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ABSTRACT: This Article presents, for the first time to our knowledge, an untargeted
nuclear magnetic resonance (NMR) metabolomic characterization of the polar
intracellular metabolic adaptations of human adipose-derived mesenchymal stem cells
during osteogenic differentiation. The use of mesenchymal stem cells (MSCs) for bone
regeneration is a promising alternative to conventional bone grafts, and untargeted
metabolomics may unveil novel metabolic information on the osteogenic differentiation
of MSCs, allowing their behavior to be understood and monitored/guided toward
effective therapies. Our results unveiled statistically relevant changes in the levels of just
over 30 identified metabolites, illustrating a highly dynamic process with significant
variations throughout the whole 21-day period of osteogenic differentiation, mainly
involving amino acid metabolism and protein synthesis; energy metabolism and the
roles of glycolysis, the tricarboxylic acid cycle, and oxidative phosphorylation; cell
membrane metabolism; nucleotide metabolism (including the specific involvement of
O-glycosylation intermediates and NAD+); and metabolic players in protective
antioxidative mechanisms (such as glutathione and specific amino acids). Different metabolic stages are proposed and are
supported by putative biochemical explanations for the metabolite changes observed. This work lays the groundwork for the use of
untargeted NMR metabolomics to find potential metabolic markers of osteogenic differentiation efficacy.
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■ INTRODUCTION

Bone injuries can heal spontaneously through an intricate and
well-coordinated process involving several signaling pathways
and cell types.1 However, the regeneration of large bone
defects (caused by trauma, surgical resection, or disease)
remains an orthopedic challenge that is significantly enhanced
in advanced aging.2,3 Engineered bone constructs are
promising alternatives to the conventional autologous bone
grafts used in clinical applications, potentially overcoming the
limited availability of autologous tissue and related clinical
complications.3−5 In this context, several innovative strategies
involving stem cells (SCs, undifferentiated self-renewable cells
that have the ability to differentiate into specialized cells) have
emerged, in particular, using mesenchymal stem cells (MSCs),
which can differentiate into a variety of cell lineages
(multipotent), including the osteogenic lineage, thus having
large potential in bone regenerative medicine.6

Understanding the underlying metabolism of MSC differ-
entiation is of paramount importance for their behavior to be
understood and potentially guided toward effective therapies.
Untargeted metabolomics is of significant value in this context,
as it may unveil novel metabolic information and potential new
biomarkers of performance. In a typical metabolomics strategy,
analytical data obtained by nuclear magnetic resonance

(NMR) spectroscopy or mass spectrometry (MS) for complex
mixtures (e.g., biofluids, tissues and cells) are handled and
interpreted with the aid of multivariate statistical analysis
(MVA).7,8 Because local metabolic changes are believed to be
critical for tissue regeneration,9 metabolomics of MSCs
(through cell extracts or fingerprinting and culture media or
footprinting) has already provided valuable information on
metabolic adaptations associated with differentiation into
bone, adipose tissue, or cartilage cells.10 Indeed, in recent
years, several metabolomic studies have been carried out
mostly through MS-based approaches and typically using bone
marrow MSCs (BMMSCs).11−16 These reports involve the
promotion of osteogenic differentiation, either by media
supplementation or specific physical properties (biomaterial
nanotopography17,18 or mechanical stimuli15,19), the associated
metabolic adaptations having been studied both in traditional
in vitro conditions11,12 and within specific biomaterials, such as
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nanostructured surfaces17,18,20−22 or scaffolds.19,23,24 The
results suggest that regardless of the osteoinductive method
or culture conditions, osteogenic differentiation seems to be
consistently associated with a generalized metabolic upregula-
tion, often shown by the initial accumulation of amino acids,
carbohydrates, nucleotides, or lipids, among other com-
pounds.12,16−20 Some reports suggest a subsequent metabolic
reversal toward the end of the process, with differentiated cells
acquiring a metabolic profile resembling that of primary
osteoblasts.12,23 In addition, MSC differentiation seems to lead
to unique lineage-specific lipidic profiles, with osteoblastic
membrane phenotypes containing longer and more polyunsa-
turated fatty acids (PUFAs, such as docosahexaenoic acid
(DHA)) compared with undifferentiated cells.13 Interestingly,
specific lipids (e.g., DHA and cholesterol sulfate) have been
suggested to have osteoinductive properties.13,15 Furthermore,
it is known that MSCs isolated from distinct tissue sources
often exhibit different proliferation, differentiation, and
immunological properties25,26 and therefore may be expected
to exhibit different metabolic profiles. As previously
mentioned, in the case of osteogenic differentiation, the
majority of metabolomic studies have addressed MSCs from
bone marrow,11,13−17,19−21,27−29 adding to only a few
publications using umbilical cord MSCs.12,23,30 The use of
adipose tissue in this context is increasingly interesting,
including as a promising source of MSCs capable of osteogenic
differentiation, because it is usually considered clinical waste
and is typically available in large amounts from minimally
invasive clinical procedures.31 However, metabolomic studies
of adipose-derived MSC (AMSC) differentiation are still
scarce, to the best of our knowledge, with only a few recent
reports evaluating osteogenic differentiation of AMSCs,24,32

including a study on adipose perivascular SCs,33 along with
some studies of adipogenesis.34−36 More specifically, the
metabolic impact of different tissue sources of rabbit MSCs
(adipose tissue and skeletal muscle) on adipo-osteogenic
differentiation has been compared using MS metabolomics of
lipidic extracts.32 Interestingly, although different lipid profiles
were observed toward the end of osteogenic differentiation,
depending on the tissue origin, the enrichment of cell
membranes in specific N-acyl-phosphatidylethanolamine spe-
cies appeared to be characteristic of osteogenic lineages,
regardless of the source. In addition, a combination of liquid
chromatography−mass spectrometry (LC-MS) metabolomics

and transcriptomics evaluated the effect of a 3D nano-
composite scaffold (nanohydroxyapatite/polyurethane layers
with interspersing layers of decellularized bovine bone
particles) on the osteogenic differentiation of human AMSCs
(hAMSCs) compared with 2D standard cultures.24 The results
showed that several endometabolome changes were similar in
the scaffold and in the 2D culture (namely, regarding the
metabolites inosine monophosphate, glycerol-3-phosphate, and
1-methylhistidine). Associated transcriptomics data revealed
interactions among bone morphogenetic protein (BMP),
Hedgehog, and wingless-related integration site (Wnt) signal-
ing pathways related to the osteogenic potential of the scaffold.
In this work, a detailed metabolomic analysis of the polar

endometabolome of hAMSCs was carried out during
osteogenic differentiation using untargeted 1H NMR metab-
olomics, for the first time to our knowledge, with the aim of
characterizing the dynamic metabolic changes taking place
throughout the 21 days of osteoinduction. This work builds on
previous MS metabolomics studies that monitored AMSC
osteogenic differentiation,24,32 exploiting the different and
complementary characteristics of NMR37 (typically of a
holistic nature, high reproducibility, albeit lower sensitivity:
submillimolar compared with less than picomolar in MS). The
metabolic adaptations identified here pave the way for the
potential definition of metabolic biomarkers of the osteogenic
differentiation capacity of hAMSCs.

■ EXPERIMENTAL SECTION

Cell Culture and Osteogenic Differentiation

Human AMSCs were purchased from the American Type
Culture Collection (ATCC PCS-500-011). Cells were thawed,
plated in culture flasks (T175) and expanded under basal
conditions in minimum essential alpha medium (α-MEM,
Gibco 12000063) supplemented with 10% v/v heat-inactivated
fetal bovine serum (FBS, Gibco 10270106) and 1% v/v
antibiotics (penicillin−streptomycin, Gibco 15240062) at 37
°C in a humidified 5% CO2 incubator. When they reached near
100% confluence, cells were thoroughly rinsed with Dulbecco’s
phosphate-buffered saline (dPBS, Corning 55-031-PC) and
passaged using a 0.25% (v/v) trypsin−EDTA solution (Gibco
27250018) at 37 °C for 5 min. The detachment reaction was
stopped by the addition of basal culture medium. For
osteogenic differentiation, hAMSCs were harvested and seeded
at a density of 0.5 × 106 cells/flask (passage 7). After

Figure 1. Schematic representation of the osteogenic differentiation timeline (days 0−21) showing the time points where medium exchanges (M)
and sample collection (day numbers in pink boxes), in triplicate, were carried out. Cell pellets were used for metabolite extraction and subsequent
NMR analysis of the polar phase. Cell lysates were used for the dsDNA and calcium evaluation, whereas medium samples were used for the
osteogenic markers assessment (namely, OCN and OPN). M, medium exchange; †, OPN measurement was attempted, however, results were too
low and variable to be discussed, possibly due to potential high retention of the protein in the extracellular matrix. Abbreviations: dsDNA, double-
stranded deoxyribonucleic acid; OCN, osteocalcin; OPN, osteopontin.
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incubation under the conditions previously described and after
confluence levels reached ∼100%, the culture medium was
exchanged and supplemented with osteogenic differentiation
factors, namely, 10 mM β-glycerophosphate (Sigma-Aldrich
G9422), 50 μg/mL L-ascorbic acid (Sigma A0278), and 10 nM
dexamethasone (ACROS Organics 230300010). The osteo-
genic medium was exchanged twice a week throughout 21
days, specifically on days 0, 6, 9, 12, 16, and 19 (Figure 1).
Throughout the 21 day period of osteoindunction, cells were
trypsinized (as previously described) and collected in triplicate
on days 0, 1, 7, 14, and 21 (Figure 1). Cell suspensions were
filtered through 100 μm pore strainers, then centrifuged (300g,
4 °C, 5 min) and resuspended in phosphate-buffered saline
(PBS) twice to avoid medium contamination. On the basis of
preliminary experiments with different numbers of hAMSCs
and according to previous NMR studies on other SC types,38

at least 1 × 106 cells (counted in a Neubauer chamber) per
pellet were allocated for metabolomics. These samples were
immediately extracted (described below), and the polar phases
were stored at −80 °C until analysis. In addition, at least 5 ×
104 cells were kept for biochemical testing. These samples were
subjected to lysis by osmotic/thermal shock and stored at −80
°C (Figure 1). Prior to biochemical analysis, cell lysates were
thawed at room temperature (RT), exposed to ultrasound for
10 min, and kept overnight at −20 °C. This was repeated twice
to improve the DNA extraction. Medium samples were also
collected, as shown in Figure 1, for osteocalcin (OCN) and
osteopontin (OPN) quantification. (However, the results for
the latter were too low and variable to be discussed, possibly
due to the potential high retention of the protein in the
extracellular matrix.)

Quantification of dsDNA

Cell lysate samples were centrifuged (450g, 5 min, RT ∼20
°C), and the supernatant was used for double-stranded DNA
(dsDNA) quantification. The Quant-iT PicoGreen dsDNA
assay kit (Molecular Probes, Invitrogen) was employed
according to the manufacturer’s instructions. The dye
fluorescence was measured in a microplate reader (Synergy
HTX, Biotek Instruments) at emission and excitation wave-
lengths of 528 ± 10 nm and 485 ± 10 nm, respectively. For
each sample, the dsDNA concentration was calculated using a
calibration curve (dsDNA concentration range: 0.0 to 2.0 μg/
mL).

Quantification of Secreted Osteocalcin and Calcium

OCN secretion by hAMSCs was evaluated at days 14 and 21 of
osteogenic differentiation using in vitro SimpleStep ELISA
(enzyme-linked immunoabsorbent assay) kits for human OCN
(ab270202, Abcam) and human OPN (ab269374, Abcam),
respectively, according to the manufacturer’s instructions.
OCN levels were quantified by measuring the absorbance at
λ = 450 nm in a microplate reader (Synergy HTX, Biotek
Instruments) and were expressed in nanograms of protein,
normalized to dsDNA content. (As previously mentioned,
OPN quantification produced too low and variable results,
hindering their discussion.) Regarding calcium quantification,
20 μL of each sample (cell lysates from days 7, 14, and 21) and
each calcium standard (0, 4, 6, 8, and 10.0 mg/dL) was mixed
with 20 μL of HCl (1 M) for 30 min at RT in a 96-well plate.
In another 96-well plate, 20 μL of the previously prepared
solutions were added to 80 μL of the reagents provided in the
QuantiChrom calcium assay kit (DICA-500, BioAssay
Systems), according to the instructions of the manufacturer.

Absorbance readouts were measured at λ = 612 nm using a
microplate reader (Synergy HTX, Biotek Instruments).
Calcium concentrations were normalized by the total dsDNA
in each sample.

Metabolite Extraction

Intracellular metabolites were extracted using the methanol−
chloroform−water method, as described elsewhere.39 In brief,
cell pellets were resuspended in 800 μL of a cold solution of
methanol (Honeywell Riedel-de-Haen̈ 14262) and Milli-Q
water (4:1), transferred to Eppendorf tubes containing 150 mg
of glass beads (ø = 0.5 mm), and vortexed for 2 min (2500
rpm, RT). Then, 320 μL of cold chloroform (Honeywell
Riedel-de-Haen̈ 650471) was added to each sample (vortexed
for 2 min, 2500 rpm, RT), followed by 320 μL of cold
chloroform and 288 μL of cold Milli-Q water (also vortexed
for 2 min at 2500 rpm, RT). After 10 min at −20 °C, samples
were centrifuged (15 min, 10 000g, 4 °C), and lipophilic and
polar phases were separated, although only the latter were used
for this work. The polar extracts were dried under vacuum and
stored at −80 °C until analysis.

NMR Spectroscopy

Aqueous extracts were resuspended in 650 μL of 100 mM
phosphate buffer at pH 7.4, previously prepared in D2O
(99.9% deuterium, Eurisotop D216) and 0.1 mM 3-
(trimethylsilyl)-propionic-2,2,3,3-d4 acid (TSP, in D2O,
Sigma-Aldrich 293040), for chemical shift referencing. After
vortex homogenization, 550 μL of solution was transferred to 5
mm NMR tubes. NMR spectra were recorded on a Bruker
Avance III spectrometer operating at 500.13 MHz for 1H (at
298 K). Standard 1D spectra were acquired with the noesypr1d
pulse sequence using a 7002.801 Hz spectral width, 32 k data
points, a 2.3 s acquisition time, a 4 s relaxation delay (d1), and
512 scans. Each FID (free induction decay) was zero-filled to
32 k points, multiplied by a 0.3 Hz exponential line-broadening
function prior to the Fourier transform. Spectra were manually
phased and baseline-corrected, and chemical shifts were
referenced internally to TSP at δ 0.00. Peak assignments
were based on 2D 1H−1H total correlation (TOCSY) and 2D
1H−13C heteronuclear single quantum correlation (HSQC)
spectra analysis, spiking experiments, literature, and spectral
databases, such as the Bruker BBIOREFCODE AMIX
database, the human metabolome database (HMDB),40 and
Chenomx NMR Suite (Chenomx, Edmonton, Canada).

Statistical Analysis and Other Spectral Analysis

Multivariate analysis was applied to the full-resolution 1H
NMR spectra using SIMCA-P 11.5 (Umetrics, Umea ̊,
Sweden), with water (5.11−4.69 ppm) and TSP (0.14−0.00
ppm) excluded from the matrices. Because of contamination,
methanol (3.38−3.34 ppm) and ethanol (3.69−3.63 and
1.20−1.17 ppm) were also excluded. Spectra were aligned
using recursive segment-wise peak alignment41 to minimize
chemical shift variations, and data were normalized to the total
spectral area to account for sample concentration (i.e., cell
numbers) differences. Principal component analysis (PCA,
unsupervised analysis used to detect intrinsic clusters and
outliers within the data set) and partial-least-squares
discriminant analysis (PLS-DA, supervised analysis to max-
imize class discrimination) were performed after centering and
unit variance (UV) scalings of the spectra, respectively.42 The
corresponding loading weights were obtained by multiplying
each variable by its standard deviation and were colored
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according to each variable importance to the projection (VIP)
(Matlab R2012a). The relevant peaks were integrated from the
original spectra using Amix 3.9.5 (Bruker BioSpin, Rheinstet-
ten, Germany) and normalized to the total spectral area. The
individual metabolites that most contributed to class
separation were selected based on their statistical significance
(p values <0.05 in the Wilcoxon rank-sum nonparametric
test)43 and effect size44 (|ES| > 0.5 and ES error <80%). For
multiple testing, p values were adjusted using the Bonferroni

correction.45 Considering the normalized integrals of each

metabolite, the percentage of variation (%var.) between time

points was also calculated. Statistical tests and heatmaps were

built using Python 3.6.5. Considering all 1H NMR spectra

acquired, one-dimensional statistical total correlation spectros-

copy (STOCSY)46 was carried out in selected cases to aid the

assignment of some peaks.

Figure 2. Representative 1H NMR spectra (500 MHz) of polar extracts obtained from hAMSC samples collected at (a) day 0, (b) day 7, and (c)
day 21 of osteogenic medium exposure. The arrows help to identify apparent variations (blue and red arrows indicating decreases and increases,
respectively) in the levels of some metabolites on day 7 versus day 0 (in panel b) and on day 21 versus day 7 (in panel c). *: exclusion of water (δ
5.11−4.69), methanol (δ 3.38−3.34), and ethanol (δ 3.69−3.63 and δ 1.20−1.17) resonances (methanol and ethanol were found as contaminants
resulting from the extraction procedure and material cleaning procedures, respectively); †: resonances not observed in the spectra of day 0 samples.
Peak assignment: 1. isoleucine, 2. leucine, 3. valine, 4. lactate, 5. alanine, 6. lysine, 7. acetate, 8. proline, 9. glutamate, 10. uridine diphospho-N-
acetylglucosamine (UDP-GalNAc), 11. glutamine, 12. glutathione (reduced) (GSH), 13. acetone, 14. succinate, 15. aspartate, 16. creatine (Cr), 17.
phosphocreatine (PCr), 18. creatinine, 19. choline, 20. phosphocholine (PC), 21. glycerophosphocholine (GPC), 22. taurine, 23. betaine, 24. myo-
inositol (m-Ino), 25. glycine, 26. glucose, 27. adenosine diphosphate (ADP), 28. adenosine triphosphate (ATP), 29. tyrosine, 30. histidine, 31.
phenylalanine, 32. phthalate (contamination most likely from plastic vials), 33. hippurate, 34. nicotinamide adenine dinucleotide (NAD+), 35. 1-
methylnicotinamide (1-MNA), 36. formate. The complete list of assigned signals may be found in the legend of Table S1.
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■ RESULTS

Biochemical Evaluation of Osteogenic Differentiation

Figure S1a shows that the amount of Ca2+ deposited by
hAMSCs (normalized to total dsDNA detected) is equivalent
at days 7 and 14 and increases significantly (p value <0.05)
after day 14 of osteoinduction. This illustrates that, as
expected, at the end of differentiation (day 21), cells have
significantly higher matrix deposition compared to with
previous time points, demonstrating active mineralization
involving both inorganic phosphate (Pi) and calcium ions
(Ca2+) for hydroxyapatite formation in the extracellular
matrix.47,48 To further evaluate the occurrence of osteogenic
differentiation, we assessed the expressions of OCN, a bone γ-
carboxyglutamic acid matrix protein, and OPN, a secreted
phosphoprotein, in medium samples collected at days 14 and
21 (Figure S1b,c). The expression of OCN is only expected to
occur after the initial proliferative phase of osteoprogenitors,48

and hence OCN was detected at day 14 and reached maximal
levels at day 21, confirming the progression of mineralization.

Overall, these results confirm the occurrence of osteogenic
differentiation in the hAMSCs employed in this work.
Visual Inspection of 1H NMR Spectra of hAMSC Polar
Extracts

A representative 1H NMR spectrum of a polar extract of
hAMSCs before differentiation (Figure 2a) reveals a large
complexity in all regions of the spectrum, with intense lactate
(peaks 4), glycine (peak 25), glutamate (peaks 9), and acetone
(peak 13) resonances. A complete assignment list is shown in
Table S1, with the identification of 44 metabolites in total,
comprising amino acids (16 in total) and derivatives (creatine,
phosphocreatine (PCr), creatinine, and reduced glutathione
(GSH)), choline and choline-containing compounds (phos-
phocholine (PC) and glycerophosphocholine (GPC)), nucleo-
tides (adenosine monophosphate (AMP), adenosine diphos-
phate (ADP), and adenosine triphosphate (ATP)) and
derivatives (uridine diphospho-N-acetylglucosamine (UDP-
GlcNAc) and uridine diphospho-N-acetylgalactosamine
(UDP-GalNAc)), and organic acids (acetate, citrate, formate,
hippurate, lactate, pyruvate, and succinate), among other

Figure 3. Multivariate analysis results for full-resolution 1H NMR spectra of aqueous extracts from hAMSC throughout osteogenic differentiation.
Scores scatter plots for (a) principal component analysis (PCA) and (b) partial least-squares discriminant analysis (PLS-DA) comparing the initial
days of osteogenic differentiation (day 0 to day 7, blue) with the later days (day 14 to day 21, black). All cell samples were collected in triplicate at
days 0, 1, 7, 14, and 21. (c) LV1 loadings plot, colored according to variable importance to the projection (VIP), corresponding to the PLS-DA
model shown in panel b. Three-letter code is used for amino acids. Metabolite abbreviations are as defined in Figure 2. LV: latent variables; Q2:
predictive power; Uδ: unassigned signal at chemical shift δ.
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compounds, including acetone, betaine, 1-methylnicotinamide
(1-MNA), dimethylamine (DMA), ethanolamine, myo-inositol,
nicotinamide adenine dinucleotide (oxidized, NAD+), and
glucose. This is, to our knowledge, the first high-resolution 1H
NMR spectrum of a polar endometabolome of hAMSCs,
adding to a recent NMR report that compared the
exometabolomes of mouse AMSCs harvested from subcuta-
neous and visceral adipose tissues.49 Other reports on AMSC
metabolomics were MS-based and compared the endo- and
exometabolomes of AMSCs with other MSCs types and
studied the impact of donor obesity on hAMSC metabolic
profiles.50−52 A visual inspection of the spectra in Figure 2
suggests that compared with undifferentiated cells, cells
harvested at day 7 of osteogenic differentiation are
characterized by increased levels of choline, GPC, and UDP-
GlcNAc and decreased levels of glutamate, PCr, and ATP
(Figure 2b). Although the timeline of osteogenic differ-
entiation depends on the specific culture conditions12 and
tissue source of MSCs,53 it is generally expected that day 7 is
an important turning point in the differentiation process.48,54,55

After this point, cells tend to acquire a less proliferative
phenotype, enhancing the development/maturation of the
extracellular matrix for mineralization. The last day of the
process (Figure 2c) is visually distinct from previous time
points, with increased levels of citrate, creatinine, betaine,
hippurate, and ADP and decreased levels of taurine. However,
these qualitative changes may not hold statistical relevance or
be representative of the whole sample group, and thus
multivariate and univariate statistical analysis are required to
confirm/discard apparent visual changes; in any case, most of
these were revealed to be significant, with the exception of
creatinine and betaine (which showed more variability).

Statistical Analysis and Relevant Metabolite Changes in
Polar Extracts during Osteogenic Differentiation

Unsupervised multivariate analysis using PCA (Figure 3a)
interestingly shows that changes in the metabolic profile of
polar extracts start in the early stages of osteogenesis, then go
through a subgroup with larger dispersion (variability) at day 7
and continue to evolve until day 21. These results suggest a
continuing metabolic trajectory and illustrate the high
biochemical activity that characterizes hAMSCs subjected to
osteogenic cues. Curiously, although differentiated cells (day
21) remain separated from undifferentiated cells (day 0) in the
PCA scores plot, confirming the expected distinct metabolic
profiles, the last day of osteoinduction seems to approach day
0, which suggests that some changes that took place during the
process tend to return to basal levels. A subsequent PLS-DA
model (Figure S2) considering all time points and samples
maximized the discrimination between the days of osteoin-
duction, with day 7 samples remaining disperse. Several other
PLS-DA models considering two classes were evaluated. The
inclusion of day 7 either in the initial days group (along with
days 0 and 1) (Figure 3b) or in the final days group (along
with days 14 and 21) resulted in comparable statistically robust
PLS-DA models, with predictive power (Q2) = 0.70 to 0.80,
thus confirming the eventful significance of day 7 in the
process but visually masking changes that occur in the steps
before and after that time point. Either model was useful in
identifying the changing metabolites, and, in the case of the
model pictured in Figure 3b, the observed group separation is
explained by the corresponding loadings plot (Figure 3c),
where high VIP positive peaks relate to metabolites increased

before day 7, and negative peaks relate to metabolites increased
after day 7.
Peak integration throughout every step of the process

confirmed a larger number of statistically relevant changes
along the whole 21 day period (Figure 4 and Table 1), namely,
affecting amino acids and derivatives, choline compounds,
nucleotides and derivatives, and many other compounds

Figure 4. Heatmap displaying statistically significant metabolic
variations (|ES|> 0.50, ES error <80%, Wilcoxon rank-sum p value
<0.05) during the osteogenic differentiation of hAMSCs, shown only
in cases where spectral confirmation was observed. Lines represent
metabolites, and columns allow for comparisons over time (all time
points from day 0 until day 21), between extreme days (day 0 vs day
21, overall balance), and between classes (before day 7 vs after day 7).
The color scale varies from minimum (dark blue) to maximum (dark
red) effect size (ES) values. Three-letter code is used for amino acids.
Abbreviations: 1-MNA, 1-methylnicotinamide; AMP, adenosine
monophosphate; ADP, adenosine diphosphate; ATP, adenosine
triphosphate; DMA, dimethylamine; Etn, ethanolamine; PCr,
phosphocreatine; GPC, glycerophosphocholine; GSH, glutathione
(reduced); NAD+, nicotinamide adenine dinucleotide (oxidized); PC,
phosphocholine; UDP-GlcNAc, uridine diphospho-N-acetylglucos-
amine. Uδ: unassigned signal at chemical shift δ; *: p value <0.05; **:
p value <0.01.
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(including still unassigned resonances). By inspecting Table 1,
it can be seen that the p values exhibit a low statistical value
when comparing groups of samples on consecutive days due to
the low number of samples per day, yet all changes listed in
Table 1 are characterized by p values of <0.05, having been
confirmed by visual inspection of the spectra. In agreement
with the selected PLS-DA model (Figure 3b), higher
magnitudes of variation (|ES| > 9.0) were observed between
days 7 and 14, specifically for glycine, creatine, choline,
adenosine, and an unassigned resonance at 3.48 ppm (Table
1). Of note, all of the remaining changes considered relevant
(Table 1) are characterized by |ES| > 1.6. As expected, the

comparison of the larger groups of samples collected before
and after day 7 (Table S2) produces more statistically relevant
p values. The most significant changes (filtered for |ES| > 0.50,
ES error <80%, and p value <0.05) are represented in a
heatmap for the sake of clarity (Figure 4). When comparing
the early and late stages of differentiation (two right columns
in Figure 4), it becomes clear that most varying amino acids
(alanine, glutamine, glutamate, glycine, proline, taurine, and
the three branched-chain amino acids (BCAAs): leucine,
isoleucine, and valine) evolve to net lower levels at the end of
osteogenic differentiation, with the exception of creatine and
GSH. When analyzing consecutive time points, it is useful to

Table 1. Main Statistically Significant Metabolic Differences (Meeting the Limiting Criteria: |ES| > 0.50, ES Error <80%, and
Wilcoxon Rank-Sum Test p Value <0.05) during Osteogenic Differentiation of hAMSCs Comparing Consecutive Time Points
(from Day 0 until Day 21)

Effect size (ES error, %)c

metabolitemetabolitea δ 1H in ppm (multiplicity)b D0 vs D1 D1 vs D7 D7 vs D14 D14 vs D21

Amino Acids and Derivatives
Ala 1.48 (d) −3.8(70.8)
Asp 2.82 (dd) 6.4(61.9)
Gln 2.46 (m) −5.3(64.3) 3.3(74.6)
Glu 2.35 (m) −5.6(63.4) 6.6(61.6) −4.0(69.5)
Gly 3.56 (s) −11.9(58.2)
Lys 3.03 (t) −4.2(68.2)
Phe 7.34 (m) −6.6(61.6)
Pro 2.04 (m) −4.8(65.7)
Tau 3.42 (t) −3.9(70.2)
Val 1.05 (d) −3.6(72.2)
Creatine 3.04 (s) 13.5(57.8)
PCr 3.95 (s) −2.90(79.0) 9.2(59.2)
Choline Compounds
Choline 3.21 (s) 5.5(63.7) 14(57.7) 12.9(57.9) −7.9(60.1)
PC 3.23 (s) 6.1(62.4)
GPC 3.24 (s) 8.3(59.8)
Nucleotides and Derivatives
Adenosine 8.27 (s) 9.4(59.1) −3.8(70.4)
AMP 8.62 (s) 5.2(64.4)
ATP 8.55 (s) −3.3(74.1)
ADP+ATP 8.28 (s) −3.6(71.7)
UDP-GlcNAc 5.52 (dd) 4.4(67.4) −2.9(79.4)
NAD+ 9.15 (d) 3.1(76.6)
1-MNA 4.49 (s) −3.7(71.3) −3.3(74.3)
Other Metabolites
Glucose 5.24 (d) −4.1(68.9)
Citrate 2.66 (d) 2.9(79.0)
Ethanolamine 3.14 (t) 9.2(59.2) −5.5(63.7)
Dimethylamine 2.73 (s) −8.8(59.5)
Unassigned Compounds
U1.31 1.31 (br) 3.4(73.7) 6.7(61.5)
U2.88 2.88 (s) 3.9(69.8) −8.9(59.4)
U3.21 3.21 (s) 16.4(57.4)
U3.48 3.48 (d) 11.3(58.3) −12.3(58)
U5.35 5.35 (br) 3.4(73.7)
U5.41 5.41 (br) −4.1(68.5)

aThree-letter code is used for amino acids. Abbreviations: 1-MNA, 1-methylnicotinamide; AMP, adenosine monophosphate; ADP, adenosine
diphosphate; ATP, adenosine triphosphate; GPC, glycerophosphocholine; UDP-GlcNAc, uridine diphospho-N-acetylglucosamine. bPeak used for
integration (part of the spin system). Resonance multiplicity: d, doublet; dd, doublet of doublets; m, multiplet; t, triplet; s, singlet; br, broad
resonance. cEffect size (ES) was calculated according to ref 43. (Positive and negative ES values correspond to metabolite level increases and
decreases on the second day, compared with the first day, for each comparison.) Di, day i; Uδ, unassigned signal at chemical shift δ. Please note that
although all p values were <0.05, they have low statistical bearing when comparing groups of samples on consecutive days due to the low number of
samples per day, yet all changes listed have been confirmed by visual inspection of the spectra.
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consider the trajectory representations (Figure 5a−d, *:
represents only the statistically relevant variations listed in
Table 1), where a slight increasing tendency of alanine,
phenylalanine, taurine, and BCAAs (Figure 5a,b) is noted
between days 0 and 1, and most amino acids decrease
thereafter. As shown in the heatmap (Figure 4), phenylalanine,
proline, and taurine seem to decrease preferentially and more
significantly early on (days 1−7), whereas alanine, glycine,
lysine, and valine show significant decreases after day 7.
Aspartate, glutamine, glutamate, creatine, and PCr show
fluctuations throughout the process (Figures 4 and 5a−d),
whereas GSH consistently increases from day 1 and stabilizes
at higher values on days 14 and 21 (Figure 5c). Glucose levels
exhibit an interesting behavior as they remain relatively high

and stable until day 7, after which a marked decrease occurs
between days 7 and 14, with levels stabilizing until day 21
(Figures 4 and 5e). This is accompanied by increases in acetate
and mainly citrate after day 14 (Figure 5e), which, together
with the previously mentioned concomitant changes in PCr
and creatine, suggest important adaptations of the energetic
metabolism during osteogenic differentiation. Membrane
metabolism is also observed to change during osteoinduction,
as seen via changes mainly in free choline but also in PC and
GPC (Figures 4 and 5). Choline is the only metabolite varying
significantly throughout the whole osteogenic period, increas-
ing from early on to a maximum level at day 14 followed by an
abrupt decrease at day 21 (Figure 5f). Whereas PC levels are
affected by large variability, GPC increases steadily from day 1

Figure 5. Line graphs displaying the normalized integrals of metabolites over time. (a) Several amino acids, (b) branched-chain amino acids
(BCAAs), (c) glutamate, glutamine, and glutathione (GSH), (d) creatine and phosphocreatine (PCr), (e) acetate, citrate, and glucose, (f) choline
compounds and ethanolamine (Etn), (g) nucleotides and derivatives (abbreviations as defined in Figure 2), (h) 1-methylnicotinamide (1-MNA),
oxidized nicotinamide adenine dinucleotide (NAD+), and dimethylamine (DMA), and (i) unassigned signals. Three-letter code is used for amino
acids. The statistical significance was calculated (Wilcoxon rank-sum test) between each consecutive time point for each metabolite and is shown
only in cases where spectral confirmation was observed, in agreement with Figure 4. *: p value <0.05 compared with the previous time point.
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until day 21 (Figure 5f). Interestingly, ethanolamine (another
membrane lipids precursor) follows the choline trajectory very
closely (although at lower levels), reaching maximum levels at
day 14. Changes in nucleotide and derivative contents are also
of note, with osteogenic differentiation largely affecting the
adenosine and uridine metabolism (Figure 5g). Whereas ATP
consistently decreases throughout osteoinduction, ADP, AMP,
and adenosine tend to increase after day 7 (although adenosine
decreases to the initial levels at day 21). Notably, a marked
increase was observed in UDP-GlcNAc levels between days 1
and 7 followed by a marked decrease. Other important
metabolites varying throughout differentiation include DMA,
which decreases between days 1 and 7, NAD+ (which,
however, does not feature as a main varying metabolite in
Figure 4 due to the filtering conditions applied to ES), and 1-
MNA. The latter two compounds seem to exhibit almost
mirrored behaviors, decreasing and increasing before day 14,
respectively. Finally, the fact that PCA showed days 0 and 21
in relatively close proximity (Figure 3a) is probably due to a
tendency for some metabolites to return to levels close to those
of undifferentiated cells, namely, for adenosine, AMP, DMA,
ethanolamine, and PCr (Figures 4 and 5). Conversely, the
strong depletion of most amino acids, ATP, glucose, and 1-
MNA and the accumulation of acetate, citrate, GPC, and UDP-
GlcNAc remain as important distinguishing features between
differentiated and undifferentiated hAMSCs. Finally, some
unassigned resonances also contribute to the separation of
samples in PCA and in PLS-DA, as viewed by the trajectories
of peaks resonating at δ 1.31, 2.88, 3.21, and 5.41 (possibly a
mono- or oligosaccharide) (Figure 5i).

■ DISCUSSION

In this work, untargeted 1H NMR metabolomics was applied,
for the first time to our knowledge, to investigate the polar
endometabolome of hAMSCs throughout 21 days of
osteogenic differentiation. The main metabolic fluctuations
identified and their possible association with biochemical
pathways are depicted in Figures 5 and 6, respectively. In
agreement with previous reports on MSCs from other sources
(bone marrow and umbilical cord),11,12,15,16,28 the osteogenic
differentiation of hAMSCs was demonstrated to be a highly
dynamic process. Indeed, in addition to an expected important
metabolic switch identified at day 7, significant variations were
also found throughout every step of the whole 21-day period,
mainly impacting the metabolism of amino acids, energy
metabolism, membrane metabolism, nucleotide metabolism,
and metabolites involved in antioxidative defense mechanisms.

Amino Acids and Protein Synthesis

Protein synthesis is essential for the complex process of
osteogenic differentiation; therefore, amino acid availability is
critical.48,56 Although the more significant early variation (from
day 0 to day 1) involves a marked decrease in glutamate (%var.
= −32.9%), trajectory representations show a tendency for an
initial increase in several amino acids over the same period, in
particular, for alanine (%var. = +11.4%), phenylalanine (%var.
= +20.6%), and the three BCAAs (%var. = +9.3 to +15.2%).
Reported studies have, in fact, unveiled an increase in amino
acid pools by day 7 of osteogenic differentiation,12,20 in
preparation for subsequent enhanced protein synthesis48,57,58

accompanied by amino acid depletion.12 Our results show that
in the osteogenic differentiation of hAMSC, this amino acid
enrichment does not extend beyond day 7, and processes

occurring between days 1 and 7 seem to require phenylalanine
(%var. = −19.9%), proline (%var. = −17.2%), and taurine (%
var. = −20.0%) to a larger extent (compared to other amino
acids), which is followed by a decrease in most amino acids
until day 21. Exceptions to a steady decrease include aspartate,
glutamate, and glutamine (and creatine and PCr), which may
be indicative of the involvement of these particular amino acids
in additional processes besides protein synthesis. Regarding
protein synthesis, the uptake of glycine (%var.D7→D14 =
−25.8%) and proline (%var.D1→D7 = −17.2%) residues around
day 7 may indicate the onset of type I collagen synthesis, the
major organic component of the bone extracellular matrix,
which is particularly rich in these two amino acids,59 and
significant changes in the proline metabolism have also been
reported during BMMSC osteogenic differentiation by recent
LC-MS metabolomic studies.16,21 In addition, Runt-Related
Transcription Factor 2 (RUNX2) protein (an activator of the
expression of collagen and noncollagenous proteins,60,61 e.g.,
alkaline phosphatase (ALP), OCN, and OPN), expected to
reach maximum levels close to day 7,28 is known to include a
domain particularly rich in glutamine and alanine.60,61 This
may contribute to the decrease observed in both of these
amino acids (%var.D7→D14 = −24.5% for alanine and %
var.D7→D14 = −69.1% for glutamine) around the same time
(Figure 4), although both are also expected to feed into the
tricarboxylic acid (TCA) cycle (Figure 6). Regarding non-
collagenous proteins, OCN and OPN may be particularly
important in contributing to specific amino acid depletion,
namely, glutamate (%var.D0→D7 = −36.6%) and aspartate (%
var.D0→D7 = −46.5%). The action of OCN (detected later in
the process, as observed here for days 14−21, Figure S1b)
involves γ-carboxylation of its glutamate residues, playing an
important role in directing the parallel alignment of calcium
hydroxyapatite with collagen fibrils (Figure 6).62 In addition,
OPN (usually expected to work as a later marker28,48) is rich in
both glutamate and aspartate,58 and its increased biosynthesis
possibly contributes to glutamate depletion between days 14
and 21 (%var. = −18.7%). This protein provides Pi for
hydroxyapatite crystal growth (Figure 6) when dephosphory-
lated (whereas the phosphorylated form inhibits mineralization
and promotes osteoclastic bone resorption instead).63,64

Many amino acids may also be used as anaplerotic
intermediates for the TCA cycle and in several other metabolic
pathways, including hexosamine and nucleotide biosynthesis
(Figure 6). This could explain the marked decreases in alanine
(%var.D0→D21 = −33.0%), BCAAs (%var.D0→D21 = −26.3 to
−19.0%), and glutamate (%var.D0→D21 = −37.4%), with the
latter arising from an activation of glutaminolysis, when
required. Indeed, glutaminolysis seems to be particularly active
between days 7 and 14, as a marked glutamine decrease (%var.
= −69.1%) mirrors a simultaneous glutamate increase (%var. =
+43.9%), possibly to replenish glutamate levels. The process
seems to slow down between days 14 and 21 (Figure 5c), as
glutamine increases again (%var. = +50.5%) and glutamate
decreases (%var. = −18.7%). Indeed, glutamine (and
glutaminolysis) has been recognized before as essential for
osteogenic differentiation,65,66 contributing to TCA anaple-
rosis, amino acid biosynthesis (namely, of proline, aspartate,
and alanine), and GSH biosynthesis.66 Conversely, reduced
glutaminolysis activity, in parallel with lower levels of TCA
cycle and glycolysis intermediates, has been suggested to reflect
a less proliferative metabolic phenotype toward the end of
differentiation.19 The reduced glutaminolysis activity noted
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here after day 14 may thus be an indication of less cell
proliferation; however, in our work, citrate was the only TCA
intermediate seen to vary (increase, %var.D14→D21 = +49.2%),
which, in tandem with the decrease in anaplerotic amino acids,

may suggest some enhancement in TCA activity. However, a
recent study has proposed glutaminolysis as an important
contributor to citrate accumulation, which offers an alternative
putative explanation for the increased citrate levels.67

Figure 6. Schematic representation of the main metabolic fluctuations observed in this work throughout the osteogenic differentiation of hAMSCs,
along with a simplified depiction of the vesicle-mediated mineralization. Metabolite names in bold indicate compounds identified (additional
detected metabolites may be found in Table S1), whereas those that were observed to vary carry a schematic scale as follows: unchanged metabolic
levels are represented in yellow, increases are in red, and decreases are in blue. In some cases, an indication is given if the metabolite was seen to
vary only between day 0 and day 21 or before and after day 7. Three-letter code is used for amino acids. Abbreviations: ALP, alkaline phosphatase;
CDP, cytidine diphosphate; CoA, coenzyme A; DAG, diacylglycerol; DHAP, dihydroxyacetone phosphate; FA, fatty acid; FAD, flavin adenine
dinucleotide (oxidized); FADH2, flavin adenine dinucleotide (reduced); GAP, glyceraldehyde 3-phosphate; Gla, γ-carboxyglutamate residues; HA,
calcium hydroxyapatite; IMP, inosine monophosphate; NADH, nicotinamide adenine dinucleotide (reduced); PRPP, phosphoribosyl
pyrophosphate; NPP1, ectonucleotide pyrophosphatase/phosphodiesterase 1; OCN, osteocalcin; OPN, ostepontin; PHOSPHO1,
phosphoethanolamine/phosphocholine phosphatase; Pi, inorganic phosphate; PPi, inorganic pyrophosphate; PtdCho, phosphatidylcholine;
PtdEtn, phosphatidylethanolamine; PtdSer, phosphatidylserine. Other metabolites are abbreviated as shown in Figure 4. Some elements of this
picture were adapted from Servier Medical Art (smart.servier.com) and are licensed under a Creative Commons Attribution 3.0 Unported (CC BY
3.0) license.
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In addition to protein synthesis and anaplerotic TCA cycle
regulation, some amino acids may be involved in additional
specific roles in the osteogenic differentiation of
MSCs.14,16,68,69 These include the lowering of the essential
amino acid lysine (%var.D14→D21 = −11.0%) toward the end of
osteogenic differentiation (as observed here, Figure 4) through
its degradation into products, such as saccharopine and L-2-
aminoadipate, as seen in the osteogenic differentiation of
immortalized BMMSCs.16 Also, some amino acids may be
linked to antioxidative protection mechanisms; for instance,
phenylalanine metabolism seems to be regulated by
astaxanthin (an antioxidant carotenoid pigment functioning
as an osteogenic differentiation promoter), as observed in rat
BMMSCs by LC-MS metabolomics and metabolic pathway
enrichment studies,14 whereas taurine (seen here to be used up
from day 1, Figure 5a) is a recognized player in the protection
of osteoblasts against oxidative damage, promoting osteogenic
differentiation via the Wnt/β-catenin-mediated activation of
the extracellular signal-regulated kinase (ERK) signaling
pathway,68 consequently increasing the bone mineral density.69

Energy Metabolism

Several studies have suggested that undifferentiated MSCs
exhibit low mitochondrial activity relying on glycolysis as their
primary energy source, whereas when osteogenic differ-
entiation occurs, oxidative phosphorylation (OxPhos) seems
to be activated.70−72 Interestingly, mitochondrial OxPhos
activation alone has been found to induce osteogenic
differentiation via β-catenin acetylation.72 In fact, a coordi-
nated regulation between mitochondrial biogenesis and
antioxidant protection has been proposed to avoid the
accumulation of reactive oxygen species (ROS) when aerobic
mitochondrial metabolism becomes dominant in osteogenic
differentiation.70 In this context, hypoxia-inducible factor 1
(HIF-1, a heterodimeric transcription factor) was suggested as
a key regulator of bioenergetic changes during osteogenic
differentiation, even in the presence of normal oxygen levels,
contributing to the balance between glycolysis and OxPhos.73

However, reported data on glycolytic activity still hold some
degree of uncertainty, as some studies have noted that
glycolysis downregulation occurs during osteogenic differ-
entiation (as viewed by decreasing levels of lactate and
glycolytic enzymes),70,71 whereas others indicate that differ-
entiating MSCs maintain similar glycolytic activity to that of
undifferentiated cells and that OxPhos becomes relatively more
active when cell proliferation is less pronounced, at the end of
osteogenic differentiation.73 (It is important to note, however,
that such effects may depend on the type of MSCs under
study.) Our results show that glucose levels in differentiating
hAMSCs remain stable until day 7 (as do lactate levels, which
do not vary throughout the whole 21-day period), undergoing
a sudden marked decrease between days 7 and 14 (Figure 5e,
%var. = −65.7%) and then remaining low and stable until day
21. We suggest that this indicates an enhancement in glycolysis
activity between days 7 and 14, which could result in some
increased activity of the TCA cycle and OxPhos. However, this
did not result in significant TCA intermediate disturbance
(apart from increased citrate levels) or ATP increase (on the
contrary, ATP gradually decreases throughout the 21 days,
Figure 5g), perhaps due to its use in protein anabolism and
rapid secretion to the extracellular region and the subsequent
dephosphorylation for hydroxyapatite formation (Figure
6).74−76 The increase in citrate (%var.D14→D21 = +49.2%)

that follows the glycolysis increase (Figures 4 and 5e) may
indeed suggest at least a partial TCA cycle enhanced activity
mainly to form citrate (perhaps in tandem with glutaminolysis,
as previously mentioned).67 Citrate has been extensively
studied as a key player in bone metabolic regulation,11,77

having been proposed to bind to and stabilize hydroxyapatite
crystals, preventing their further growth.78 Interestingly,
however, citrate (and other TCA intermediates) has been
seen to decrease by the end osteogenic differentiation of
umbilical cord blood MSCs,12 in contrast with our results,
which suggests that further studies are needed to fully
understand the source and role of citrate variations in the
osteogenic differentiation of different types of MSCs.
Creatine and its phosphorylated form (PCr) are also closely

related to energy metabolism. Creatine kinase is responsible for
the reversible phosphorylation of creatine by ATP, with PCr
and creatine expected to vary conversely. However, opposite
variations of the two metabolites are observed only between
days 7 and 14 (Figure 6), which suggests that PCr (%var. =
−21.8%) is in this stage being used to form creatine (%var. =
+93.1%) and ATP, probably to help meet the high ATP
demand of differentiating cells around day 7 of osteogenic
differentiation (Figure 5d). Curiously, creatine kinase has been
found in matrix vesicles isolated from chicken embryo femurs,
seemingly contributing to the resynthesis of ATP at the
expense of PCr.79 It is therefore possible that PCr may be
released into matrix vesicles, thus justifying the gradual
decrease in this compound until day 14.

Cell Membrane Metabolism

Our results have shown a marked variation in the profiles of
choline-containing compounds and ethanolamine (precursors
of cell membrane phospholipids) throughout osteogenic
differentiation (Figures 4 and 5f), revealing significantly active
plasma membrane remodelling mechanisms. This is consistent
with a previous MS-based lipidomic study reporting unique
membrane features acquired during osteogenic and adipogenic
differentiation, emphasizing the capacity for lineage-specific
membrane remodelling.13 Our results indicate GPC accumu-
lation (%var.D0→D21 = +136.2%), a breakdown product of
phosphatidylcholine (PtdCho), as a possible indicator of
enhanced membrane degradation occurring as early as day 1
and continuing thereafter (Figure 5f). A choline increase until
day 14 (%var.D0→D14 = +383.0%, Figure 5f), without a
concomitant GPC or PC decrease, may indicate a possible
enhanced uptake of choline from extracellular media (not
measured here), perhaps to promote membrane building for
proliferating cells.80 Between days 7 and 14 (Figure 5f),
intracellular enrichment in choline (%var. = +96.4%) and
ethanolamine (%var. = +162.9%), along with a tendency for
PC reduction (%var. = −29.2%), are consistent with an
expected upregulation of the phosphoethanolamine/phospho-
choline phosphatase (PHOSPHO1), which possesses a high
affinity for PC and phosphoethanolamine (not directly
detected here but for which ethanolamine is a precursor) in
mineralizing cells, such as osteoblasts.81 PHOSPHO1 plays an
important role in the initial steps of bone mineralization
(Figure 6), generating Pi inside extracellular matrix vesicles
released during osteogenic differentiation.82 In addition, the
transporter-mediated influx of Pi produced by ALP (and other
phosphatases or ATPases) promotes the formation of
hydroxyapatite in matrix vesicles. Eventually, these undergo
rupture, leading to hydroxyapatite deposition within the
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extracellular matrix, in the form of mineral nodules. After day
14 (Figure 5f), the decreases in choline (%var. = −37.2%) and
ethanolamine (%var. = −31.5%) could contribute to the rise in
PC levels (%var. = +44.8%). In addition, reduced choline levels
near the end of osteogenic differentiation may also be related
to the increasing tendency of betaine (clearly seen in two of
the three samples from day 21), which is thought to enhance
bone formation.83

Nucleotides and Derivatives

The gradually lower ATP levels throughout osteogenic
differentiation (%var.D0→D21 = −57.3%, Figure 5g) and the
consequent accumulation of ATP breakdown products after
day 7 (ADP, AMP, and adenosine; %var.D7→14 = +49.9 to
+707.3%) reflect the expected high energy demand during the
process, especially due to the extensive synthesis of
extracellular matrix proteins. As previously mentioned, during
osteogenic differentiation, ATP is most likely secreted to the
extracellular media and increasingly dephosphorylated, with
both processes contributing to the intracellular depletion
observed here.74,75,82,84 Under specific conditions, extracellular
ATP can, when hydrolyzed into adenosine by specialized
ectoenzymes, potentiate osteogenic differentiation (Figure 6),
increasing mineralization and RUNX2 expression.85 In the
literature, altered levels of metabolites from nucleotide
metabolism during osteogenic differentiation have been briefly
mentioned by previous MS-based metabolomic studies.11,17,18

One of the main changes seen here regards the intracellular
levels of UDP-GlcNAc (%var.D1→D7 = +261.5%), a product of
the hexosamine biosynthetic pathway, which can act as a
substrate for enzymatic O-linked β-N-acetylglucosamine
glycosylation, a dynamic post-translational modification of
the Ser/Thr residues.86 Notably, there is evidence of O-
glycosylation positively regulating transcription factors re-
quired for osteogenic differentiation, such as RUNX2,87,88

which peaks around day 7 and is downregulated in mature
osteoblasts.89 The peaking levels of UDP-GlcNAc on day 7
may tentatively be interpreted as evidence of increased protein
O-glycosylation processes in the intermediate stage of
osteogenic differentiation.
NAD+ levels decreased until day 1 (%var. = −35.6%) and

subsequently increased (Figure 5h), seemingly mirroring the
trajectory of 1-MNA levels after day 7. Besides its role as an
essential cofactor in several redox reactions (Figure 6), NAD+

can be cleaved into nicotinamide (NAM) by several enzymes
that mediate the histone acetylation status (such as the
deacetylase sirtuin (SIRT)), allowing for intimate crosstalk
between the energetic metabolic status and the epigenome.90

Through the actions of nicotinamide phosphoribosyltransfer-
ase (NAMPT) and nicotinamide mononucleotide adenylyl-
transferase, NAM can be subsequentially converted into
nicotinamide mononucleotide (NMN) and back to NAD+

through the NAD+ salvage pathway (Figure 6). Interestingly,
NAMPT inhibition and consequent NAM accumulation have
been previously associated with enhanced adipogenesis at the
expense of osteogenic differentiation in MSC.91 In this study,
the increasing tendency of NAD+ (%var.D7→D14 = +79.4%,
Figure 5h) in tandem with the decrease in 1-MNA (%
var.D7→D14 = −26.0%), with the latter resulting from the
irreversible methylation of NAM by nicotinamide-N-methyl-
transferase (NNMT, Figure 6), may possibly be due to low
levels of NAM, which, in turn, may promote osteogenic
differentiation. A previous LC-MS-based metabolomic study

reported an enrichment of extracellular 1-MNA throughout
osteogenic differentiation, suggesting that metabolomic
changes in NADH metabolism may reflect different stages of
differentiation.11 The secretion of 1-MNA to the medium may
explain the intracellular depletion of this metabolite observed
here. We could also hypothesize that a possible decrease in
NNMT activity/expression could contribute to decreased 1-
MNA and allow NAD+ to be recycled. This could result in
SIRT activation, most likely inducing osteogenic differ-
entiation. Indeed, the NAD+ metabolism has been noted as a
distinguishable feature between undifferentiated and differ-
entiated cells, more particularly, for human MSCs (hMSCs)
and human dermal fibroblasts.92 Whereas the NAD+/NADH
redox ratio was stable during the replicative expansion of
fibroblasts, undifferentiated hMSCs at later passages were
associated with a marked accumulation of NADH, at the
expense of NAD+, and a reduction of SIRT1 activity. In
addition, SIRT6 has been described as an osteogenic promoter
in AMSCs, enhancing mineralization and upregulating the
expression of osteogenic-related genes.93

GSH Metabolism

Antioxidative protection mechanisms during osteogenic differ-
entiation have been already discussed in relation to particular
amino acids (namely, phenylalanine and taurine), and the
levels of GSH provide another clear indication that
antioxidative mechanisms are in place in differentiating
hAMSCs from day 1 (Figure 5a,c), keeping cells protected
from ROS and other oxidative processes until day 21. GSH
serves as an electron donor, acting as a nonenzymatic
antioxidant, directly scavenging radical species, or generating
the oxidized glutathione disulfide dimer.94 The balance
between GSH and oxidized glutathione (GSSG) reflects the
intracellular redox state and can be interpreted as an indicator
of oxidative stress; however, GSSG could not be detected in
our spectra. In any case, the GSH increase between days 7 and
14 (%var. = +28.2%, Figures 4 and 5c) indicates that
antioxidative mechanisms are active during hAMSC osteogenic
differentiation, in agreement with previous reports.70,95 The
importance of GSH action in osteogenic differentiation has
been further demonstrated through GSH and N-acetylcysteine
(NAC, a GSH precursor) treatments of mouse calvarial cells,
which resulted in the promotion of osteogenic differ-
entiation.96 In another study, different GSH/GSSG ratios
generated by GSH, NAC, or butionine sulfoximine (inhibitor
of GSH synthesis) treatments influenced the expression of
early and late osteogenic markers.97 Increasing evidence has
suggested that the lineage commitment of MSCs is ROS-
dependent, at least in part,98 and SIRT1 was also shown to be a
key player in this process.99 Whereas an oxidized intracellular
environment encourages the adipogenic differentiation of
MSCs, excessive amounts of ROS seem to suppress osteogenic
differentiation.98 In fact, intracellular ROS reportedly decrease
during the course of osteogenesis, in parallel with the strong
upregulation of antioxidant metabolites and enzymes, which is
consistent with the rising levels of GSH observed here from
day 1.70 Conversely, however, the enhanced osteogenic
differentiation of human BMMSCs (hBMMSCs) has been
associated with increased levels of ROS,28 although the
concentration was suggested to be below the threshold that
determines osteogenic suppression. Curiously, pyruvate has
been suggested as a possible ROS scavenger,100 and an ROS-
mediated pyruvate decarboxylation pathway could putatively
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justify the accumulation of acetate observed here (%
var.D14→D21 = +21.6%, Figure 6).

■ CONCLUSIONS
Untargeted NMR metabolomics has been employed for the
first time, to our knowledge, to characterize the intracellular
metabolic adaptations of hAMSC during osteogenic differ-
entiation. Meaningful changes in the levels of just over 30
metabolites are reported, indicating metabolic adaptations
from days 0 to 1 and throughout the whole 21-day period. The
earliest processes (days 0 to 1) include an enrichment
tendency of many amino acid pools, although glutamate is
taken up immediately (as well as glycine and aspartate,
although to lower extents) probably due to early protein
synthesis, supported by early ATP and PCr hydrolysis
energetics (also leading to the enrichment of extracellular
phosphate for hydroxyapatite synthesis). From day 1 to day 7,
most amino acids are used for protein synthesis (as their levels
steadily decrease) and possibly feed, at least in part, into the
TCA cycle (although no significant changes in its inter-
mediates are noted at this point), whereas ATP and PCr
maintain their roles as sources of energy and inorganic
phosphate. In addition to this, GSH begins to increase as a sign
as antioxidative protection, GPC and choline increase,
reflecting cell membrane remodelling, and a three-fold UDP-
GlcNAc increase reflects an important adaptation of protein O-
glycosylation reactions. Between days 7 and 14, strong
glycolysis and gluminolytic enhancement occurs, possibly to
produce citrate (increased after day 14) and to replenish
glutamate levels for protein synthesis. During the same period,
an interplay between NAD+, GSH, and ROS scavenging
mechanisms seems to take place, along with strong activation
of PCr dephosphorylation, and a distinct membrane
remodelling pattern arises (with a rising trend for several
membrane precursors increasing), probably related to the
expected slowing down of cell proliferation rates. Between days
14 and 21, most processes tend to stabilize, although with
protein synthesis, possible TCA cycle activity (and possibly
OxPhos) enhancement, and membrane composition remodel-
ling (with GPC accumulation and decreasing choline and
ethanolamine) still ongoing. This work paves the way to
characterizing the dynamic metabolism of hAMSCs during
osteogenic differentiation, unveiling new metabolic biomarkers
that will be potentially useful to monitor the efficacy of the
osteogenic lineage commitment (which usually competes with
adipogenic differentiation). In addition, the medium supple-
mentation/depletion of key metabolites could affect the adipo-
osteogenic balance and potentially improve the osteogenic
differentiation.
Finally, it is important to recognize some limitations with

this study. First, there is a limitation regarding the absence of a
detailed profiling characterization of undifferentiated control
cells at the time points under study, as cell aging in the same
cell passage may contribute to some of the metabolite changes
reported here. Second, limitations exist in relation to the low
number of samples, which hinders a full robust statistical
evaluation of stepwise metabolite changes, as well as to the
absence of knowledge on how, and how significantly, the
measured metabolite changes may differ between donors. Also,
complementary studies on the accompanying lipidome and
exometabolome changes will certainly complement the
important knowledge on how hAMSCs adapt their metabolism
during osteogenic differentiation, the subject of ongoing work

in our group. Also, it would be of great interest to compare the
results of the cell extracts shown here with the direct analysis of
intact cells (or cell lysates) by high-resolution magic-angle
spinning (HRMAS) NMR, which enables the simultaneous
detection of both polar metabolites and lipids, although with
relatively lower resolution.101 To our knowledge, this
technique has been used only once in the context of MSC
differentiation, more specifically, to monitor metabolic changes
during adipogenic differentiation.102
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