
ORIGINAL RESEARCH
published: 15 December 2016
doi: 10.3389/fnagi.2016.00299

Frontiers in Aging Neuroscience | www.frontiersin.org 1 December 2016 | Volume 8 | Article 299

Edited by:

Lucas Sedeño,

Institute of Cognitive Neurology

(INECO), Argentina

Reviewed by:

Christian Gonzalez-Billault,

University of Chile, Chile

Jingwen Niu,

Temple University, USA

*Correspondence:

Sonia L. Albarracín

albarra@javeriana.edu.co

Received: 04 August 2016

Accepted: 22 November 2016

Published: 15 December 2016

Citation:

Stab BR II, Martinez L, Grismaldo A,

Lerma A, Gutiérrez ML, Barrera LA,

Sutachan JJ and Albarracín SL (2016)

Mitochondrial Functional Changes

Characterization in Young and

Senescent Human Adipose Derived

MSCs. Front. Aging Neurosci. 8:299.

doi: 10.3389/fnagi.2016.00299

Mitochondrial Functional Changes
Characterization in Young and
Senescent Human Adipose Derived
MSCs
Bernd R. Stab II 1, Laura Martinez 1, Adriana Grismaldo 1, Alejandra Lerma 1,

María L. Gutiérrez 1, 2, Luis A. Barrera 2, Jhon J. Sutachan 1 and Sonia L. Albarracín 1*

1Department of Nutrition and Biochemistry, School of Sciences, Pontificia Universidad Javeriana, Bogotá, Colombia,
2 Institute for the Study of Inborn Errors of Metabolism, Faculty of Sciences, Pontificia Universidad Javeriana, Bogotá,

Colombia

Mitochondria are highly dynamic organelles that in response to the cell’s bio-energetic

state continuously undergo structural remodeling fission and fusion processes. This

mitochondrial dynamic activity has been implicated in cell cycle, autophagy, and

age-related diseases. Adult tissue-derived mesenchymal stromal/stem cells present

a therapeutic potential. However, to obtain an adequate mesenchymal stromal/stem

cell number for clinical use, extensive in vitro expansion is required. Unfortunately,

these cells undergo replicative senescence rapidly by mechanisms that are not well

understood. Senescence has been associated with metabolic changes in the oxidative

state of the cell, a process that has been also linked to mitochondrial fission and fusion

events, suggesting an association between mitochondrial dynamics and senescence.

In the present work, we studied the mitochondrial structural remodeling process of

mesenchymal stromal/stem cells isolated from adipose tissue in vitro to determine if

mitochondrial phenotypic changes were associated with mesenchymal stromal/stem

cell senescence. For this purpose, mitochondrial dynamics and oxidative state of

stromal/stem cell were compared between young and old cells. With increased cell

passage, we observed a significant change in cell morphology that was associated

with an increase in β-galactosidase activity. In addition, old cells (population doubling

seven) also showed increased mitochondrial mass, augmented superoxide production,

and decreased mitochondrial membrane potential. These changes in morphology were

related to slightly levels increases in mitochondrial fusion proteins, Mitofusion 1 (MFN1),

and Dynamin-related GTPase (OPA1). Collectively, our results showed that adipose

tissue-derived MSCs at population doubling seven developed a senescent phenotype

that was characterized by metabolic cell changes that can lead to mitochondrial fusion.

Keywords: adipose derived mesenchymal stromal cells, mitochondria, reactive oxygen species, senescence,

fission and fusion

INTRODUCTION

Mesenchymal stromal/stem cells (MSC) were described by Friedenstein almost 50 years ago as
plastic adherent fibroblast-like cells (Friedenstein et al., 1968, 1970, 1976). Caplan in 1991 referred
to MSC as cells with regenerative potential in tissues of mesenchymal origin such as bone, cartilage,
muscle, ligament, tendon, adipose, and stroma, thus he coined the term “mesenchymal stem
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cell” (Caplan, 1991). Multilineage differentiation potential was
demonstrated by Pittenger et al. identifying this population as
adult stem cells with stable phenotype (Pittenger et al., 1999).
MSCs are highly metabolically, with a vast array of molecules
secreted into the extracellular matrix (ECM), in addition to
cytokines (Keating, 2012). Therefore, for the past 15 years
MSCs have become very popular because of their therapeutic
potential in tissue regeneration and cancer treatment (Schipani
and Kronenberg, 2009; Dong and Caplan, 2012; Droujinine et al.,
2013). The number of clinical trials on MSCs has been rising
since 2004, including phase I–IV clinical studies for myocardial
infarction, graft versus host disease, diabetes, spinal cord injury,
and others. However, numerous scientific issues remain to be
resolved before the establishment of clinical standards and
government regulations (Wei et al., 2013).

Most therapeutic protocols require ex vivo cell expansion,
guaranteeing reproducible, cost-effective, and good
manufacturing practices. Although state of the art protocols
describing systems such as microcarrier-based stirred cultured
system have been reported (Carmelo et al., 2014), less is
known about MSC expansion and senescence. To describe
the phenotype acquired by MSC population after sequential
cell passaging, characterized by low proliferation, and loss of
clonogenic and differentiation potential, some researchers
have used proteomic analysis to understand molecular
mechanisms underlying replicative senescence (Madeira
et al., 2012). Others have described epigenetic modifications
during in vitro culture, where cells acquire DNA methylation
changes at specific genomic sites (Schellenberg et al., 2014).
Furthermore, telomere length and telomerase activity has
been a hallmark during MSC expansion protocols (Parsch
et al., 2004). Indeed it can be used as a method to track
cellular changes upon long term culture (Wagner et al.,
2010).

In addition to telomere shortening and telomerase activity
inducing senescence, free radical, and mitochondrial theory
are notable theories on aging (Andreyev et al., 2005; Romano
et al., 2010). Decreased mitochondrial function is critical in
the aging process and has been associated with age-related
disorders (Seo et al., 2010). Mitochondria have been described
as the major producers of free radical and concurrently the
principal target of free radical action (Harman, 1972). The
mitochondrial free radical theory of aging proposes reactive
oxygen species (ROS), produced as by-products during normal
metabolism results in oxidative damage (Sanz and Stefanatos,
2008). In response to a cell’s bio-energetic state mitochondria are
constantly remodeled. This process is known as mitochondrial
dynamics, and is an integral part of many cellular responses.
These dynamics are characterized by fission and fusion events
that allow mitochondrial changes in orientation, number, and/or
size within the cell. These tightly regulated processes allow
constant remodeling of mitochondria (Hoppins et al., 2007).
Conditions such as hypoxia, stress, and aging have been
reported to impact mitochondrial dynamics leading to cellular
dysfunction. Recently, mitochondrial fusion has been shown to
induce senescent-like phenotypes in human cell cultures (Lee
et al., 2007).

Mitochondrial fusion has been proposed to occur through
two independent mechanisms in mammalian cells by which
the inner and outer membrane fuse separately (Griffin et al.,
2006). Fusion is believed to impart functional protection for
the mitochondria by allowing them to exchange contents that
might alleviate damaged constituents and promote repair (Seo
et al., 2010). There are currently three established fusion proteins,
Mitofusion proteins 1/2 (Mfn1/2) and optic atrophy protein
1 (Opa1). Over expression of Mfn 1/2 has been shown to
inhibit apoptosis and promote cell survival (Sugioka et al., 2004).
Furthermore, Fzo1, a protein involved in mitochondrial fusion,
inhibits apoptosis (Sugioka et al., 2004). Mitochondrial fission
participates in mitosis. In addition, it is thought to contribute to
and even regulate apoptosis, as well as participate in the removal
of dysfunctional mitochondria via mitophagy (Seo et al., 2010).
In humans there are currently two established fission proteins,
dynamin-related protein 1 (Drp1) and fission 1 protein (Fis1).

Reports in the literature suggest mitochondrial dynamics
might play a role in senescence and aging, and could induce or
alleviate these phenotypes (Ziegler et al., 2015). We proposed
to study the mitochondrial structural remodeling process during
in vitro culture. We set out to characterize possible fission and
fusion events to establish the relationship between mitochondrial
dynamics and replicative senescence.

MATERIALS AND METHODS

MSC Isolation and Population Doubling
Determination
Mesenchymal stromal/stem cells were isolated from processed
lipoaspirate. Adipose tissue was collected after informed
signed consent from females (n = 3) undergoing cosmetic
surgery with the approval of the Bioethics Committee at
the Pontificia Universidad Javeriana. Processed lipoaspirate
MSCs were isolated and characterized as previously described
(Gutiérrez et al., 2013). Cells were passaged after reaching 80%
confluency. Cell Media was changed twice a week, and MSCs
were harvested and passaged according to the standardized
protocol and re-seeded at a density of 104 cells/cm2. Population
doubling (PD) was established as follows:

PD = log(N/Ni)× 3.32 (1)

N= number of viable cells, Ni= initial seeded number of cells.

MSCs Characterization
Cells at passage one were trypsinized and 96 × 103 cells were
seeded in six well plates and incubated with complete media for
24 h. Adipogenesis and osteogenesis was evaluated with media
supplemented with inducers according to Gutiérrez et al. (2013).

Senescent Phenotype
Mesenchymal stromal/stem cells were serially passaged until they
reached a state of senescence defined as the inability to achieve
80% confluency after feedings over a 4 week period, verified by
the senescence-associated β-galactosidase assay.
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Senescence-Associated β-Galactosidase
Assay
After reaching 80% confluency cells were detached and re-
seeded at a 3 × 104/6 well plate and incubated at 37◦C,
5% CO2 for 24 h. Histochemical detection of β-galactosidase
expression at pH 6.0 was only present in senescent cells and
not pre-senescent cells, evidenced by x-gal conversion into a
blue stain. Beta-galactosidase activity was evaluated following
manufacturer’s instructions (Senescence, β-galactosidase kit,
Millipore, Massachusetts, USA). Last, SA β-gal cell stain count
was performed under light microscopy and percentage of positive
cells was calculated.

Mitochondrial Dynamics Characterization
Mitochondrial Mass
MSCs were stained with MitoTracker Green FM (Invitrogen,
Carlsbad CA, USA) to quantify functional mitochondrial mass.
Briefly, 48 h prior to staining 1 × 104 cells were seeded
using 35 mm glass bottom culture dishes, containing 14mm
microwell (MatTek, MA, USA). Cells were incubated for 30
min with DMEM supplemented with 80 nM MitoTracker Green
FM, followed by 5µM CellTracker Red CMTPX solutions to
stain the cytoplasm (Invitrogen), and Hoechst (Invitrogen) to
define cell nucleus. Cells were observed in vivo, and 2D and
3D images were collected by confocal microscopy using an
Olympus FV1000 with an excitation/emission range of 400/545
for MitoTracker Green FM and 577/602 nm for CellTracker
Red CMTPX. Z-stack parameters were as follows: ∼15 z-axis
slices at ∼0.50µm intervals with a final Z-stack thickness of
∼7.5µm. Mitochondrial mass was determined by data obtained
from confocal microscopy in voxel units.

Mitochondrial Membrane Potential
Briefly, cells were collected as described for β-galactosidase assay
and cultured for 48 h. We performed the established protocol

for Mitoprobe
TM

JC-1 Assay Kit for Flow Cytometry (Molecular
Probes, Invitrogen USA). We added 200 µM JC-1 and incubated
for 30min at 37◦C. To determine mitochondrial membrane
potential flow cytometry analysis was performed in a Guava
easyCyte Flow cytometer (EMD Millipore, Billerica MA USA)
at 488 nm excitation and 530 and 580 nm emission range with
bandpass emission filters. Non-cellular debris and dead cells were
gated out based on the light-scattering properties in the Side-
and Forward- scatter parameters, and approximately 10 × 103

events from live cells were collected for each analysis. Exposure
to 50µM carbonyl-cyanide 3-chlorophenylhydrazone (CCCP)
(Sigma Aldrich, St Louis MO USA) for 10 min was used as a
control to set the threshold of fluorescence intensity for cells with
intact mitochondrial membrane potentials. Results are presented
as the percent of all cells with Mitoprobe fluorescence greater
than the threshold set by CCCP.

Mitochondrial Anion Superoxide Production
After reaching 80% confluency cells were detached and re-seeded
at a 3 × 104/6 well plate and incubated at 37◦C, 5% CO2 for
48 h. MitoSOX Red mitochondrial superoxide indicator for live-
cell imaging (Molecular Probes, Invitrogen) assay was performed

as an indicator of mitochondrial superoxide production. As a
positive control 50µM rotenone (Sigma) was used for 1 h. As a
negative control we used 1X PBS without marker. Analysis was
performed in Guava cytometer at 510/580 excitation/emission
ranges. Results are presented as arbitrary units of fluorescence.

Fusion and Fission Protein Identification
Cells were harvested as described above in the cell culture
method and lysed with lysis buffer (50 mM Tris-HCl, pH 7.5,
0.1M NaCl, 1 mM EDTA, 10mM MgCl2, 1% Triton X-100, and
protease inhibitor cocktail). Sample protein concentration was
determined by Bradford assay (Pierce). Equivalent amounts of
proteins (25µg) were separated by SDS-PAGE, transferred to
nitrocellulose membranes, and immunoblotted. The following
antibodies: MFN1 (Abcam,MAUSA), OPA1 (Abcam,MAUSA),
DRP (Abcam, MA USA), and FIS1 (Abcam, MA USA), were
used to determine if fusion or fission processes at the selected
time-points were taking place. Immunoblots were visualized by
the enhanced chemiluminescence system (JPI Healthcare Co,
Plainview NY USA), β-actin (Abcam, MA USA) was used as
the control and ProSieve QuadColor Protein Marker, 4.6–300
kDa as a reference for protein identification (Lonza, Allendale
NJ USA). Protein quantification was performed in ImageJ
(NIH) by normalizing mitochondrial dynamic protein to β-actin.
Difference is reported as arbitrary units.

RESULTS

MSC Characterization and Senescent
Phenotype
In order to characterize the effects of consecutive cell passaging
on human MSCs proliferative capacity and mitochondrial
metabolism, samples from three independently isolated
healthy donors were cultured for seven consecutive passages
(P1–P7) using DMEM supplemented with 10% FBS. Initial
characterization at two population doublings (PD2) of these
adipose derived-mesenchymal stromal/stem cells showed that
these cells had high capacity of adherence to plastic, fibroblast-
like morphology, and specific cell surface antigen expression
of CD73, CD90, and CD105, and lack of CD34 expression
(Figures 1A,B). Furthermore, adipose derived-mesenchymal
stromal/stem were able to differentiate into adipogenic and
osteogenic linages (Figures 1C,D) (Dominici et al., 2006;
Gutiérrez et al., 2013).

MSCs isolated from adipose tissue reached population
doublings seven (PD7) after 130 days in culture and their
growth was characterized by having a logarithmic proliferation
rate during the first 40 days followed by a plateau phase
in which MSCs were unable to achieve a 80% confluency
over a 4 week period (Figure 2A). Upon light microscopy
examination, significant changes in morphology were observed
during consecutive passaging expansion. Comparison of MSCs
morphology between PD 2 and 7 showed an increase in cell
size, as well as a visible augmentation in cell granularity for
PD7 cells. Namely, over 60% of MSCs at PD7 acquired a
flattened and widened phenotype that was accompanied with a
severe decrease in cell proliferation, suggesting that cells at PD7
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FIGURE 1 | MSCs characterization. (A) Representative sample illustrating immunophenotypic profile. Antibodies against CD34, CD73, CD90, and CD105 (thick

gray lines) with isotype control (thin gray lines). (B) Percentage expression corresponding to the average profile of all cell types (n = 3). (C) Representative sample of

MSCs induced into adipogenic lineage differentiation. Neutral fat lipid droplets were detected by Oil red O stain (D) Representative sample of MSCs induced into

osteogenic differentiation. Extracellular calcium deposits were determined by Alizarin Red stain. Scale bar 100µm.

were in a senescent state (Figure 2B). To further corroborate a
senescent phenotype at PD7, we used the senescence-associated
β-galactosidase stained assay (SA β-gal) with optimum activity
at pH 6.0. In MSCs cultured up to PD7 we observed a marked
increase in SA β-gal activity compared with PD2 (Figures 2C,D).
Hence, we evidenced thatMSCs cultured up to PD7 after 130 days
in culture exhibited a senescent phenotype.

Mitochondrial Dynamics Characterization
It is well established that MSCs can reach a senescent phenotype
during in vitro proliferation and lose their differentiation
potential, with alteration of their metabolic profile (Wagner
et al., 2010; Geissler et al., 2015). Senescence has been associated
with metabolic changes in the oxidative state of the cell, a
process that has been linked to mitochondrial fusion and fission
events (Mitra, 2013; Geissler et al., 2015). During the process of
fusion and fission mitochondria can adjust their size, shape, and
organization inside the cell (Westermann, 2010; Mitra, 2013).
Significance of mitochondrial configuration changes has only
recently begun to be understood, and might play a role in
the regulation of senescence processes in MSCs. Therefore, we
characterized mitochondrial changes for MSCs cultured at lower
passage and higher passage number (PD2 vs. PD7) in adipose
derived MSCs.

Morphological differences between young and senescent cells,
as was described for bright-field microscopy, were also observed
by using the CellTracker fluorescent dye (Figure 3). Digital
rendering of Z-stack depicting the cell cytoplasm through

CellTracker red evidenced young cell fibroblast morphology
(Figure 3A) in contrast to senescent cells (Figure 3D), where
an increased in cytoplasmic cell surface was observed. Likewise,
morphological analysis of mitochondria at PD2 cells -using
the mitochondrial marker MitoTracker green showed small
tubular mitochondria forming a slightly interconnected network
(Figures 3B,C). In contrast, PD7 cells had large tubular
mitochondria forming an intricate network that was uniformly
distributed in the cytoplasm (Figures 3E,F).

To further corroborate if mitochondrial morphological
changes were associated with mitochondrial volume, we
quantified mitochondrial mass. Our results showed that PD7
MSCs had a larger mass (1286± 160) compared with PD2 (663.5
± 104). These results suggest that increased adipose derived
MSCs cell expansion lead to a senescent state characterized by
an augmented mitochondrial network and mass. Mitochondrial
dynamics fusion and fission are critical for organelle inheritance
and maintenance of mitochondrial functions (Westermann,
2010). It has been described that increased mitochondrial
mass could be associated with fusion processes. Therefore, we
evaluated if changes in mitochondrial mass observed were due
to changes in the levels of proteins involved in fusion and fission
processes. Results showed a slight tendency for an increased level
in fusion proteins GTPase, Mitofusion 1 (MFN1) and Dynamin-
related GTPase OPA1 (Figure 4A), and in fission protein Fission
1 (FIS1) (Figure 4B). In contrast, fission protein DRP1 did
not have important protein level difference between young and
old populations. Collectively, our results suggest a tendency
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FIGURE 2 | MSCs senescent associated phenotype. (A) Cumulative Population doubling for adipose derived MSCs. Adipose tissue derived MSCs were cultured

for a total of 131 days. Cumulative PD were calculated at the end of every passage in relation to cell number of the first passage (n = 3). (B) Percentage senescent

cells determined by cell count/field. Over 60% of MSCs at PD7 acquired a flattened and widened phenotype. (C) Representative brightfield images of young and

senescent MSCs. Young cells are spindle shaped and slender in contrast to senescent cells with a widened and flat morphology. Cells presenting blue staining

indicate the presence of β-galactosidase activity in senescent cells. Scale bar 100µm. (D) Quantification of β-galactosidase positive cells for young (PD2) and

senescent cells (PD7).

for fusion events in senescent cells, favoring the formation of
mitochondrial networks. In response to mitochondrial stress
fusion possibly protects the cell by maintaining a functional
population of mitochondrial within the cell.

Mitochondrial Metabolic Characterization
It has been shown that mitochondrial fusion is a mechanism
used by the cell to dilute out mitochondrial dysfunction, respond
to high energy demands, and maintain proper cell function.
Since we observed mitochondrial mass changes in senescent
MSCs associated with increased fusion, we then proceeded to
evaluate mitochondria functionality by assaying mitochondrial
membrane potential (1ψm) and ROS production (Zorov et al.,
2014).

Mitochondrial functionality by membrane potential was
quantified by using the FACS JC-1 fluorescence dye. This cationic
carbocyanine dye accumulates in the mitochondria in a low
monomeric concentration yielding a green fluorescence when
the membrane potential is low. On the other hand, it aggregates
at high concentrations with a red fluorescence emission at
high membrane potentials. Our results showed a 47% reduction
in 1ψm for cells at PD7 in comparison with cells at PD2
(Figure 5A). These results suggest that senescent MSCs have a

diminished mitochondrial energetic capacity, which may lead
to a lower activity in mitochondrial respiration and less ATP
synthesis.

Subsequently, we characterized ROS production in young
and senescent MSCs to evaluate the activity of mitochondrial
respiration in these cells. Reactive oxygen species (ROS) are
electron transporter chain (ETC) by-products of the cell’s
oxidative metabolism. A normal balance in ROS production
and inactivation is mediated by different enzymatic systems
and exogenous molecules capable of ROS detoxification to
prevent oxidative stress damage (Sanz and Stefanatos, 2008). If
mitochondria homeostasis is not sustained, higher ROS levels
are produced. This in turn results in longer mitochondrial
permeability transition pore (mPTP) openings releasing a ROS
burst leading to mitochondria destruction. If these events are
propagated from mitochondrion to mitochondrion, they might
result in cell apoptosis (Zorov et al., 2014). Furthermore, reports
have shown prolonged elongated mitochondria result in higher
ROS production and lower mitochondrial respiration activity,
resulting in cellular senescence (Yoon et al., 2007; Wagner et al.,
2008).

Mitochondria superoxide production was evaluated by FACS
analysis, where the reagent permeated live cells, selectively
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FIGURE 3 | Mitochondrial characterization. MSC cell morphology and mitochondrial mass evaluation by confocal microscopy. (A) MSC at PD2 cytoplasm

revealed by CellTracker red. (B) Mitochondrial stain with Mito Tracker green for MSCs at PD2. (C) Merge for (A) and (C) with nucleus stained with Hoechst (blue). (D)

Larger cytoplasm in MSC at PD7 revealed by CellTracker red. (E) Mitochondrial stain with Mito Tracker green for MSCs at PD7. (F) Merge for (A) and (C) with nucleus

stained with Hoechst (blue). Scale bar 50µm for all images.

targeting mitochondria, and rapidly oxidizing to produce
a highly fluorescent product. Our data determined anion
superoxide production was 2.37 fold higher for senescent
MSCs cultured up to PD7 compared with young MSCs
(Figure 5B). Collectively, these results show that old MSCs have
a decreased mitochondrial membrane potential, and increased
ROS production, while young MSC have a conserved membrane
mitochondrial potential and decreased ROS production. These
results suggest that senescentMSC could have deficiencies in ATP
production and an increase in oxidative stress. Old MSCs can
compensate these mitochondrial changes with an augmentation
in mass and interconnected mitochondrial network favored
by the fusion process. Together, our results suggest possible
mitochondrial functional changes that could be associated with
senescence.

DISCUSSION

Mesenchymal stromal/stem cells have a great potential for
therapeutic use; and human adipose tissue is an ideal autologous
source of MSCs for diverse regenerative medicine and tissue
engineering strategies (Caplan and Correa, 2011; Jin et al., 2013;
Choudhery et al., 2014). Mesenchymal stem/stromal cells have
been widely described in the literature for their therapeutic
potential as anti-inflammatory, immuno-modulatory, and

trophic support (Caplan and Correa, 2011; Choudhery et al.,
2014). Most therapeutic protocols require ex vivo cell expansion
to attain desired numbers, generally described as 1 × 106/kg
weight (Wagner et al., 2010). This requirement induces deficiency
in cell proliferation capacity, loss of clonogenic potential, and
impairment in differentiation potential (Madeira et al., 2012; Jin
et al., 2013). Moreover, cells acquire DNAmethylation changes at
specific genomic sites brought about by epigenetic modifications
during in vitro culture (Bentivegna et al., 2016). Therefore,
MSCs proliferation and senescence are important issues to be
considered for clinical safety and efficacy.

Our results demonstrate that for adipose tissue-derived MSCs
a senescent phenotype was observed for cells cultured up to
seven population doublings. This was evidenced by changes
in cell morphology, decreased cell proliferation, and positive
SA β-gal stain as previously described (Wagner et al., 2008).
In addition to this characterization, we defined mitochondrial
functional changes possibly related to replicative senescence
to shed light on potential mitochondrial associated aging
process. Senescent MSCs had an increased mitochondrial
mass and strongly interconnected network that distributed
uniformly in the cytoplasm, suggesting potentiation of fusion
processes. Therefore, characteristic mitochondrial tubular shape
was observed. In addition to slightly increased fusion associated
proteins, MFN-1 and OPA1.
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FIGURE 4 | Mitochondrial dynamics protein evaluation. (A) Mitochondrial

fusion proteins MFN1 and OPA1. (B) Mitochondrial fission proteins DRP1 and

FIS1. Bar graphs depict protein expression as an arbitrary unit when protein of

interest was normalized to β-actin. MFN1, Mitofusion1; OPA1, Optic atrophy 1;

DRP1, Dynamin-1-like protein; FIS1, Mitochondrial fission 1.

Mitochondrial dynamics are defined by the capacity of this
organelle to continuously fuse or divide (Westermann, 2010).
The balance between these two processes is responsible for
mitochondria shape, distribution, inheritance, and functionality.
If this delicate balance is lost, mitochondrial and cellular
functions are affected as well (Detmer and Chan, 2007;
Terman et al., 2010). Mitochondria can continually exchange
contents through membrane fusion. This process controls
organelle shape and is critically important for maintaining
mitochondrial network function (Suen et al., 2008; Correia-
Melo et al., 2016). We observed changes suggesting fusion
events in senescent MSCs, based on a slightly higher MFN1
and OPA1protein levels. The most relevant proteins involved
in mitochondrial fusion process are three GTPase dynamin-
like proteins: Mitofusion 1 (MFN1) and 2 (MFN2), located in
the outer mitochondrial membrane, and optic atrophy protein
1 (OPA1), in the inner membrane (Westermann, 2010). It
is conceivable that under normal conditions outer membrane

FIGURE 5 | Mitochondrial membrane potential and Reactive oxygen

species production in young and senescent MSCs. (A) FACS analysis to

determine membrane potential changes by means of JC-1, a lipophilic cationic

dye selectively entering into mitochondria. JC-1 accumulation in mitochondria,

due to concentration-dependent formation of red fluorescent JC-1 aggregates

was higher for MSCs cultured up to PD2 compared with PD7 MSCs. Results

are presented as JC-1 aggregates/JC-1 monomer (B). Reactive oxygen

species production in young and senescent MSCs was compared by Mitosox

Red fluorescent intensity production quantified by flow cytometry and

expressed as arbitrary units fluorescence ROS (AUF). As a positive control

rotenone at 50 µM was used.

fusion is coordinated with inner membrane fusion. Even though
we did not evaluate MFN2, our data evidenced slightly increased
outer and inner mitochondrial membrane protein expression
in aged MSCs. Under these conditions senescent MSCs would
possibly use fusion processes to connect neighboring depolarized
mitochondria and unite their contents to maintain membrane
potential (Ikeda et al., 2015). Mitochondrial fusion has been
reported to be beneficial for cardiomyocytes under stress
conditions, since it consolidates the mitochondria’s ability
to supply energy (Ikeda et al., 2015). It is plausible this
increased mitochondrial networking could be serving as a
protective mechanism. It has been suggested mitochondrial
fusion may protect neurons form excessive mitochondrial stress
by maintaining a functional population (Ikeda et al., 2015).

In contrast, mitochondrial fission can segregate damaged
mitochondria from intact ones, and the injured part of the
mitochondria is phagocytized by mitophagy (Ikeda et al., 2015).
Dynamin-related protein 1 (DRP1) is a master regulator of
mitochondrial division (Westermann, 2010). Recruitment of
DRP1 from the cytosol and assembly in the mitochondria
depends partly on mitochondrial fission protein (FIS1). Both
proteins are located on the external mitochondrial membrane.
Our findings demonstrated younger cells expressed insignificant
increased levels of DRP1, while senescent MSCs had a negligible
increment in FIS1 expression.

Studies from in mouse embryonic fibroblasts (MEF)
evidenced maintenance of mitochondrial morphological
dynamics during cell stress can occur either by blocking fission
(via dominant negative mutant-Drp1) or enhancing fusion (via
Mfn1, Mfn2), suppressing mitochondrial injury and subsequent
apoptosis. Furthermore, it has been reported Mfn1 and Mfn2
can maintain mitochondrial morphology during cell stress, and
prevent mitochondrial outer membrane permeabilization and
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FIGURE 6 | Mitochondrial dynamic Model proposal for MSCs. Young MSCs can readily undergo proliferation. Mitotic cells have slightly higher DRP1 expression,

possibly regulating mitochondrial fission. Senescent MSCs display mitochondrial fusion. In addition they have larger mitochondrial volume; express proteins

associated with fusion events most likely as an adaptation mechanism to energetic changes, such as increased ROS production, and decreased 1ψm possibly to

prevent apoptosis.

apoptosis (Brooks et al., 2011). In senescent MSCs, a hypothesis
proposing fusion process enhancement mediated by Mfn1,
could suppress apoptosis. Future studies associating intrinsic
apoptosis signaling pathways would elucidate these mechanisms
in senescent MSCs.

Among the principal pathways toward senescence reported
in the literature associated with senescence are telomere
shortening and ROS species production by mitochondria. To
date to the best of our knowledge no study has addressed
mitochondrial functional changes associated changes with
replicative senescence in adipose derived MSCs. Mitochondria
are involved in multiple anabolic and catabolic reactions, such as
citric acid cycle and β-oxidation, in addition to their prominent
role in metabolic energy production. Furthermore, they
participate in developmental processes of aging (Westermann,
2010).

Our data show that old MSCs have a decreased mitochondrial
membrane potential, and increased ROS production, while
youngMSC have a conservedmembranemitochondrial potential
and decreased ROS production. These results suggest that

senescent MSCs could have deficiencies in ATP production and
an increase in oxidative stress.

The mitochondrial crisis can be described as a decrease in
electron chain transport, diminished membrane potential 1ψm,
decreased oxidation, increased ROS production, and diminish
mitochondrial function. Our data suggest a mitochondrial
impairment could have occurred in senescent MSCs. Other
authors have described for human fibroblast under oxidative
stress during replicative senescence, ROS associated with
increased mitochondrial mass (Lee et al., 2002). For the
fibroblast study increase in mitochondrial mass was attributed to
sublethal increased levels of oxidative stress. It is likely increased
ROS production resulted in augmented mitochondrial mass,
contributing to MSCs senescent phenotype. Furthermore, since
Harman in 1956 proposed the free-radical theory of aging, where
cumulative damage to molecules by ROS leads to irreversible
cell damage and functional decline (Harman, 1956), this theory
has also been extended including mutations and deletions in
mitochondrial DNA. These accumulated age related mutations
and deletions lead to impaired function of the respiratory chain
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and increase ROS production; generating a vicious cycle (Seo
et al., 2010).

In conclusion, our study describes mitochondrial functional
changes associated with adipose derived MSCs senescent
phenotype after PD7. Increased MFN1 expression in PD7 MSCs,
favoring fusion, could be suggestive of a protective mechanism
against cells undergoing apoptotic events. Furthermore,
metabolically MFN1 could potentiate membrane potential
allowing the “senescent phenotype” MSC to adapt to stress. Our
data suggest that the aging process could be associated with
impaired mitochondrial function and energy metabolism in
MSCs. However, further studies are required to define metabolic
changes that accompany the mitochondrial crisis here described.
Results derived from this study should be taken into account
when considering MSC expansion for therapeutic use; as our
data revealed mitochondrial functional changes associated with
replicative senescence in cells with higher PDs.

Our findings propose fusion and fission processes
could be regulated under stress conditions for PD7 MSCs
(Figure 6). Mitochondrial dynamics might be aiding in
regulating mitochondrial ATP cellular levels and minimizing
damaged mitochondrial DNA (mtDNA) accumulation during
aging. We show fusion is important in senescent MSCs, perhaps
to protect cells against oxidative stress and energy failure. During
aging mitochondrial capability to generate ATP declines and
mutations in mitochondrial and nuclear DNA accumulate
(Stewart and Chinnery, 2015). However, to date the relationship
between mitochondrial dynamics, and energy metabolism in
young and senescent MSCs is still poorly understood and should

be taken into account when considering MSCs for therapeutic

applications.

ETHICS STATEMENT

Approved by the Bioethics Committee at the Pontificia
Universidad Javeriana. Each donor carefully read the informed
consent to donate a lipoaspirate sample during voluntary
cosmetic surgery procedure. Any questions were answered by
the researcher. The consent was signed by the donor with a
witness.

AUTHOR CONTRIBUTION

BS designed the work, acquired, and interpreted the data. LM,
AG, and AL acquired and analyzed the data. MG, LB, JS, and SA
interpreted the data, drafted and revised the work.

FUNDING

This work was funded by Pontificia Universidad Javeriana-
Vicerrectoría de Investigación, Projects 00004468 and 00007027,
Mitochondrial fission and fusion: a new pathway toward
senescence in Stem Cells.

ACKNOWLEDGMENTS

The authors thank Pontificia Universidad Javeriana for financial
support and the subjects for sample donation.

REFERENCES

Andreyev, A. Y., Kushnareva, Y. E., and Starkov, A. A. (2005). Mitochondrial

metabolism of reactive oxygen species. Biochemistry 70, 200–214.

Bentivegna, A., Roversi, G., Riva, G., Paoletta, L., Redaelli, S., Miloso, M.,

et al. (2016). The effect of culture on human bone marrow mesenchymal

stem cells: focus on DNA methylation profiles. Stem Cells Int. 2016:5656701.

doi: 10.1155/2016/5656701

Brooks, C., Cho, S. G., Wang, C. Y., Yang, T., and Dong, Z. (2011). Fragmented

mitochondria are sensitized to Bax insertion and activation during apoptosis.

Am. J. Physiol. Cell Physiol. 300, C447–C455. doi: 10.1152/ajpcell.00402.2010

Caplan, A. I. (1991). Mesenchymal stem cells. J. Orthop. Res. 9, 641–650.

doi: 10.1002/jor.1100090504

Caplan, A. I., and Correa, D. (2011). The MSC: an injury drugstore. Cell Stem Cell

9, 11–15. doi: 10.1016/j.stem.2011.06.008

Carmelo, J. G., Fernandes-Platzgummer, A., Cabral, J. M. S., and da Silva, C. L.

(2014). Scalable ex vivo expansion of humanmesenchymal stem/stromal cells in

microcarrier-based stirred culture systems. Methods Mol. Biol. 1283, 147–159.

doi: 10.1007/7651_2014_100

Choudhery, M. S., Badowski, M., Muise, A., Pierce, J., and Harris,

D. T. (2014). Donor age negatively impacts adipose tissue-derived

mesenchymal stem cell expansion and differentiation. J. Transl. Med.

12:8. doi: 10.1186/1479-5876-12-8

Correia-Melo, C., Marques, F. D., Anderson, R., Hewitt, G., Hewitt, R., Cole, J.,

et al. (2016). Mitochondria are required for pro-ageing features of the senescent

phenotype. EMBO J. 35, 724–742. doi: 10.15252/embj.201592862

Detmer, S. A., and Chan, D. C. (2007). Functions and dysfunctions

of mitochondrial dynamics. Nat. Rev. Mol. Cell Biol. 8, 870–879.

doi: 10.1038/nrm2275

Dominici, M., Le Blanc, K., Mueller, I., Slaper-Cortenbach, I., Marini, F.,

Krause, D., et al. (2006). Minimal criteria for defining multipotent

mesenchymal stromal cells. The International Society for Cellular Therapy

position statement. Cytotherapy 8, 315–317. doi: 10.1080/146532406008

55905

Dong, F., and Caplan, A. I. (2012). Cell transplantation as an initiator of

endogenous stem cell-based tissue repair. Curr. Opin. Organ Transplant. 17,

670–674. doi: 10.1097/MOT.0b013e328359a617

Droujinine, I. A., Eckert, M. A., and Zhao, W. (2013). To grab the stroma by the

horns: from biology to cancer therapy with mesenchymal stem cells.Oncotarget

4, 651–664. doi: 10.18632/oncotarget.1040

Friedenstein, A. J., Chailakhjan, R. K., and Lalykina, K. S. (1970). The

development of fibroblast colonies in monolayer cultures of guinea-

pig bone marrow and spleen cells. Cell Tissue Kinet. 3, 393–403.

doi: 10.1111/j.1365-2184.1970.tb00347.x

Friedenstein, A. J., Gorskaja, J. F., and Kulagina, N. N. (1976). Fibroblast precursors

in normal and irradiated mouse hematopoietic organs. Exp. Hematol. 4,

267–274.

Friedenstein, A. J., Petrakova, K. V., Kurolesova, A. I., and Frolova, G.

P. (1968). Heterotopic of bone marrow. Analysis of precursor cells

for osteogenic and hematopoietic tissues. Transplantation 6, 230–247.

doi: 10.1097/00007890-196803000-00009

Geissler, S., Textor, M., Kuhnisch, J., Konnig, D., Klein, O., Ode, A., et al. (2015).

Functional comparison of chronological and in vitro aging: differential role of

the cytoskeleton and mitochondria in mesenchymal stromal cells. PLoS ONE

7:e52700. doi: 10.1371/journal.pone.0052700

Griffin, E. E., Detmer, S. A., and Chan, D. C. (2006). Molecular mechanism

of mitochondrial membrane fusion. Biochim. Biophys. Acta 1763, 482–489.

doi: 10.1016/j.bbamcr.2006.02.003

Frontiers in Aging Neuroscience | www.frontiersin.org 9 December 2016 | Volume 8 | Article 299

https://doi.org/10.1155/2016/5656701
https://doi.org/10.1152/ajpcell.00402.2010
https://doi.org/10.1002/jor.1100090504
https://doi.org/10.1016/j.stem.2011.06.008
https://doi.org/10.1007/7651_2014_100
https://doi.org/10.1186/1479-5876-12-8
https://doi.org/10.15252/embj.201592862
https://doi.org/10.1038/nrm2275
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1097/MOT.0b013e328359a617
https://doi.org/10.18632/oncotarget.1040
https://doi.org/10.1111/j.1365-2184.1970.tb00347.x
https://doi.org/10.1097/00007890-196803000-00009
https://doi.org/10.1371/journal.pone.0052700
https://doi.org/10.1016/j.bbamcr.2006.02.003
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


Stab II et al. Mitochondrial Functional Changes in MSCs

Gutiérrez, M. L., Guevara, J. M., Echeverri, O. Y., Garzón-Alvarado, D.

A., and Barrera, L. A. (2013). Aggrecan catabolism during mesenchymal

stromal cell in vitro chondrogenesis. Anim. Cells Syst. 17, 243–249.

doi: 10.1080/19768354.2013.812537

Harman, D. (1956). Aging: a theory based on free radical and radiation chemistry.

J. Gerontol. 11, 298–300. doi: 10.1093/geronj/11.3.298

Harman, D. (1972). The biologic clock: the mitochondria? J. Am. Geriatr. Soc. 20,

145–147. doi: 10.1111/j.1532-5415.1972.tb00787.x

Hoppins, S., Lackner, L., and Nunnari, J. (2007). The machines that

divide and fuse mitochondria. Annu. Rev. Biochem. 76, 751–780.

doi: 10.1146/annurev.biochem.76.071905.090048

Ikeda, Y., Shirakabe, A., Brady, C., Zablocki, D., Ohishi, M., and Sadoshima,

J. (2015). Molecular mechanisms mediating mitochondrial dynamics and

mitophagy and their functional roles in the cardiovascular system. J. Mol. Cell.

Cardiol. 78, 116–122. doi: 10.1016/j.yjmcc.2014.09.019

Jin, H. J., Bae, Y. K., Kim, M., Kwon, S. J., Jeon, H. B., Choi, S. J., et al. (2013).

Comparative analysis of human mesenchymal stem cells from bone marrow,

adipose tissue, and umbilical cord blood as sources of cell therapy. Int. J. Mol.

Sci. 14, 17986–18001. doi: 10.3390/ijms140917986

Keating, A. (2012). Mesenchymal stromal cells: new directions. Cell Stem Cell 10,

709–716. doi: 10.1016/j.stem.2012.05.015

Lee, H. C., Yin, P. H., Chi, C. W., andWei, Y. H. (2002). Increase in mitochondrial

mass in human fibroblasts under oxidative stress and during replicative cell

senescence. J. Biomed. Sci. 9, 517–526. doi: 10.1007/BF02254978

Lee, S., Jeong, S. Y., Lim, W. C., Kim, S., Park, Y. Y., Sun, X., et al. (2007).

Mitochondrial fission and fusionmediators, hFis1 and OPA1, modulate cellular

senescence. J. Biol. Chem. 282, 22977–22983. doi: 10.1074/jbc.M700679200

Madeira, A., da Silva, C. L., dos Santos, F., Camafeita, E., Cabral, J. M., and

Sa-Correia, I. (2012). Human mesenchymal stem cell expression program

upon extended ex-vivo cultivation, as revealed by 2-DE-based quantitative

proteomics. PLoS ONE 7:e43523. doi: 10.1371/journal.pone.0043523

Mitra, K. (2013). Mitochondrial fission-fusion as an emerging key

regulator of cell proliferation and differentiation. Bioessays 35, 955–964.

doi: 10.1002/bies.201300011

Parsch, D., Fellenberg, J., Brummendorf, T. H., Eschlbeck, A. M., and Richter,

W. (2004). Telomere length and telomerase activity during expansion and

differentiation of human mesenchymal stem cells and chondrocytes. J. Mol.

Med. 82, 49–55. doi: 10.1007/s00109-003-0506-z

Pittenger, M. F., Mackay, A. M., Beck, S. C., Jaiswal, R. K., Douglas, R., Mosca, J.

D., et al. (1999). Multilineage potential of adult humanmesenchymal stem cells.

Science 284, 143–147. doi: 10.1126/science.284.5411.143

Romano, A. D., Serviddio, G., de Matthaeis, A., Bellanti, F., and Vendemiale, G.

(2010). Oxidative stress and aging. J. Nephrol. 23(Suppl. 15), S29–S36.

Sanz, A., and Stefanatos, R. K. (2008). The mitochondrial free

radical theory of aging: a critical view. Curr. Aging Sci. 1, 10–21.

doi: 10.2174/1874609810801010010

Schellenberg, A., Mauen, S., Koch, C. M., Jans, R., de Waele, P., and Wagner,

W. (2014). Proof of principle: quality control of therapeutic cell preparations

using senescence-associated DNA-methylation changes. BMC Res. Notes 7:254.

doi: 10.1186/1756-0500-7-254

Schipani, E., and Kronenberg, H. M. (2009). “Adult mesenchymal stem cells,”

in StemBook [Internet] (Cambridge, MA: Harvard Stem Cell Institute), 1–31.

doi: 10.3824/stembook.1.38.1

Seo, A. Y., Joseph, A. M., Dutta, D., Hwang, J. C., Aris, J. P., and Leeuwenburgh,

C. (2010). New insights into the role of mitochondria in aging: mitochondrial

dynamics and more. J. Cell Sci. 123, 2533–2542. doi: 10.1242/jcs.070490

Stewart, J. B., and Chinnery, P. F. (2015). The dynamics of mitochondrial DNA

heteroplasmy: implications for human health and disease. Nat. Rev. Genet. 16,

530–542. doi: 10.1038/nrg3966

Suen, D. F., Norris, K. L., and Youle, R. J. (2008). Mitochondrial dynamics and

apoptosis. Genes Dev. 22, 1577–1590. doi: 10.1101/gad.1658508

Sugioka, R., Shimizu, S., and Tsujimoto, Y. (2004). Fzo1, a protein involved in

mitochondrial fusion, inhibits apoptosis. J. Biol. Chem. 279, 52726–52734.

doi: 10.1074/jbc.M408910200

Terman, A., Kurz, T., Navratil, M., Arriaga, E. A., and Brunk, U. T. (2010).

Mitochondrial turnover and aging of long-lived postmitotic cells: the

mitochondrial-lysosomal axis theory of aging. Antioxid. Redox Signal. 12,

503–535. doi: 10.1089/ars.2009.2598

Wagner,W., Bork, S., Lepperdinger, G., Joussen, S., Ma, N., Strunk, D., et al. (2010).

How to track cellular aging of mesenchymal stromal cells? Aging 2, 224–230.

doi: 10.18632/aging.100136

Wagner, W., Horn, P., Castoldi, M., Diehlmann, A., Bork, S., Saffrich, R., et al.

(2008). Replicative senescence of mesenchymal stem cells: a continuous and

organized process. PLoS ONE 3:e2213. doi: 10.1371/journal.pone.0002213

Wei, X., Yang, X., Han, Z. P., Qu, F. F., Shao, L., and Shi, Y. F. (2013). Mesenchymal

stem cells: a new trend for cell therapy. Acta Pharmacol. Sin. 34, 747–754.

doi: 10.1038/aps.2013.50

Westermann, B. (2010). Mitochondrial fusion and fission in cell life and death.Nat.

Rev. Mol. Cell Biol. 11, 872–884. doi: 10.1038/nrm3013

Yoon, Y. G., Haug, C. L., and Koob, M. D. (2007). Interspecies mitochondrial

fusion between mouse and human mitochondria is rapid and efficient.

Mitochondrion 7, 223–229. doi: 10.1016/j.mito.2006.11.022

Ziegler, D. V., Wiley, C. D., and Velarde, M. C. (2015). Mitochondrial effectors of

cellular senescence: beyond the free radical theory of aging. Aging Cell 14, 1–7.

doi: 10.1111/acel.12287

Zorov, D. B., Juhaszova, M., and Sollott, S. J. (2014). Mitochondrial reactive

oxygen species (ROS) and ROS-induced ROS release. Physiol. Rev. 94, 909–950.

doi: 10.1152/physrev.00026.2013

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2016 Stab, Martinez, Grismaldo, Lerma, Gutiérrez, Barrera, Sutachan

and Albarracín. This is an open-access article distributed under the terms of

the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) or licensor

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 10 December 2016 | Volume 8 | Article 299

https://doi.org/10.1080/19768354.2013.812537
https://doi.org/10.1093/geronj/11.3.298
https://doi.org/10.1111/j.1532-5415.1972.tb00787.x
https://doi.org/10.1146/annurev.biochem.76.071905.090048
https://doi.org/10.1016/j.yjmcc.2014.09.019
https://doi.org/10.3390/ijms140917986
https://doi.org/10.1016/j.stem.2012.05.015
https://doi.org/10.1007/BF02254978
https://doi.org/10.1074/jbc.M700679200
https://doi.org/10.1371/journal.pone.0043523
https://doi.org/10.1002/bies.201300011
https://doi.org/10.1007/s00109-003-0506-z
https://doi.org/10.1126/science.284.5411.143
https://doi.org/10.2174/1874609810801010010
https://doi.org/10.1186/1756-0500-7-254
https://doi.org/10.3824/stembook.1.38.1
https://doi.org/10.1242/jcs.070490
https://doi.org/10.1038/nrg3966
https://doi.org/10.1101/gad.1658508
https://doi.org/10.1074/jbc.M408910200
https://doi.org/10.1089/ars.2009.2598
https://doi.org/10.18632/aging.100136
https://doi.org/10.1371/journal.pone.0002213
https://doi.org/10.1038/aps.2013.50
https://doi.org/10.1038/nrm3013
https://doi.org/10.1016/j.mito.2006.11.022
https://doi.org/10.1111/acel.12287
https://doi.org/10.1152/physrev.00026.2013
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive

	Mitochondrial Functional Changes Characterization in Young and Senescent Human Adipose Derived MSCs
	Introduction
	Materials and Methods
	MSC Isolation and Population Doubling Determination
	MSCs Characterization
	Senescent Phenotype

	Senescence-Associated β-Galactosidase Assay
	Mitochondrial Dynamics Characterization
	Mitochondrial Mass
	Mitochondrial Membrane Potential
	Mitochondrial Anion Superoxide Production

	Fusion and Fission Protein Identification

	Results
	MSC Characterization and Senescent Phenotype
	Mitochondrial Dynamics Characterization
	Mitochondrial Metabolic Characterization

	Discussion
	Ethics Statement
	Author Contribution
	Funding
	Acknowledgments
	References


