses were
done by Kolmogorov–Smirnov normality test followed by two‐tailed parametric Student's t‐test; *p < 0.05, n = 5 for (a, b), n = 7 for (c), each
experimental group. Representative traces of Mag‐Fura‐2 ratio in young (d) and aged (e) MSC in response to 20 µM IAA and 5mM NaCN. Each
trace represents a measurement from a single cell. (f) Quantification of the time to collapse after inhibition of ATP production in young and aged
MSC. Statistical analysis was done by two‐tailed parametric Student's t‐test, preceded by Kolmogorov–Smirnov normality test, *p < 0.05,
**p < 0.01. BMMSC, bone marrow mesenchymal stem cell; MSC, mesenchymal stem cell; IAA, iodoacetic acid
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therefore, a measurement of cellular free magnesium, can be used

as an indication of ATP consumption rates. Application of in-

hibitors of glycolysis (20 µM iodoacetic acid [IAA]) and of the

OXPHOS (2 µg/ml oligomycin) blocks the ATP production, re-

sulting in an increase in the MagFura‐2 fluorescence. MagFura‐2

is also used as a low‐affinity Ca2+ indicator that could also help to

indicate cell lysis due to energy collapse and inability to maintain

cellular calcium homeostasis. However, previously we found that

inhibition of mitochondrial respiration with NaCN induced even

faster collapse of the cells because of additional consumption of

ATP in F0‐F1‐ATPase (M. H. Ludtmann et al., 2016). In our ex-

periments, application of 20 µM IAA and 5 mM NaCN led to en-

ergy collapse in young (n = 314 cells; Figure 4d) and aged MSC

(n = 290 cells; Figure 4e). Despite the higher ATP content in aged

cells (Figure 4c), time to energy collapse in young cells was sig-

nificantly longer, compared to the aged MSC collapse time

(Figure 4d–f). This strongly suggests the lower rate of con-

sumption of ATP in the juvenile MSC.

3.5 | Higher mtDNA content in aged MSC

To explain higher OXPHOS activity in aged MSC, the level of mtDNA

was estimated using the fluorescent probe PicoGreen. In our ex-

periments, the level of nuclear PicoGreen fluorescence was similar

between all MSC populations (Figure 5a). However, PicoGreen‐

DNA fluorescence from the mitochondrial area was significantly

higher in aged MSC (Figure 5a,b). To confirm this result,

mtDNAcn was determined also by qPCR. As shown in Figure 5c, aged

MSC resulted in significantly higher mtDNAcn.

3.6 | Mitochondrial mass in aged MSC

Taken together, these data hinted at a higher level of mi-

tochondrial biogenesis in aged MSC, which should lead to in-

creasing in mitochondrial mass. To identify it, we calculated the

optical density of mitochondrial (TMRM) fluorescence per area of

the cell. We have found that the mitochondrial mass was lower in

aged MSC than in juvenile MSC (Figure 5d). This result was

consistent with the higher gene expression of mitochondrial

biogenesis driver transcription factor A, mitochondrial

(Figure 5e).

Higher mtDNAcn accompanied by a lower content of mi-

tochondria might be explained by the faster rate of mitochondrial

degradation (mitophagy). To test this hypothesis, we measured the

level of mitophagy as the colocalization of mitochondrial fluores-

cence (MitoTracker Green) with lysosome fluorescence (LysoTracker

Red). Younger MSC had a threefold lower percentage of mitochon-

dria colocalization with lysosomes than aged MSC (Figure 5f,g). Thus,

the increased rate of mitophagic degradation of mitochondria in aged

MSC decreased mitochondrial mass despite the significantly higher

levels of mtDNA.

3.7 | Aged MSC induce a higher rate of ROS in
mitochondria

Abnormal mitochondrial metabolism can lead to excessive ROS

production and oxidative stress (Angelova and Abramov, 2016). In

our experiments, aged MSC had a higher rate of MitoTracker Red

CM‐H(2)XROS fluorescence (424% ± 19%, N = 6; and 309% ± 28% of

juvenile MSC; Figure 6a,c) that suggests an enhanced level of ROS

production inside the mitochondrial matrix. Mitochondrial ROS could

be used by cells in physiological signaling, but they could damage the

cells in case of excessive production, that is, oxidative stress

(Angelova, 2021). To identify whether the high level of ROS pro-

duction in mitochondria of aged MSC can induce oxidative stress we

measured the level of the major endogenous antioxidant GSH. We

have found that both aged MSC lines had a higher level of GSH

(Figure 6d,e). Consistent with this result, expression of genes in-

volved in response to oxidative stress (NRF2, SOD1, and CAT) de-

termined by qPCR was not upregulated in aged MSC compared with

juvenile MSC (Figure 6f). Thus, despite the increased rate of ROS

production in mitochondria of aged MSC, this did not produce oxi-

dative stress in the cells.

4 | DISCUSSION

The issue of whether and to which extent aging influences MSC

properties has been raising interest for many years (Schimke

et al., 2015). This area of research has the aim to investigate the

usefulness of bone marrow harvest from old donors in the context of

an aging western population and to assess the therapeutic potential

of its cellular derivatives. Recently, the role of metabolism and mi-

tochondrial function in stem cell fate choices and behavior gained

higher and higher attention, in particular, with regard to pathological

conditions and aging (Barilani, Palorini, et al., 2019; Zhang

et al., 2018).

In this scenario, we assessed the senescence status and studied

the mitochondrial activity of MSC derived from young and old bone

marrow donors to address chronological aging. Consistent with pre-

vious studies (Baxter et al., 2004; Beane et al., 2014; Block

et al., 2017; Chen et al., 2014; Gnani et al., 2019; Guillot et al., 2007;

Oda et al., 2010; Stenderup et al., 2003; Stolzing et al., 2008), our

results indicated that aged MSC showed senescent traits compared

with juvenile MSC, including β‐galactosidase activity, p21 gene ex-

pression, telomeres erosion, and transcript levels of inflammatory

cytokines, which are major components of the senescence‐associated

secretory phenotype.

Regarding mitochondrial activity, we observed that aged MSC

possess lower ΔΨm and more fragmented morphology (see

Figure 2b), with broad cytoplasmic localization, in line with other

studies performed mainly on rodents (Geissler et al., 2012;

Mantovani et al., 2012; Pietilä et al., 2012). Our study addressed

more deeply the molecular mechanism of ΔΨm maintenance. In-

triguingly, our data suggested a role for Complex I and the proton
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F IGURE 5 Mitochondrial mass of aged MSC compared with juvenile MSC. (a) Representative images of mitochondrial DNA content in aged
and juvenile MSC assessed with Quant‐iT PicoGreen dsDNA probe. (b) Quantification bar chart of mitochondrial DNA (mtDNA) content in aged
and juvenile MSC. (c) Scatter dot plots show absolute quantification of mitochondrial DNA copy numbers (mtDNAcn) for aged and juvenile MSC.
Median and interquartile ranges are represented. (d) Quantification bar chart of the mitochondrial mass in aged and juvenile MSC. (e) Scatter dot
plots show fold change of TFAM gene expression normalized to aged MSC. Median and interquartile ranges are represented. (f) Representative
images of mitolysosomes formation in aged and juvenile MSC using colocalization of MitoTracker Green FM and LysoTracker Red DND‐99. (g) A
number of mitochondria fused with the lysosomes, a mitophagy rate measure, expressed via Pearson's correlation coefficient. Statistical analyses
were by two‐tailed nonparametric Mann–Whitney test for (c, e); *p < 0.05, **p < 0.01, ***p > 0.0001, n = 11 (aged MSC) and n = 6 (juvenile MSC)
for (c), n = 5 each experimental group for (e). BMMSC, bone marrow mesenchymal stem cell; MSC, mesenchymal stem cell; OD, optical density;
TFAM, transcription factor A, mitochondrial
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pump in F0‐F1‐ATPase in the regulation of ΔΨm in aged MSC. In

support of the major involvement of Complex I in the maintenance of

aged MSC ΔΨm, we showed a lower NADH redox index and NADH

pool. This could be due also to reduced expression of NAMPT and

consequent depletion of NAD+ reserves following chronological

aging, as shown by others in a rat model (C. Ma et al., 2017). Our

results showed higher total ATP content in aged MSC, accompanied

by higher glucose consumption and decreased lactate production,

hinting at a less glycolytic central metabolism.

Aged MSC showed increased mtDNAcn, but lower mitochondrial

mass associated with enhanced mitophagy is in line with others

(Pietilä et al., 2012). Sustained mtDNA synthesis was associated with

F IGURE 6 The rate of ROS production and GSH level in aged MSC compared to juvenile MSC. (a) Representative images of basal
mitochondrial ROS production in aged and juvenile MSC using MitoTracker Red CM‐H(2)XROS. (b) Rate of ROS generation in aged and juvenile
MSC expressed as change in MitoTracker Red CM‐H(2)XROS intensity per minute. (c) Quantification bar chart of the data from (a and b). (d)
Quantification bar charts showing glutathione levels in life aged and juvenile MSC. (e) Representative images of GSH levels using
monochlorobimane. (f) Scatter dot plots show fold change of NRF2, SOD1, and CAT gene expression normalized to aged MSC. Median and
interquartile ranges are represented. Statistical analyses were by two‐tailed nonparametric Mann–Whitney test for (f); *p < 0.05, ***p > 0.0001,
n = 5 for each experimental group for (f). GSH, glutathione; MCB, monochlorobimane; MSC, mesenchymal stem cell; ROS, reactive oxygen
species
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autophagy to provide sufficient nucleotides and prevent further in-

crease of ROS levels in eukaryotic cells (Medeiros et al., 2018). Using

rodent models, two studies showed reduced autophagy in aged bone

marrow MSC and underlined the positive effect of this process in

rescuing age‐associated bone loss (Y. Ma et al., 2018; M. Yang

et al., 2018). This might mean that human aged MSC is still capable of

correctly inducing mitochondrial‐specific autophagy to preserve their

functionality in contrast to rodent aged MSC. This could also be

explained by the fact that the rate of specific mitophagy could be

different from the total rate of autophagy in the cells. Multiple me-

chanisms of mitophagy may be involved in the age‐related processes

in MSC including acidification of the cytosol with lactate (Komilova

et al., 2021), Pink1/Parkin, or Fundc1‐related mitophagy (Y. Wang

et al., 2021; J. Wang et al., 2020).

To add crucial information for the interpretation of mitochondrial

function or dysfunction, we also determined mitochondrial ROS

production rate and antioxidant capacity of aged and juvenile MSC.

Our results indicated the absence of oxidative stress despite the

higher mitochondrial ROS levels in aged cells. Other studies tried to

assess ROS levels and oxidative stress, again frequently relying on

rodent bone marrow MSC, obtaining contrasting results (Block

et al., 2017; Geissler et al., 2012; Pietilä et al., 2012; Shipounova

et al., 2010; Stolzing et al., 2008; Ucer et al., 2017). It is worth noting

that differences in human metabolism compared to that of rodents

have been reported in the literature (Blais et al., 2017; Even

et al., 2017; Martignoni et al., 2006).

Our hypothesis is that aged MSC has established a different but

still functional bioenergetics program. This is in line with previous

works focused only on MSC phenotypic and functional properties. In

a context of consensus on lower bone marrow cellularity and fre-

quency of MSC colonies upon isolation, impaired homeostasis in vivo

was explained as a loss of mesenchymal progenitor numbers, rather

than a reduction in their functionality. Consistently, human MSC from

old and young bone marrow donors was shown by others to possess

similar proangiogenic, immunomodulatory, and migration abilities

(Andrzejewska et al., 2019; Lund et al., 2010). Likewise, others

showed preservation of old rat bone marrow MSC functionality de-

spite the presence of less organized mitochondria (Geissler

et al., 2012; Mantovani et al., 2012).

All these data hint at a healthier mitochondrial activity of juvenile

MSC, even though aged MSC altered bioenergetic program does not

elicit cellular dysfunction. Furthermore, we showed that bone mar-

row MSC from donors of different ages can be used to model me-

tabolic and mitochondrial activity changes depending on

chronological aging and not on replicative senescence induced by

repeated in vitro passaging of MSC isolated from the same donors.

These results may have also a clinical impact on innovative ther-

apeutic approaches involving MSC, such as mitochondrial transfer

therapy (Islam et al., 2012). In this scenario, it would be pivotal to

select the best source of mitochondria. Such a source should combine

an abundance of mitochondrial mass with the presence of functional

and dynamic mitochondria to allow for their mobilization following

mechanisms that are still to be unveiled.

Our data strongly indicate the difference in bioenergetic status

and the rate of metabolism in aged MSC. These results may be used

in the development of stem cells replacement therapy and also for

the development of a better strategy for healthy aging.

In conclusion, herein we addressed the mitochondrial activity of

aged MSC compared with juvenile MSC and described a different,

although functional, bioenergetics status. Notwithstanding, such

phenotype may be sufficient to sustain stem cell self‐renewal and

fate choices.
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