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Abstract

Human mesenchymal stem cells (hMSCs) are intrinsically heterogeneous and comprise 

subpopulations that differ in their proliferation, multi-potency, and functional properties, which 

are commonly demonstrated by culturing hMSCs at different plating densities. The objective of 

this study was to investigate the metabolic profiles of different subpopulations of hMSC by testing 

the hypothesis that the clonogenic hMSC subpopulation, which is selectively enriched in clonal 

density (CD) and low density (LD) culture (10 and 100 cells per square centimeter, respectively), 

possesses a metabolic phenotype that differs from that of hMSC in medium- or high-density (MD: 

1,000 and HD: 3,000 cells per square centimeter, respectively). Cells at CD and LD conditions 

exhibited elevated expression of CD146 and colony forming unit-fibroblast compared with cells at 

MD- or HD. Global metabolic profiles revealed by gas chromatography-mass spectrometry of cell 

extracts showed clear distinction between LD and HD cultures, and density-dependent differences 

in coupling of glycolysis to the TCA cycle. Metabolic inhibitors revealed density-dependent 

differences in glycolysis versus oxidative phosphorylation (OXPHOS) for ATP generation, in 

glutamine metabolism, in the dependence on the pentose phosphate pathway for maintaining 

cellular redox state, and sensitivity to exogenous reactive oxygen species. We also show that 

active OXPHOS is not required for proliferation in LD culture but that OXPHOS activity 

increases senescence in HD culture. Together, the results revealed heterogeneity in hMSC culture 

exists at the level of primary metabolism. The unique metabolic characteristics of the clonogenic 

subpopulation suggest a novel approach for optimizing in vitro expansion of hMSCs.
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Introduction

The potential for clinical applications of human mesenchymal stem cells (MSCs) or 

multipotential stromal cells (hMSCs) for treating many devastating diseases, from ischemic 

cardiovascular diseases and stroke to traumatic bone and cartilage injuries, requires efficient 

cell expansion while preserving their therapeutic potential [1–3]. However, culture-induced 

changes in hMSC phenotype have been well-documented and the suitability of culture-

expanded hMSCs for eventual therapeutic application is a significant barrier that must be 

addressed [4]. hMSCs are intrinsically heterogeneous and composed of slow and rapidly 

dividing subpopulations that exist even at the clonal level with varying differentiation 

capacity among cells derived from a single colony [5, 6]. Immediately after isolation and 

upon culture expansion, hMSCs acquire and accumulate genetic and phenotypic changes in 

culture and that many proliferating cells progressively enlarge, exit the cell cycle, and 

become senescent [7, 8]. The content of the clonogenic and multipotent subset in 

heterogeneous hMSC culture is not only correlated with cell proliferation but also with 

therapeutic outcome in various disease models. For example, a clonally purified hMSC 

population was more potent to repair infracted myocardium compared with the parent 

population due to their enhanced cardiomyocyte and endothelial cell differentiation [9]. 

Rapidly proliferating hMSCs cytometrically sorted from low density (LD) culture (100 cells 

per square centimeter) exhibit enhanced migration and engraftment into the hippocampal 

region in a mice model [10]. Early progenitor MSCs sorted from LD culture (100 cells per 

square centimeter) showed increased clonogenicity and had better retention in heart in mice 

with myocardial infarcts [11]. In contrast, non-clonal/confluent expanded hMSCs are prone 

to abrogate the therapeutic potential due to their increased senescent population that 

senescent hMSCs exhibited impaired migratory capacity in response to proinflammatory 

signals and failed to produce a therapeutic effect in a LPS-induced lethal endotoxemia 

model [12]. Thus, preserving hMSC clonal population during culture expansion is an 

important goal in hMSC application.

Stem cells have unique metabolic properties that actively shape cell fate and their adaptation 

to their immediate microenvironment [13, 14]. The key features of the stem cell metabolism 

include a glycolytic phenotype and metabolic plasticity that ensure progenitor pool renewal, 

resistance to oxidative stress, and capacity of metabolic reconfiguration upon differentiation. 

hMSCs have been shown to use both glycolysis and oxidative phosphorylation (OXPHOS) 

for ATP generation, in which metabolic substrates such as oxygen tension and glucose are 

key regulators [15–17]. MSCs derive a significant portion of ATP (approximately 75%) 

from OXPHOS under normoxia condition but are able to proliferate without compromising 

viability and colony forming capacity under significantly reduced ATP conditions by 

switching to glycolysis under low oxygen condition [18]. The enhanced hMSC proliferation 

and maintenance of colony forming and multipotency by hypoxia is mediated through 

hypoxia-inducible factors (HIFs), a known promoter of active glycolysis [16, 19, 20]. 
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Glycolysis also has prosurvival function beyond energy production and maintains hMSC 

viability in an ischemic environment [21]. Moreover, MSC have the capacity to reconfigure 

their metabolic profile to sustain the increased energy demand in differentiation and 

functions [22, 23].

To date, investigations of hMSC metabolism have been performed under standard culture 

conditions that are known to comprise cells of varying degrees of multipotentiality, stage of 

lineage commitment, and senescence [16, 20, 23]. As a result, the hMSC metabolic profiles 

only reflect the average of a heterogeneous population with limited insight into the 

metabolism of the clonogeneic subset that contributes most to hMSC expansion [5]. 

Extensive studies have shown that plating density not only influences hMSC morphology 

but also their phenotypic and genotypic properties. The early MSC progenitors enriched in 

low passage and low density (LD) culture (50–150 cells per square centimeter) expressed a 

unique set of surface proteins including podocalyxin-like protein (PODXL), CD49f, CD49d, 

c-Met, CXCR4, and CX3CR1, which are all previously shown to be involved in cell 

trafficking, homing, and mobilization [11]. Gene expression of three pluripotency markers 

(Sox2, Nanog, and Oct4), Osterix and Msx2 of LD culture were also reverted to levels of 

early-passage, whereas the expressions of osteogenic-related genes were reduced [24]. 

Therefore, the analysis of density-dependent hMSC metabolism can provide contrasting 

profiles of early hMSC progenitors representing the most proliferative subset versus 

expanded hMSC at stationary phase. The objectives of this study are to investigate the 

metabolic profiles of hMSC expanded under low-plating density and to test the hypothesis 

that the clonogenic hMSC subset selectively enriched in clonal density (CD) and LD culture 

(10–100 cells per square centimeter) possesses a unique metabolic phenotype compared with 

hMSC in standard culture (1,000–3,000 cells per square centimeter).

Materials and Methods

Culture of hMSCs

Frozen hMSCs at passage 1 in freezing media (1 × 106 cell per milliliter per vial in 

minimum essential medium α (α-MEM), 2 mM L-glutamine, 30% fetal bovine serum (FBS), 

and 5% dimethyl sulfoxide) were obtained from the Tulane Center for Gene Therapy and 

cultured following the method outlined in our prior publications [25, 26]. The MSCs were 

isolated from the bone marrow of healthy donors ranging in age from 19 to 49 years based 

on plastic adherence, negative for CD34, CD45, CD117 (all less than 2%) and positive for 

CD29, CD44, CD49c, CD90, CD105, and CD147 markers (all greater than 95%), and 

possess tri-lineage differentiation potential upon induction in vitro [27]. Briefly, hMSCs at 

passage 1 were expanded and maintained in α-MEM supplemented with 10% FBS (Atlanta 

Biologicals, Lawrenceville, GA, https://www.atlantabio.com) and 1% Penicillin/

Streptomycin (Life Technologies, Carlsbad, CA, http://www.lifetechnologies.com) in a 

standard CO2 incubator (37°C and 5% CO2). Cells were grown to 70%–80% confluence and 

then harvested by incubation with 0.25% trypsin/EDTA (Invitrogen). Harvested cells were 

replated at density of 1,500 cells per square centimeter and subcultured up to P5 then plated 

at CD (10 cells per square centimeter), LD (100 cells per square centimeter), medium 

density (MD, 1,000 cells per square centimeter), and high density (HD, 3,000 cells per 
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square centimeter), and maintained for 5 days till assays. hMSCs from three different donors 

were used in the study and the results were reported in the main text and the Supporting 

Information Materials. All reagents were purchased from Sigma Aldrich (St. Louis, MO, 

http://www.sigmaaldrich.com) unless otherwise noted.

Cell Number, Growth Inhibition Effect, CFU-F Assay, and Glucose and Lactate 
Measurement

Cell number and colony forming unit-fibroblast (CFU-F) were determined following the 

methods reported previously [27, 28]. Briefly, harvested cells were lysed using proteinase K 

overnight and Picogreen (Molecular Probes, Eugene, OR, http://www.lifetechnologies.com) 

was added to the samples and read using a Fluror Count (PerkinElmer, Boston, MA, http://

www.perkinelmer.com). Growth inhibition effect was determined by calculating the 

percentage difference in total cell numbers between control and treated groups normalized to 

control groups at the end of each treatment,

For CFU-F assay, MSCs from LD culture and HD culture were plated in 60 cm2 culture 

dishes at the density of 10 cells per square centimeter in α-MEM supplemented with 10% 

FBS with medium change every 3 days. At the end of 15 days culture, cells were stained 

with 20% crystal violet solution in methanol for 15 minutes at room temperature (RT). After 

phosphate-buffered saline (PBS) wash, the numbers of individual colonies were counted. 

Glucose and lactate concentration of medium samples were measured using an YSI 2700 

Biochemistry Select Analyzer (YSI, Yellow Spring, OH, https://www.ysi.com). The 

consumption rates were then normalized by total cell number and divided by the time of 

incubation.

13C-Glucose Labeling and Metabolite Extraction and Derivatization
13C-glucose labeling and metabolite extraction and derivatization followed the established 

methods reported in our prior publication [27]. Briefly, glucose-free Dulbecco's modified 

Eagle's medium (DMEM) medium (Life Technologies, Carlsbad, CA, http://

www.lifetechnologies.com) supplemented with a 2:2:1 mixture of unlabeled, U-13C- 

and 13C1-labeled glucose (Cambridge Isotopes Laboratories, Andover, MA, https://

www.isotope.com) at the same concentration as used for hMSC expansion (1.0 g/l glucose). 

Cells were seeded and cultured for 2 days in DMEM with unlabeled medium, and then 

medium was replaced with isotope-enriched medium and cultured for additional 3 days. Cell 

collection started by removing medium from culture plates, washing with PBS, and flash-

frozen by addition of liquid nitrogen to the plate to quench metabolic activities. Plates were 

stored in −80°C overnight and intracellular metabolites were extracted with an 

acenotrile:water (1:1) solution followed by addition of the internal standard (norleucine 

0.085 mg/ml solution). The extract was then centrifuged at 4,000 rpm for 10 minutes at 

48°C, and the supernatant was transferred to a silanized glass Reacti-Vial (Wheaton, 

Millville, NJ, http://wheaton.com) and stored at −80°C. Before derivatization, frozen 

Liu et al. Page 4

Stem Cells. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.sigmaaldrich.com
http://www.lifetechnologies.com
http://www.perkinelmer.com
http://www.perkinelmer.com
http://https://www.ysi.com
http://www.lifetechnologies.com
http://www.lifetechnologies.com
http://https://www.isotope.com
http://https://www.isotope.com
http://wheaton.com


extracts were dried under vacuum overnight and dissolved in 20 μl pyridine and 20 μL N-

methyl-N-(tert butyldimethylsilyl) trifluoro-acetamide containing 1% tert-

butyldimethylchlorosilane (Thermo Scientific, Rockford, IL, http://

www.thermoscientific.com). The reaction was performed under a stream of argon, Reacti-

vials were closed and heated to 75°C for 60 minutes and then cooled to RT. Injection of 

derivatized extracts in the gas chromatography-mass spectrometry (GC-MS) was completed 

within 24 hours.

GC-MS Analysis of Derivatized Extracts

Derivatized samples (1 μl) were injected in splitless mode in an HP Agilent 6890 series gas 

chromatograph coupled with an HP Agilent 5973 mass selective detector and separated on a 

30-m DB5 column (J&W Scientific, Folsom, CA, http://www.agilent.com). Mass spectra 

were collected over a range of m/z 50–650 at a rate of 2 Hz. Metabolites were identified by 

comparison with standards and unknowns were identified with their retention time and by 

searching of the spectra in the NIST02 mass spectral library, using tools available in the 

software Wsearch32 (www.wsearch.com.au). Peak areas were calculated from the 

[M-57]+·and [M-159]+· ions for aminoacids and [M-57]+· and [M-189]+· in the carboxylic 

acids by fitting the elution profile to a Gaussian, eliminating the baseline and summing over 

all isotope peaks for a specific ion. The area was then normalized to the peak area of the 

internal standard norleucine which was calculated in the same way and divided by the cell 

number.

Detailed methods and examples of calculating isotope incorporation are provided in the 

Supporting Information.

Intracellular ATP, ROS

hMSCs were centrifuged, resuspended in de-ionized water, and heated immediately in a 

boiling water bath for 10 minutes. After cooling on ice for 30 seconds, the mixture was 

centrifuged and supernatant collected. Upon measurement, 10 μl of ATP solution was mixed 

with 100 μl of the luciferin-luciferase reagent, and the ATP bioluminescence was measured 

using an Orion Microplate Luminometer (Titertek-Berthold, Pforzheim, Germany, http://

www.titertek-berthold.com) after 15 minutes incubation. ATP content was normalized to 

protein content per cell. For reactive oxygen species (ROS), aliquots of cell suspension were 

incubated with 25 μM carboxy-H2DCFDA at 37°C for 30 minutes. The intracellular ROS of 

MSCs was assessed by flow cytometry (BD Biosciences, San Jose, CA, http://

www.bdbiosciences.com).

Immunocytochemistry and MMP by Flow Cytometry

Trypsinized MSCs were washed in PBS, and fixed at 4% paraformaldehyde at RT. 

Nonspecific antigens were blocked by incubating the cells in PBS containing 1% bovine 

serum albumin at RT. Aliquots of cell suspension were incubated with fluorochrome-

conjugated, anti-mouse monoclonal antibodies. For HIF-1α analysis, cells were scraped 

from the dish on ice, and cell suspension was washed once in ice-cold PBS. Cells were then 

fixed and permeabilized in 0.2% triton X-100 PBS for 10 minutes at RT. Non-specific 

binding sites were blocked in PBS with 1% bovine serum albumin, 10% goat serum, 4% 
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nonfat dry milk for 15 minutes at RT. After washing with PBS, cells were incubated with 

anti-HIF-1α antibody at RT for 2 hours, following with 1 hour incubation with fluorescein 

isothiocyanate (FITC)-conjugated secondary antibody at RT. Labeled samples were washed 

in PBS followed by flow cytometry analysis with the isotype controls run in parallel at the 

same concentration used for each antibody. For mitochondrial membrane potential (MMP) 

measurement, trypsinized MSCs were washed by centrifugation in warm Hanks' balanced 

saline solution (HBSS). Cell suspension was incubated with tetramethylrhodamine, methyl 

ester (TMRM) (Life Technologies, Carlsbad, CA, http://www.lifetechnologies.com) at 

37°C, washed with HBSS, and analyzed by flow cytometry (BD Biosciences, San Jose, CA, 

http://www.bdbiosciences.com).

SA-βGal activity

Cells were grown on 10 cm2 dishes for 5 days. SA-βGal activity was then determined as 

described in the manufacturer's instruction (Sigma, St. Louis, MO, http://

www.sigmaaldrich.com).

LDH Activity, NADPH, NADP+, G6PD Activity, and Glutathione

MSCs were lysed and incubated at RT on a shaker in lysing buffer. Supernatant was used to 

determine the lactate dehydrogenase (LDH) activity normalized by total cell number 

according to the manufacturer's instructions (Roche Applied Science, Indianapolis, IN, 

https://lifescience.roche.com). NADPH and NADP+ measurement were carried out as 

described in the manufacturer's instruction (Sigma, St. Louis, MO, http://

www.sigmaaldrich.com). Glucose-6-phosphate dehydrogenase (G6PD) activity and 

glutathione measurements were carried out as described in the manufacturer's instruction 

(Cayman, Ann Arbor, MI, https://www.caymanchem.com; Cell Biolab, San Diego, CA, 

http://www.cellbiolabs.com).

Real-Time Reverse Transcriptase-Polymerase Chain Reaction

Total RNA was isolated using the Rneasy Plus kit (Qiagen, Valencia, CA, https://

www.qiagen.com) following instructions. Reverse transcription was carried out using 2 μg 

of total RNA, anchored oligo-dT primers (Operon, Huntsville, AL, http://www.operon.com), 

and Superscript III (Life Technologies, Carlsbad, CA, http://www.lifetechnologies.com). 

Primers specific for target genes were designed using the software Oligo Explorer 1.2 

(Genelink, Hawthorne, NY, http://www.genelink.com), and Betaactin was used as an 

endogenous control for normalization. Real-time reverse transcriptase-polymerase chain 

reaction (RT-PCR) reactions were performed on an ABI7500 instrument (Applied 

Biosystems), using SYBR Green PCR Master Mix. The amplification reactions were 

performed and the quality and primer specificity were verified. Fold variation in gene 

expressions were quantified using the comparative Ct method: 2-(CtTreatment -CtControl), which 

is based on the comparison of the expression of the target gene (normalized to beta-actin).

Statistics/Data Analysis

Unless otherwise noted, all experiments were performed at least in triplicate (n = 3), and 

representative data are reported. Experimental results are expressed as means ± SD of the 
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samples. Statistical comparisons were performed by one-way analysis of variance and 

Tukey's post hoc test for multiple comparisons, and significance was accepted at p < 0.05.

Results

Enrichment of Clonogenic Subset of hMSCs in LD Culture

Cell morphology, size distribution, proliferation rate, and CFU-F formation were measured 

from passage 5–7 hMSCs plated at 10, 100, 1,000, or 3,000 cells per square centimeter 

(referred to as CD), LD, MD, and HD, respectively). As expected, hMSCs plated at LD were 

more uniformly small and spindle-shaped, whereas hMSCs plated at MD or HD were more 

flattened and enlarged and exhibited a broader size distribution (Fig. 1A). LD cells expanded 

more rapidly (with doubling time around 1.5 days) compared with cells at MD or HD, which 

exhibited relatively constant cell numbers during the same period (Fig. 1B). CD and LD 

cells displayed enhanced colony forming (CFU-F) ability compared with that of MD and 

HD cultures (Fig. 1C). LD cells had higher expression of CD146, a surrogate cell-surface 

marker for hMSC clonogenity [29], compared with HD culture (58% vs. 10%, respectively), 

although no significant difference was observed for CD271 among the samples (Fig. 1D). In 

addition, LD cells exhibited significant higher Oct4 gene expression compared with HD 

cells, although no significant difference was observed for Nanog and Sox2 (Fig. 1E). LD 

cells exhibited comparable osteogenesis and adipogenesis ability compared with HD cells 

(Supporting Information Figs. S1–S4). Analysis of surface marker expressions by flow 

cytometry showed both LD and HD cells were positive for hMSCs phenotypic markers 

(CD105, CD90, CD166, HLA, CD147, CD49c, and CD29), but negative for hematopoietic 

stem cell marker CD117 (Supporting Information Table S1). Both LD and HD cells showed 

certain expression of PODXL and CD49f, which have been suggested to be associated with 

hMSCs migration and homing abilities, though no significant difference was observed 

between LD and HD cells (Supporting Information Table S1) [11]. hMSCs in both LD and 

HD were negative for CD184 and CD3 and had comparable expression of CD49b 

(approximately 8%) (Supporting Information Table S1). Together, the density-dependent 

proliferation, colony forming potential, and CD146 expression demonstrate the enrichment 

of the clonogenic subpopulation with improved multipotentiality in CD and LD culture 

compared with MD and HD.

Density-Dependent Energy Metabolism

Metabolic profiles for hMSC grown at LD and HD were generated by extracting the polar 

metabolites and analyzing the mixture using GC-MS. Peak areas were determined for known 

metabolites and compared using principal component analysis (PCA). The profiles for cells 

grown in HD cluster differently in the scores plot from those grown in LD (Fig. 2A) when 

plotting the first two principal components. The first principal component, which accounted 

for approximately 63% of the total sample variance, clearly distinguishes the profiles based 

on culture density.

It is well established that stem cell proliferation and multilineage potency are enhanced 

under conditions that favor a glycolytic rather than OXPHOS origin for ATP synthesis [13, 

30, 31]. To determine whether differences in ATP generation accounts for the different 
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metabolic profiles, LD or HD culture was treated with 2-deoxyglucose (2-DG) or antimycin 

A (AmA), known inhibitors of glycolysis and OXPHOS, respectively. ATP content was 

more significantly reduced in LD culture exposed to 2-DG than to AmA (reduced by 70% 

and 48%, respectively), whereas this situation was reversed in HD culture (reduced by 45% 

and 56%, respectively) (Fig. 2B, 2C). Interestingly, AmA treatment had relatively minor 

impact on cell growth or CFU-F at either density (Fig. 2D, 2E). Internal lactate level, lactate 

secretion rate, LDH activity, and the lactate:glucose ratio all were higher in LD culture than 

in HD (Fig. 2F–2I). Collectively, these data indicate that hMSCs in CD and LD have higher 

proportion of glycolysis for ATP production while cells in MD and HD have higher 

proportion of OXPHOS for ATP production.

LD cells exhibit a lactate:glucose ratio (3.2) that exceeds the “theoretical” maximum of 2 

observed in the HD cells. To determine the contribution of glutaminolysis to this elevated 

lactate:-glucose ratio, LD and HD cells were glutamine-deprived for 48 hours. Glutamine 

deprivation completely abolished hMSC proliferation and CFU-F in LD and CD but had 

minimal effect in HD culture (Fig. 3A, 3B). Glutamine-deprivation reduced ATP production 

to similar extents in both LD and HD culture (Fig. 3C). Treatment with aminooxyacetate, an 

inhibitor of glutamine-dependent transaminases, also inhibited proliferation in LD but had 

limited effect in HD (Fig. 3D). Thus, it appears that hMSC can use both glycolysis and 

OXPHOS for ATP production, starting from glucose and glutamine as carbon source, 

respectively.

To investigate whether coupling of glycolysis to the TCA cycle was impaired in CD or LD 

cultures compared with HD, hMSC were cultured at LD or HD in the presence of 13C-

labelled glucose and the isotope enrichment of lactate and citrate determined by GC-MS. As 

shown in Figure 4A, the mole fraction of isotope enrichment in lactate and citrate was 

approximately equal in HD culture. On the other hand, the citrate pool was significantly less 

labeled than lactate in LD culture, indicating poor transmission of labeled pyruvate from 

glycolysis to the TCA cycle under these conditions. To investigate whether this differential 

enrichment correlated with reduced activity of pyruvate dehydrogenase (PDH), cells in CD, 

LD, and HD culture were exposed to 2 mM dichloroacetate (DCA). DCA is known to 

enhance the activity of PDH, thereby increasing the coupling of glycolysis to the TCA cycle. 

As expected, DCA treatment significantly increased cellular ATP levels in LD cultures but 

this effect was less pronounced at MD and HD (Fig. 4B). Surprisingly, DCA treatment 

reduced CFU-F in MD and HD culture (by approximately 43% and 18%, respectively) but 

abolished CFU-F in CD (no colonies were observed) (Fig. 4C). The pronounced growth-

inhibitory effects of DCA were independent of oxygen level in LD but were more 

pronounced under hypoxic conditions in HD (Fig. 4D). In agreement with reduced 

OXPHOS in LD cells, expression of pyruvate dehydrogenase kinase 1 (PDK1) was also 

found to be upregulated in LD cells compared with HD cells (Fig. 4E). To investigate the 

regulatory mechanism of the coupling of glycolysis and tricarboxylic acid (TCA) cycle 

between LD and HD cells, both HIF-1α and uncoupling protein 2 (UCP2) were examined. 

While no significant difference was found for mRNA level of HIF-1α between LD and HD 

cells (Supporting Information Fig. S5), a significant higher HIF-1α protein level was found 

in LD cells than HD cells (Fig. 4F; Supporting Information Fig. S6). In addition, an 
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approximate approximately threefold increase was observed for UCP2 mRNA level in LD 

compared with HD cells (Fig. 4G).

Density-Dependent ROS Metabolism

We hypothesized that the growth-inhibitory effects of DCA in LD culture resulted from 

increased electron transport that increased the level of ROS and, consequently, apoptosis. 

ROS level was significantly higher in HD than LD. DCA treatment significantly increased 

ROS level in LD but not in HD culture (Fig. 5A). Background caspase 3/7 expression was 

significantly higher in HD than LD. DCA treatment significantly increased caspase 3/7 

expression in LD (Fig. 5B) but not in MD or HD culture. DCA had relatively little effect on 

the inner MMP in HD cells, measured by TMRM intensity using flow cytometry, compared 

with the significant decreased MMP in LD culture (Fig. 5C).

High levels of ROS are known to induce senescence in hMSC culture [32, 33]. HD culture 

resulted in a significantly higher level of SA-βGal activity (Fig. 5D), indicating a higher 

percentage of senescent cells in HD than in LD culture. Treatment with DCA (2 mM) or 

hydrogen peroxide (H2O2) (100 μM) both increased senescent expression in LD and HD 

culture (Fig. 5E, 5F), suggesting OXPHOS and ROS play significant roles in cellular 

senescence during expansion. This also suggested that LD cells, compared with HD cells, 

are better able to counteract the effects of ROS during expansion. Indeed, LD cells 

contained a significantly higher pool of NADPH plus NADP+, a higher NADPH/NADP+ 

ratio (Fig. 6A), and exhibited higher level of glutathione (Fig. 6B). mRNA level of 

glutathione synthetase (GSS) was also modestly higher in LD cells (Fig. 6G). Treatment 

with dehydroepiandosterone (DHEA), a known inhibitor of glucose-6-phosphate 

dehydrogenase, which catalyzes the first and committed step in the pentose phosphate 

pathway (PPP) [34], reduced cell proliferation and increased caspase 3/7 expression more 

significantly in LD than HD culture (Fig. 6C, 6D). Cells were cultured in the presence of a 

2:2:1 mixture of unlabeled, 1-13C- and U-13C-glucose and the isotopomer distribution in 

lactate under LD and HD conditions was analyzed using GC-MS. The M3:M2:M1 

isotopomer ratio should equal 4:0:1 if all of the glucose is metabolized through glycolysis; 

changing these ratios is consistent with an increase in glucose metabolized through the PPP. 

The M3:M1 ratio in HD culture was nearly 4:1 with M2 accounting for <10% of the labeled 

isotopomers (Fig. 6E). On the other hand, LD culture exhibited a significant increase in the 

M2 isotopomer (increasing to approximately 40% of the labeled isotopomers) with a 

corresponding decrease in M3 and M1, suggesting increased PPP activity in LD cells. These 

results are corroborated by the higher levels of G6PD enzymatic activity (Fig. 6F) and the 

expression of G6PD, 6-phosphogluconate dehydrogenase (6PGD) genes (Fig. 6G) in LD 

cells compare with HD cells. Collectively, these data indicate increased activity of the PPP 

in LD culture, with a corresponding increased ability to combat the deleterious effects of 

ROS.
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Discussion

Density-Dependent Enrichment of the Clonogenic Subset in hMSC Culture

hMSC culture in vitro comprises a heterogeneous population with significant phenotypic 

differences even within a single colony [5]. A small subset of clonogneic cell was found to 

contribute most significantly toward population expansion but also progressively increase in 

cell size and expression of senescent markers [7]. As heterogeneity of culture-expanded 

hMSCs significantly influences hMSC properties and therapeutic potency [4, 35], 

identification of the metabolic demand of the proliferative subset and manipulating the 

culture condition to amplify the clonogenic subset are the approachable strategies to enhance 

hMSC expansion while best preserving their clonogenic properties.

Enrichment of the clonogenic subset in LD hMSC culture is supported by the inverse 

correlation between plating density and proliferation, CFU-F forming efficiency, expression 

of CD146, expression of pluripotent transcription factor Oct4, and is in agreement with prior 

studies [36–38]. In the absence of a definitive set of surface markers that can unequivocally 

identify the multipotent subset of hMSC culture [39], hMSCs' ability to undergo clonal 

growth, for example, the ability to form single-cell-derived colonies when plated at very LD, 

has been used as a measure of clonogenicity of hMSC and is found to closely correlate with 

the concentration of multipotent progenitors in hMSC culture [5, 40]. The impact of plating 

density on hMSC phenotypic properties has been explained by the unique properties of the 

early progenitors to undergo density-independent proliferation at clonal or LD, a process 

that occurs most readily at clonal density but can be interrupted by neighboring cells as 

plating density increases [39]. The density-dependent enrichment of clonogneic subset was 

further confirmed by higher CD146+ expression in LD culture. CD146, also a pericyte 

marker known as melanoma cell adherent molecule, is thought to reflect the perivascular 

origin of the postnatal MSCs and distinguishes CFU-Fs cells from other osteogenic strains 

and stromal cells in bone marrow [41, 42]. However, we did not observe density-dependent 

variation in CD271+ population, which is another surface marker that identifies the highly 

clonogenic cells in unfractioned bone marrow, presumably owing to its rapid down-

regulation upon ex vivo expansion of hMSCs as reported previously [43]. Oct4 is a 

transcript factor that was found in embryonic stem cell but not in their differentiated 

daughter cells and is suggested to be one of the specific markers for pluripotency [44]. The 

higher expression of Oct4 in LD cells compared with HD cells also confirmed density-

dependent enrichment of clonogenic subset. Thus, the range plating density used in this 

study enables density-dependent proliferation and enrichment of the clonogenic subset.

Density-Dependent Energy Metabolism in hMSC

The results of this study extend the concept of heterogeneity of cultured hMSC to primary 

metabolism and point to several specific metabolic differences between cells cultured at 

clonogenic or LD and those cultured at MD and HD.

First, hMSC at low plating density exhibit a pronounced reliance on aerobic glycolysis for 

ATP production, but still are capable of utilizing electron transfer and OXPHOS for ATP 

production. Low plating density also correlates with reduced coupling of glycolysis to the 
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TCA cycle as shown by decreased incorporation of glucose-derived 13C atoms into citrate 

compared with that seen at HD. This metabolic phenotype is similar to that observed for 

hMSC in hypoxic culture [15, 16, 23, 27] and provides a rationale for the proliferative 

effects of hypoxic culture. However, the metabolic profile observed at low culture exists at 

normoxic (e.g., 20%) oxygen levels. Furthermore, the low glucose uptake, residual ATP 

production even in the presence of 2-DG, the high lactate:glucose ratio, and the low 

enrichment of lactate from glucose carbons all suggest an alternative source of energy, 

which we argue to be glutamine based on the glutamine-deprivation results. Again, this 

reliance on glutaminolysis resembles the effects of hypoxia on hMSC at higher density. The 

increased metabolism of glutamine would effectively overcome reduced carbon flux into the 

TCA cycle due to the (partial) inhibition of PDH noted above, provide carbons for oxidative 

metabolism in the TCA cycle that is coupled to ATP production through OXPHOS, and 

augment ATP produced in aerobic glycolysis. Interestingly, this additional source of ATP 

does not appear to be required for proliferation, as hMSC showed similar proliferation rates 

whether glutamine was present in the growth medium or not. Together, the results of this 

study show that the metabolic phenotype in LD culture resembles that of aerobic glycolysis 

and further strengthens the concept that low level of ATP produced from glycolysis alone is 

sufficient to maintain the proliferative, undifferentiated state of multipotent hMSCs.

Second, LD cells exhibit increased activity of the PPP compared with HD culture. The 

increased activity in the PPP was shown most directly by the increased expression of the 

PPP genes G6PD and 6GPD and G6PD enzymatic activity and by the increased sensitivity 

to inhibition of G6PD by DHEA. The lactate isotopomer pattern in LD cells also suggests 

increased PPP. In the oxidative phase of the PPP, glucose C1 is lost as CO2, ultimately 

producing ribulose-5-phosphate, which can be isomerized to ribose-5-phosphate for 

incorporation into nucleic acids, or converted into glycolytic intermediates for further 

metabolism in glycolysis. On the other hand, glucose metabolized through glycolysis will 

not lose the C1 atom and the resulting isotopomer pattern in lactate, which is in equilibrium 

with the pyruvate pool, will reflect the relative activity of glycolysis versus the PPP [45–47]. 

Together, the increased PPP activity and glutamine metabolism contribute to a significantly 

higher level of NADPH in the clonogenic subset, including an increased total pool size, for 

example, NADPH plus NADP+, and a higher NADPH / NADP+ ratio.

Finally, the LD cells show a significantly higher capacity for reducing ROS and redox 

balancing compared with HD culture. Metabolism in LD cells appears optimized to reduce 

the deleterious effects of ROS production by limiting coupling of glycolysis to the TCA 

cycle and by increasing the reducing potential with elevated NADPH production and 

glutathione, a ROS scavenger, through PPP and glutamine metabolism. Indeed, enhanced 

OXPHOS by DCA treatment leads to significantly increased ROS and apoptosis in LD-

hMSCs. In contrast, both H2O2 and DCA treatment increased cellular senescence in HD-

hMSC, which can be attenuated by hypoxia treatment (data not shown), suggesting ROS 

accumulation from active OXPHOS in HD-hMSCs is the primary factor for inducing 

replicative senescence. These results are in agreement with previous reports that oxidative 

stress is a primary factor that induces hMSC differentiation and senescence [19, 48]. The 

divergent responses of LD- and HD-hMSCs to DCA treatment may be due to the differences 
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of mitochondria structure, physiology, and cellular distribution among the subsets in the 

heterogeneous hMSC culture. For embryonic stem cells, low mitochondria activity found 

during the early embryonic development has been used as a biochemical index of stemness 

for the selection of more primitive stem cells [49, 50]. Similar to MSCs, human HSCs reside 

in the same hypoxic in vivo microenvironment and preferentially use glycolysis to obtain 

energy [51]. HSCs are also a heterogeneous set of cells with a hierarchically structured 

population including long-term HSCs with long-lasting self-renewal capacity with low 

mitochondrial mass to more specialized progenitors containing high levels of mitochondrial 

mass [52, 53]. In monkey MSCs, culture expansion induced significant changes in the 

intracellular distribution and function of mitochondria with increasing tendency to depart 

from the perinuclear region to an evenly distributed pattern accompanied by increase in 

cellular ATP content [54]. Thus, detailed analysis of hMSC mitochondria with regards to 

their distribution in the heterogeneous hMSC population is warranted to delineate their role 

in hMSC metabolic responses.

We observed a reduced mitochondrial potential (or increased leakiness), increased ROS 

level, and increased caspase 3/7 expression after DCA treatment under LD conditions, 

suggesting that high levels of electron-transport and OXPHOS would result in significant 

ROS production in the clonogenic subset with increased apoptosis. We did not observe this 

leakiness under HD conditions and others have observed a functional maturation and 

increased number of mitochondria upon expansion in culture [54, 55]. The enhanced 

glycolysis to TCA flux coupled with a more pronounced dependence on OXPHOS for ATP 

synthesis in HD cells would provide more opportunity for ROS generation. However, the 

increased energy production via OXPHOS is not beneficial to cells grown in HD culture 

because the hMSC proliferation potential decreases with increasing passage number. Indeed, 

cells appear to be unable to keep up with the increased ROS, as evidenced by higher 

expression of caspase 3/7, a reduced total NADPH pool, and reduced glutathione level. The 

accumulated cellular damage under these conditions may then lead to senescence and 

reduced multipotency. In an attempt to identify the mechanisms underlying the distinct 

metabolism in LD and HD cultures, the expressions of two glycolysis or TCA cycle 

associated regulators, HIF-1α and UCP2, were examined. HIF-1α mediated reconfiguration 

towards glycolytic metabolism enhances stem cell proliferation and maintains their multi-

potency [56]. It is noted that protein level of HIF-1α was significantly higher in LD cells 

under normoxia and that this aerobic stabilization of HIF-1α has been suggested as an 

indicator of clonogenicity and a feature of hMSC to maintain their innate properties in vitro 

[57]. UCP2 was also found to be up-regulated in LD culture compared with HD culture. 

UCP2 is evidenced to mediate proton conductance in mammalian cells, of which the 

biological role includes modulation of metabolic signals and pathways via control of ATP 

production, as well as redox regulation via control of ROS production [58, 59]. The up-

regulated expression of UCP2 in LD culture is in agreement with the reduced ATP content, 

and reduced ROS production. However, we did not observe any difference in mitochondrial 

inner membrane potential between LD and HD cultures. It is possible that LD culture has 

other mechanisms such as glycolysis ATP hydrolysis instead of electron transport to 

maintain mitochondrial membrane potential, as seen in human pluripotent stem cell [60].
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Metabolic and Phenotypic Heterogeneity in hMSC Expansion

It has long been observed that the clonogenic subset or early passage hMSCs have higher 

potential in proliferation, secretion of trophic factors, engraftment, and differentiation but 

preserving this subset in culture has been a challenge [61, 62]. Conditions that stimulate 

glycolysis and suppress OXPHOS such as hypoxia or other activators of HIF, are known to 

prolong hMSC proliferation and better preserve the clonogenic properties. The results of this 

study show that the clonogenic subset enriched in clonal and LD culture has a glycolytic 

phenotype even under normoxic culture, but undergoes a metabolic shift towards OXPHOS 

as cell density increases, contributing to reduced clonogenic subset at high plating density.

The mechanisms underlying the metabolic shift as plating density increases may be due to 

reduced proliferation of the clonogenic subset whose growth is progressively inhibited by 

the presence of neighboring cells as culture density increases. On the other hand, chronic 

exposure to high concentration of mitogenic factors in culture may lead to metabolic switch 

from a predominant glycolytic phenotype to increased OXPHOS during passaging. Indeed, 

long-term and individual cell tracking of hMSC in culture provides direct evidence that a 

small percentage of small (approximately 9%) and yet highly proliferative hMSC attached at 

day 1 account for the majority of progenies produced over the course of hMSC culture [7]. 

As culture progresses, however, the small cells progressively enlarge and exhibit senescent 

biomarkers, concomitant with increase in population doubling time and increase in 

senescent subset. Although direct experimental evidence is required, the declining glycolytic 

subset in hMSC culture observed in current study coincides with the disappearing small 

“super-replicator” observed in hMSC tracking experiment, suggesting a potential link 

between metabolic and morphological phenotype [7].

Identification of the metabolic phenotype of the clonogenic subset in the heterogeneous 

MSC population provides the foundation for an implementable strategy to preserve and 

amplify the clonogenic subset in culture expansion. A recent study showed that hMSCs 

isolated from pediatric bone marrow and umbilical cord blood have higher levels of HIF-1α 

mRNA that are stabilized under normoxic conditions and a correspondingly larger number 

of glycolytic HIF target genes and increased glycolysis [57]. Although expressed at low 

level and not sufficient to stabilize HIF-1α, HIF-1α mRNA was also induced in normoxic 

adult bone marrow MSC with comparable levels of individual glycolytic HIF target genes as 

in the pediatric samples. These results support the notion that the glycolytic phenotype 

reflects hMSC's developmental origin but that hMSCs undergo a culture-induced metabolic 

transition towards increased OXPHOS activity, contributing to replicative senescence. In 

addition to oxygen tension and plating density, other factors that contribute to the metabolic 

transition remain to be elucidated. It is well known that hMSCs are mechano-sensitive and 

actively respond to their immediate biomechanical cues and topographic features by 

modulating their metabolic properties [63]. Thus, the clonogenic subset that undergoes 

density-independent proliferation or the “super-replicators” identified in hMSC culture by 

cell tracking may possess not only unique metabolic but also mechano-sensing properties 

that influence their fate in vitro. Elucidating these contributing factors will significantly 

improve hMSC culture strategy that maximizes their regenerative potential.

Liu et al. Page 13

Stem Cells. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Conclusion

Our data indicate that heterogeneity in hMSCs culture exists at the level of primary 

metabolism. Clonogenic hMSC subpopulation enriched in low density culture possesses a 

distinct metabolic pattern compared to hMSC in medium- or high-density in the coupling of 

glycolysis versus oxidative phosphorylation for ATP generation, in glutamine metabolism, 

and in the dependence on the pentose phosphate pathway for maintaining cellular redox 

state. The study of hMSCs metabolism has important implications for developing an 

implementable metabolic strategy to maximize hMSCs therapeutic potential.
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Significance Statement

Application of human mesenchymal stem cells (hMSCs) in cell therapy requires a 

therapeutically competent population but hMSCs are intrinsically heterogeneous and 

comprise of subpopulations of varying properties and therapeutic potency. The metabolic 

characteristics of hMSC have been shown to influence their trophic properties and 

lineage-specific differentiation at population level. This study, for the first time, 

demonstrated that heterogeneity in hMSC culture exists at the level of primary 

metabolism and that the metabolic phenotype of hMSC subpopulation underpins the 

population heterogeneity during expansion. The results establish the foundation for an 

implementable metabolic strategy to identify, preserve, and amplify the clonogenic 

subset during hMSC expansion to maximize therapeutic outcome.
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Figure 1. 
Density-dependent changes in stem cell growth, morphology, and surface markers. (A): Cell 

diameter distributions and representative images of cells at different densities taken at 10×.; 

(B): Cell doubling time over 3 days; (C): CFU-F efficiency after 15 days of culture at 

different densities; (D): Flow-cytometric measurement of cells positive for CD146 (top row) 

or CD271 (bottom row) at low density (left column) or high density (right column); (E): 
Quantitative reverse transcriptase-polymerase chain reaction measurement of stem cell gene 

Nanog, OCT-4, SOX-2 mRNA level. Data represent the mean of at least three independent 

determinations; errors represent the standard error in the mean. *, p < 0.05; **, p < 0.01. 

Abbreviations: CD, clonal density; CFE, CFU-F efficiency; HD, high density; LD, low 

density; MD, medium density.
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Figure 2. 
Density-dependent differences in energy metabolism. (A): Principal component analysis 

scores plot for peak areas from 35 metabolites extracted from cells grown in low density 

(LD) or high density (HD) culture; Ellipses represent the two-dimensional 95% confidence 

intervals obtained from a bivariate Gaussian fit to the peak clusters; (B): ATP content 

normalized to protein content/cell for different cell densities grown in standard media or in 

the presence of 2 mM 2-deoxyglucose for 48 hours; (C): ATP content normalized to protein 

content/cell for different cell densities grown in standard media or in the presence of 3 μM 

AmA for 48 hours; (D): Cell number as a function of plating density in the absence and 

presence of 3 μM AmA for 48 hours; (E): CFU-F efficiency as a function of plating density 

in the absence and presence of 3 μM AmA for 48 hours; (F): Peak area for the [M-15]+· of 

the t-BuDMS derivative of lactate extracted from LD or HD cells, normalized to the area of 

internal standard, norleucine; (G): Lactate amount increase in spent medium normalized to 

cell count and incubation time as a function of plating density; (H): Lactate dehydrogenase 

activity normalized to cell count as a function of plating density; (I): Ratio of lactate to 

glucose in spent medium as a function of plating density. Data represent the mean of at least 

three independent determinations; errors represent the standard error in the mean. *, p < 
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0.05; **, p < 0.01. Abbreviations: CFE, CFU-F efficiency; 2-DG, 2-deoxyglucose; HD, high 

density; LD, low density; LDH, lactate dehydrogenase; MD, medium density.
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Figure 3. 
Density-dependent glutamine metabolism. (A): Fold-change in cell number as a function of 

plating density in the presence or absence of glutamine in the medium for 48 hours; (B): 
CFU-F efficiency as a function of plating density in the presence or absence of glutamine in 

the medium for 48 hours; (C): ATP content as a function of plating density in the presence 

or absence of glutamine in the medium for 48 hours; (D): Growth inhibition as a function of 

plating density in the presence of 100 μM aminooxyacetate for 48 hours. Data represent the 

mean of at least three independent determinations; errors represent the standard error in the 

mean. Δ: percentage difference of ATP between control and additional treatment divided by 

control. *, p < 0.05; **, p < 0.01. Abbreviations: AOA, aminooxyacetate; CFE, CFU-F 

efficiency; HD, high density; LD, low density.
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Figure 4. 
Density-dependent coupling of glycolysis to the tricarboxylic acid (TCA) cycle. (A): 
Absolute-total molar percent enrichment of 13C-glucose atoms in lactate and citrate for 

hMSC in low density and high density; (B): ATP content as a function of plating density in 

the absence or presence of dichloroacetate (DCA); (C): CFU-F efficiency as a function of 

plating density in the absence or presence of DCA; (D): Growth inhibition as a function of 

plating density in nomoxia or hypoxia in the presence of DCA. (E): Quantitative reverse 

transcriptase-polymerase chain reaction (qRT-PCR) measurement of pyruvate 

dehydrogenase kinase 1 (PDK1) mRNA level; (F): Flow cytometry measurement of HIF-1α 

protein level; (G): qRT-PCR measurement of uncoupling protein 2 (UCP2) mRNA level. 

Data represent the mean of at least three independent determinations; errors represent the 

standard error in the mean. *, p < 0.05; **, p < 0.01. Abbreviations: AT-MPE, absolute total 

molar percent enrichment; DCA, dichloroacetate; FACS, fluorescence-activated cell sorting; 

HD, high density; LD, low density; MD, medium density; PDK1, pyruvate dehydrogenase 

kinase 1; UCP2, uncoupling protein 2.
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Figure 5. 
Density-dependent response to reactive oxygen species (ROS). (A): Flow-cytometric 

measurement of ROS as a function of plating density in the presence or absence of 

dichloroacetate (DCA) in the medium for 48 hours; (B): Caspase 3/7 activity normalized to 

cell count as a function of plating density in the absence and presence of DCA for 48 hours. 

(C): Flow cytometry measurement of mitochondrial membrane potential of low density (left 

column) or high density (right column) in absence or presence of DCA for 48 hours; (D): 
SA-βGal activity normalized to cell count as a function of plating density; (E): SA-βGal 

activity normalized to cell count as a function of plating density in the absence or presence 

of DCA; (F): SA-βGal activity normalized to cell count as a function of plating density in 

the absence or presence of hydrogen peroxide. Data represent the mean of at least three 

independent determinations; errors represent the standard error in the mean. *, p < 0.05; **, 

p < 0.01. Abbreviations: DCA, dichloroacetate; HD, high density; H2O2, hydrogen peroxide; 

LD, low density; MD, medium density; MMP, mitochondrial membrane potential; ROS, 

reactive oxygen species.
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Figure 6. 
Density-dependent activity of pentose phosphate pathway. (A): NADPH or NADPH to 

NADP+ ratio as a function of plating density; (B): Level of glutathione as a function of 

plating density; (C): Growth inhibition as a function of plating density in the presence of 

dehydroepiandosterone (DHEA) (200 μM) for 48 hours; (D): Caspase 3/7 activity 

normalized to cell count as a function of plating density in the absence or presence of 

DHEA; (E): Relative-molar percent enrichment of 13C-glucose atoms in lactate for hMSC 

as a function of labeled isotopomers in low density or high density (HD); (F): Glucose-6-

phosphate dehydrogenase (G6PD) activity as a function of plating density; (G): Quantitative 

reverse transcriptase-polymerase chain reaction measurement of mRNA level for G6PD, 6-

phosphogluconate dehydrogenase (6PGD), and glutathione synthetase (GSS). Data represent 

the mean of at least three independent determinations; errors represent the standard error in 

the mean. *, p< 0.05; **, p < 0.01. Abbreviations: DHEA, dehydroepiandosterone; G6PD, 

glucose-6-phosphate dehydrogenase; GSS, glutathione synthetase; HD, high density; LD, 

low density; 6PGD, 6-phosphogluconate dehydrogenase; R-MPE, relative molar percent 

enrichment.
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