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Stem cells offer great potential for regenerative medi-
cine because they regenerate damaged tissue by cell
replacement and/or by stimulating endogenous repair
mechanisms. Although stem cells are defined by their
functional properties, such as the potential to prolifer-
ate, to self-renew, and to differentiate into specific cell
types, their identification based on the expression of
specific markers remains vague. Here, profiles of stem
cell metabolism might highlight stem cell function more
than the expression of single genes/markers. Thus, sys-
tematic approaches including spectroscopy might yield
insight into stem cell function, identity, and stemness.
We review the findings gained by means of metabolic
and spectroscopic profiling methodologies, for example,
nuclear magnetic resonance spectroscopy (NMRS),
mass spectrometry (MS), and Raman spectroscopy
(RS), with a focus on neural stem cells and neurogenesis.

The different flavors of stem cells

Stem cells are defined by their potential to divide, to self-
renew, and to generate different mature cell types. They
have been identified in almost every organ and tissue of the
human body. Besides hematopoietic stem cells (HSCs),
which have been in clinical use for years, mesenchymal
stem cells (MSCs), neural stem cells (NSCs), and also
embryonic stem cells (ESCs) are currently tested in pre-
clinical and clinical settings for their potential to regener-
ate and repair damaged tissues (Box 1). ESCs are
pluripotent and give rise to all cell types of the body. Later
in development, stem cells become more and more restrict-
ed in their differentiation potential and generate germ
layer and/or organ-specific cells and are therefore defined
as being multipotent [1]. However, more recent data clear-
ly suggest that stem cells might cross lineage boundaries.
Moreover, the identity of stem cells, despite tracing their
presence and fate through genetic reporter models, is in
many cases still a matter of debate. For example, although
NSCs in the adult brain have long been considered as
immature cells, it is now evident that specialized
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astrocytes in the neurogenic regions comprise the neural
stem cell pool [2]. Moreover, the fact that stem cells might
be present in different stages of activation such as in
quiescence or in the cell cycle enormously complicates
the issue of stem cell identity. This is currently well
described in the adult neural stem cell niche, where stem

Glossary

Metabolomics: in contrast to targeted approaches, metabolomics constitutes a
more holistic analysis of metabolism by means of profiling techniques (e.g.,
NMRS, MS, and optical spectroscopy). Typically, hundreds or thousands of
metabolites are analyzed simultaneously. Besides biofluids (e.g., urine, blood,
liquor), metabolomic approaches can be applied to cell culture (e.g., super-
natants, cell extracts/lysates, or whole cells) and in vivo (localized NMRS at
clinical MRI scanners).

MLs: constitute a subgroup of cellular lipids whose macromolecular structure
is flexible enough — unlike rigid membrane lipid assemblies — to permit NMRS
detection. Predominantly associated to cytoplasmic lipid droplets, these NMR-
visible lipids can be found in various cell and tissue types, especially under
conditions of cellular stress (e.g., confluence, pH stress, apoptosis, and
necrosis).

MS: due to its high sensitivity and resolution, MS is the most common profiling
technique employed in metabolomic studies. It is based on resolvable
differences of mass-to-charge ratios of ionized molecules in electromagnetic
fields. However, relatively high chemical preprocessing demands prevent in
situ or in vivo applications.

NAA: is a metabolite predominantly found in neurons that can be detected
even at clinical MRI scanners with low sensitivity due to its high abundance
(e.g., within the healthy brain). Although its function has not been clarified in
detail, in clinical routine, it is used as a marker for functional neurons — and for
all pathologies that lead to a decrease of density of functional neurons.
NMRS: following MS, NMRS is the second most common metabolomic
technique. Based on molecular fingerprints due to chemical shifts of resonance
frequencies of nuclear spins within a strong magnetic field, NMRS can also be
applied in vivo (e.g., at clinical MRI scanners), to detect changes within the
metabolome noninvasively. In vitro, the straightforward sample preparation
without major chemical preprocessings permits convenient high-throughput
studies. However, the relatively low sensitivity implicates a high sample
quantity and limits the detectability/quantifiability of scarce metabolites.

PCA: is a common algorithm to reduce high-dimensional data (e.g., metabolic
profiles). The data space is projected onto a new space of linear combinations
of the data and ordered according to the highest statistical variability.
PLS-DA: is a regression analysis that projects high-dimensional data onto a
new space in which the data optimally fit a predefined linear model.

RMS: RMS is a combination of RS and microscopy. It enables molecular
imaging with high spatial resolution by means of gating to defined spectral
regions specific for, e.g., RNA or proteins.

RS: RS is an optical technique based on inelastic scattering. Due to its high
sensitivity and spatial resolution, it enables noninvasive metabolomic studies
on a single-cell level. However, the spectral resolution is limited.

SVM: SVMs are supervised data reduction algorithms that optimize clusterings
of high-dimensional data according to predefined groups.
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Review

Box 1. Translation to the clinic

Normal or diseased stem cells offer potential for therapies based on
regeneration, therapeutic targeting, and drug delivery. A clear
correlation of the single- or oligo-cell metabolome to certain cell
types, states of differentiation, and therapeutic responses could be
of immense value for translational approaches.

Stem cell implantation has been used in neurodegenerative
diseases, such as Parkinson’s disease and Huntington’s disease
[71-74], and myocardial infarction [75]. Although the difficulty in
securing functional neurons prevents a broader application of
transplants in Parkinson’s disease, iPSCs may enable replacement
therapies [76]. A routine NMRS follow up of stem cells, including
markers of maturation and functionality, could allow monitoring the
development of implanted or induced stem cells. Only preliminary
data have suggested the value of NMRS in this context [77].

TICs may be relevant for the development and maintenance of
solid tumors in humans [78,79]. Therefore, TICs could be valuable
therapeutic targets. In glioblastoma, immunotherapeutic [80] and
molecular targets could be envisioned, including the specific
microenvironment, angiogenic signals, receptor tyrosine kinase-
activated pathways, pathways involved in the neural stem cell
development, specific transcription factors, and epigenetic modula-
tors [81,82]. Several pathways induce specific alterations in the
tumor metabolome [83], and targeting by specific small molecule
inhibitors or other drugs could be monitored by in vivo NMRS
[14,15,17]. In addition, a preference for a glycolytic and anaplerotic
metabolism - the notorious Warburg effect - has been found in
glioma [57] and TICs from other solid tumors. Approaches aiming at
the glucose metabolism can be monitored by use of '*C-labeled
glucose [70], a method that can be applied in humans using specific
NMRS scanners.

It has been shown that mesenchymal stromal cells [84], neural stem
cells [85], or HSCs [86] migrate in experimental models with a tropism
to diseased brain areas, for example, sites of hypoxia and invasive
tumor borders [87,88], opening the possibility to deliver drugs to
these areas. The migration of such drug-delivery cells and the release
of drugs could be monitored [84], preferentially by NMRS.

A prerequisite for all the mentioned approaches would be an
improvement of the available clinical NMRS methods, especially in
respect to voxel size, with the goal of showing a broader spectrum
of metabolites. However, it might be sufficient to track larger
volumes if the ratio of relevant cells is sufficient [27]. Finally, NMRS
could be combined with other clinical imaging tools [89] to
characterize the features of stem cells, and their maturation and
treatment, in a multifunctional approach.

cell proliferation in the long run depletes the stem cell
niche during aging [3]. Furthermore, there is no clear
distinction between stem cells and proliferating progenitor
cells. Even more confusing, in vitro, ‘stem cells’ are often
cultured under proliferation conditions, thus more closely
resembling progenitor cells rather than stem cells, if at all
[4]. Besides astrocytes acting as neural stem cells in the
adult brain, there is an increasing amount of evidence for
cellular plasticity in the sense of differentiated mature
cells reverting back into stem cells. For example, pericytes
in the brain have recently been shown to have mesenchy-
mal as well as neural stem cell potential [5]. The most
dramatic example of cellular plasticity is probably demon-
strated by induced pluripotent stem cells iPSCs). Somatic
cells are reverted into pluripotent ESC-like cells by means
of reprogramming using a small set of pluripotency genes
such as Oct4, Sox2, c-myc, and Klf4 [6]. Similar to iPSCs,
somatic cells or tissue-specific stem cells might spontane-
ously acquire a higher level of pluripotency, which however
is regularly associated with an increasing tumor potential.
These cancer stem cells (CSCs) or tumor-initiating cells
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(TICs) exist [7,8], however, again their ultimate identity
remains elusive. This short summary on different stem
cells and on stem cell plasticity clearly points to the
complexity and to the difficulty of very central questions
in stem cell biology such as stem cell identity and regula-
tion of stemness. Moreover, it highlights the fact that there
will neither be a prototypic stem cell gene or protein
expression profile nor a prototypic stem cell metabolic
profile, whereas there might be specific profiles for a par-
ticular activity stage of a particular stem cell.

Stem cell profiling

In contrast to targeted approaches of analyzing the expres-
sion of a small set of marker genes or the presence of a few
metabolites, metabolic and spectroscopic profiling aims at
a more holistic and integrated view into the metabolome.
Typically, information on hundreds or thousands of mole-
cules can be obtained simultaneously, in most cases either
by MS (see Glossary) or by NMRS [9]. Although primarily
applied to biofluids (urine, cerebrospinal fluid, or plasma),
metabolic profiling of cultured cells has become a promis-
ing area of research [10]. The informative value of cell
culture metabolomics is manifold, ranging from metabolic
footprints, that is, consumption and release rates derived
from supernatants/conditioned media [11,12], over meta-
bolic fingerprints derived from cell extracts [10,13], to
metabolic monitoring of intact cells [14,15]. Especially in
the latter case, NMRS and Raman microspectroscopy
(RMS) of living cells will greatly contribute to a better
understanding of in vivo metabolism. Moreover, the pros-
pect of translating in vitro findings to noninvasive in vivo
studies, for example, by means of localized NMRS on
preclinical [16] and clinical [17] MRI scanners, emphasizes
the relevance of in vitro profiling approaches.

NMRS is a sophisticated and widely accepted high
resolution method with a broad range of applications from,
for example, the determination of protein structures to the
monitoring of molecular reaction kinetics, and from high
throughput metabolomics (e.g., blood, urine, liquor) [9] to
the noninvasive detection of metabolites in humans at
clinical MRI scanners [17]. NMRS is based on the effect
of the chemical environment on the nuclear spins of a
molecule and is reflected in small but resolvable shifts of
the resonance frequencies when exposed to a strong
magnetic field. The disadvantages of NMRS, that is, par-
ticularly the relatively high expenses and the limited
sensitivity, are excessively compensated by its noninva-
siveness, its potency of quantitative high throughput, and
its atomic resolution. Moreover, the clinical approval and
availability of modern MRI scanners makes NMRS a
unique methodology with respect to a straightforward
translation from bench to bedside.

By contrast, MS counters with very high sensitivity and
resolution, accompanied by lower original and mainte-
nance costs. It relies on the concept that differences in
mass-to-charge ratios of ionized molecules can be resolved
by means of electric and magnetic fields. The main draw-
backs are relatively high chemical preprocessing demands
and fairly low quantitative accuracy. Nevertheless, these
drawbacks have not restrained MS from becoming the by
far most widely employed methodology in the field of
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metabolomics [9]. Moreover, due to its high sensitivity,
even mass spectra of single cells could have been recorded
[18].

Optical spectroscopy, also known as vibrational spec-
troscopy, has entered the field of cellular profiling only
recently. The manifold methodologic flavors of optical
spectroscopy can be grouped into Fourier-transform infra-
red spectroscopy (FTIR, based on absorption), RS (based
on inelastic scattering), and coherent anti-Stokes Raman
scattering (CARS) spectroscopy. To some extent, especial-
ly when combined with microscopy, that is, RMS and
CARS microscopy, these methodologies might fill the
gap between NMRS and MS by combining the advantages
of both techniques, that is, the noninvasiveness of NMRS
with the potential of single-cell analysis of MS [18]. Un-
fortunately, the relatively low spectral resolution renders
the identification of the molecules giving rise to the spec-
tral signals somewhat difficult. Therefore, in most cases,
the specificity of optical spectra as a whole, sometimes
called ‘photonic fingerprint’, is used as a qualitative rather
than a quantitative measure of metabolites or other cel-
lular molecules. Nevertheless, even coarse distinctions,
for example, between RNA and proteins, proved to be of
great value [19].

To extract relevant metabolic features out of the typi-
cally huge amount of data obtained by spectroscopic
approaches, sophisticated multivariate pattern recogni-
tion techniques are essential [9]. For instance, a reduc-
tion of the data space to a small subset of linear
combinations of the data containing the highest variabil-
ity or yielding the optimum cluster separation, for exam-
ple, by principal component analysis (PCA), partial least-
squares discriminant analysis (PLS-DA), or more sophis-
ticated support vector machines (SVM) [20], has proven
to reveal hidden relations, for example, between different
metabolic pathways or between metabolic aberrations
and pathologies.

However, apart from detailed methodological aspects
of metabolic and spectroscopic profiling, which are be-
yond the scope of this review, and as already pointed out
earlier, the definition of stem cells is most critical for
metabolomics studies, because different stem cell aspects
may lead to totally different metabolic and spectroscopic
characteristics. As an extreme example, it is to be
expected that the metabolic status of a quiescent stem
cell differs substantially from a proliferating progenitor
cell. Hence, caution has to be used when findings on
energy metabolism, for example, are compared because
different proliferation and function statuses may sub-
stantially alter metabolic profiles.

Therefore, findings on stem cell metabolism should be
interpreted in terms of a cellular status that may be
associated with certain aspects of stem cell characteristics
rather than solely attributing these findings to the stem
cell identity itself. Consequently, we review the most
recent findings on metabolic and spectroscopic profiling
focusing not only on cultured neural stem/progenitor cells
but also on the intact brain, in particular on the developing
brain, which constitutes a unique physiologic environment
with highly abundant neural stem/progenitor cells that can
be monitored noninvasively.
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Specificity of the stem cell metabolome?

As the field of metabolic and spectroscopic profiling of stem
cells has been entered only recently, the quantity of pub-
lished data on specific features of stem cells remains
limited. Most of the recent findings can be categorized into
the following groups in arbitrary order (Table 1 and
Figure 1): NMR-visible mobile lipids (MLs; stress-induced
lipid droplets), choline-containing compounds (membrane
turnover), amino acids (biosynthesis and anaplerosis), en-
ergy metabolism (glycolysis vs oxidative phosphorylation),
the absence of maturation markers [e.g., N-acetyl aspar-
tate (NAA) for neurons], and the relative abundance of
RNA and macromolecules.

NMR-visible MLs and proliferative stress

NMR-visible MLs give rise to NMRS signals that can be
found in unprocessed cells (Figure 2), tissues, and in the
living organism [21-23]. Interestingly, in most cases, the
appearance of these lipid signals is associated with cellular
stress, for example, apoptosis, necrosis, pH decrease, con-
fluence, and cytotoxic or static treatment. It was shown
that MLs correlate to cytosolic lipid droplets [24,25]. The
latest (yet not challenged) hypothesis about their origin
links the imbalance between membrane lipid production at
the endoplasmatic reticulum and reduced need at the
membrane site (e.g., because of inhibited mitosis) to the
accumulation of these surplus lipids as neutral, microme-
ter-sized droplets [26]. Surprisingly, one of these ML sig-
nals (the fatty acyl methylene peak at 1.28 ppm) has been
attributed to neural progenitor cells (NPCs) in vitro and in
vivo [27]. However, shortly after a couple of critical techni-
cal comments [28-30] and a subsequent response to these
comments [31], we [32] and others [33] could show that — as
for other cell types — MLs appear in NPCs upon cellular
stress, for example, confluence (Figure 2) and apoptosis
[32], and correlate to the percentage of apoptotic cells but
not to stemness, which was assessed by comparing a
variety of stem/progenitor cells at different developmental
stages with respect to their NMR-visible lipid content [33].
Moreover, in glioblastoma brain tumor-initiating cells
(BTICs), ML signals were detectable but neither correlated
to clonogenicity, an in vitro hallmark of stemness, nor to
CD133, one of the more reliable BTIC surface markers [14].
Instead, a significant correlation to the percentage of dead
cells was again found. Indeed, a link between apoptosis and
NPC/neurogenesis exists in vivo [34]. However, the robust-
ness of the rather indirect detection of NPCs based on
elevated apoptosis rates remains to be proved. Neverthe-
less, stem cell-specific responses of certain stimuli, for
example, growth factors such as transforming growth fac-
tor-beta (TGFB), may become manifest in specific ML
modulations (own unpublished data). As a matter of fact,
until now MLs have been found in several stem cell types at
different developmental stages, including ESCs [33], NPCs
[27,32,33], oligodendrocyte progenitor cells (OPCs) [27],
and glioblastoma BTICs [14].

Choline and membrane turnover

Tightly related to membrane lipid synthesis and degrada-
tion, the metabolism of choline-containing compounds
(total choline, tCho) also plays a crucial role in cell



Table 1. Findings on stem cell-specific metabolism

MLs

In vitro

Detectable in several stem/progenitor cell
types; highest intensity in NPC

Not NPC-specific; increased upon
confluence and induction of apoptosis

Detectable in ten different glioblastoma
BTIC lines; correlation to cell death; no
correlation to clonogenicity or CD133
Mainly in ESC, embryonic NSC, embryonic
fibroblasts, and glioma cells; no significant
signals in NSC differentiated from ESC or
from IPC

Choline-containing compounds

In vitro

High tCho levels in ESC and NSC; in
contrastto NSC and other cell lines, GPCho
is absent and PCho most abundant in ESC

Decrease of ratio PCho/GPCho upon
differentiation

Ex vivo (rodent)

Decrease with rat brain maturation during
the first 4 postnatal weeks

Decrease with rat brain maturation during
the first 3 postnatal weeks

In vivo (rodent)

Decrease with rat brain maturation during
the first 3 postnatal weeks

Increase with mouse brain maturation
between week 4 and week 9

In vivo (human)

Decrease with maturation of human fetal
brain during gestational weeks 30-41

Decrease with maturation of human fetal
brain during gestational weeks 22-39

Degree of saturation
In vitro

High abundance of unsaturated
metabolites; decrease upon differentiation
Ex vivo (rodent)

High degree of unsaturation of brain
phospholipids during the first 3 postnatal
weeks

N-acetyl aspartate

In vitro

High abundance; twice the concentration
found in neurons

Ex vivo (rodent)
Increase with rat brain maturation during
the first 4 postnatal weeks

Increase with rat brain maturation during
the first 3 postnatal weeks

In vivo (rodent)

Linear increase with rat brain maturation
during the first 4 postnatal weeks

Increase with mouse brain maturation
during the first 3 postnatal month

In vivo (human)

Increase with maturation of human fetal
brain during gestational weeks 30-41

Increase with maturation of human fetal
brain during gestational weeks 22-39

ESC, NPC (mouse),
OPC (rat)

NPC (mouse), MSC (rat)

BTIC (human
glioblastoma)

ESC, NSC (mouse)

ESC, NSC (mouse)

ESC (mouse)

P1-P28? rat brain

P1-P21 rat brain

P1-P28 rat brain

P10-P90 mouse brain

Human fetal brain

Human fetal brain

ESC (human and mouse)

P1, P7, P21 rat brain

0-2A progenitors (rat)

P1-P28 rat brain

P1-P21 rat brain

P1-P28 rat brain

P10-P90 mouse brain

Human fetal brain

Human fetal brain
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Neurons (rat), astrocytes,
oligodendrocytes (mouse),

macrophages (mouse), etc.

COS7 fibroblasts (monkey)

Differentiated NSC, astrocytes,
neurons, glioma cells, melanoma

cells (mouse)

From literature: neurons, glial cells,
tumor cells (including meningioma,

breast cancer, glioma)

Differentiated ESC (mouse),

carcinoma cells (F9)

Adult rat brain

Adult rat brain

Neurons, cardiomyocytes (human

and mouse)

Adult rat brain (5 months)

Neurons, astrocytes,

oligodendrocytes, meningeal cells

(rat)

Adult rat brain

Adult rat brain

NMRS of cell suspensions

NMRS of cell suspensions

NMRS of cell suspensions

NMRS of cell suspensions

NMRS of cell extracts

NMRS of cell extracts

NMRS, HPLC® of
tissue extracts
NMRS of tissue extracts

In vivo NMRS

In vivo NMRS

In vivo NMRS

In vivo NMRS

MS of cell extracts

NMRS of tissue extracts

NMRS of cell extracts

NMRS, HPLC of
tissue extracts

NMRS of tissue extracts

In vivo NMRS

In vivo NMRS

In vivo NMRS

In vivo NMRS

[27]

[32]

[14]

[33]

[42]

[43]

[38]

[39]

[37]

[45]

[40]

[41]

[44]

[39]

[13]

[38]

[39]

[37]

[45]

[40]

[41]
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Table 1 (Continued)
Findings

Amino acids

In vitro

High abundance, especially ala®, glu, gly,
asp

High abundance, especially of ala, glu, gin,
gly
Dependence of threonine catabolism

Positive correlation between clonogenicity
and an NMR-spectral region dominated by
signals of glu (2.28-2.38 ppm)

Release of ala, glu, gly, and ornithine (no
consumption)

Ex vivo (rodent)

Decrease of taurine with rat brain
maturation during the first 3 postnatal
weeks

In vivo (rodent)

Increase of glu and gln, decrease of gly and
ala between P10 and P20

Presence of taurine at the first postnatal
day; not detectable between P4 and P28
Decrease of taurine during the first
postnatal month

Glucose/energy metabolism

In vitro

Preference for glycolysis

Preference for glycolysis

Shift from oxidative phosphorylation to
glycolysis during neuronal differentiation

Majority of ATP production through
oxidative phosphorylation; shift to
glycolysis during neural differentiation

Preference for glycolysis
Preference for oxidative phosphorylation

Preference for glycolysis

High variation of glycogen after passaging
In vivo (rodent)

Linear increase of phosphocreatine during
the first 4 postnatal weeks

Increase of creatine during the first 3
postnatal months

Relative RNA abundance

In vitro (rodent)

Decrease of RNA-to-protein ratio during
differentiation

Decrease of RNA-to-protein ratio during
glial differentiation

In vitro (human)

Decrease during cardiomyogenic
differentiation

2pP28, postnatal day 28.

PHPLC, high-performance liquid chromatography.
°Standard three-letter code for amino acids.

Stem cell types/tissues

0-2A progenitors (rat)

0-2A progenitors (rat)
ESC (mouse)
BTIC (human glioblastoma)

MSC (human)

P1-P21 rat brain

P10-P90 mouse brain
P1 rat brain

P10-P30 rat brain

LT-HSC (mouse)

ESC, iPSC (human)

ESC (mouse)

ESC (human)

ESC, iPSC (human)

BTIC (human glioblastoma

cell line U87)

BTIC (human glioblastoma
cell line U87, xenografted
in mouse)

ESC (human)

P1-P28 rat brain

P10-P90 mouse brain

ESC (mouse)

NSC (mouse)

ESC (human)

9MAS, magic angle spinning (a.k.a. solid-state NMRS).

®lac, lactate.
fOCR, oxygen consumption rate.

9glc, glucose.
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Control cell types/tissues

Neurons, astrocytes,
oligodendrocytes, meningeal cells
(rat)

Neurons, astrocytes (rat)

Adult rat brain

P4-P28

P40-P90 rat brain

Bone marrow-derived
lineages (mouse)
Fibroblasts (human)

Neuronal-differentiated cells
(mouse)

Neuronal-differentiated ESC, that
is, NSC (human)

Keratinocytes, fibroblasts (human)
Differentiated glioma cells

Glioblastoma cell line
(human, U87)

Differentiated ESC (murine
embryonic bodies)
NSC-derived glial cells

ESC-derived cardiomyocytes, fetal
cardiomyocytes

Method

NMRS of cell extracts

NMRS of cell pellets
(MASY)

MS of cell extracts
NMRS of cell
suspensions

HPLC of cell culture
supernatants

NMRS of tissue extracts

In vivo NMRS
In vivo NMRS

In vivo NMRS

MS of cell extracts
(lac®), OCR', ATP assay
HPLC of cell extracts
(ATP), OCR, lac release
assay

OCR, glc? uptake assay,
lac release assay

OCR, ATP demand assay

MS of cell extracts
OCR, lac release assay,
ATP assay, glc uptake
assay

OCR, lac release assay,
ATP assay, glc uptake
assay

RS

In vivo NMRS

In vivo NMRS

RS

RMS

RS

Refs

[13]

[15]

[50]

[14]

(48]

[39]

[45]

[37]

[45]

[54]

[55]

[59]

[60]

[56]
(58]

[57]

[67]

[37]

[45]

[64]

[66]

[65]
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(a) Choline-containing compounds: (
e Elevated in ESC and NSC
e Decrease upon differentiation /
¢ Decrease with maturation of < PtdCho

GPCho

postnatal rat brain and human

O

fetal brain

PCho most abundant

(b) Glycolysis vs oxidative
phosphorylation

o Shift to glycolysis in iPSC, HSC, NSC Glc
(biosynthesis)

e Contradictory results for ESC and
BTIC (flexible energy metabolism?)

Biosynthesis

o D

(c) Amino acids: ¥

e Elevated ala, gly, and glu in O-2A LaC
progenitors and MSC

e ESC depend on threonine Ala

e Variations during maturation of
postnatal rodent brain

e Correlation between glu and Glu
clonogenicity in BTIC k

—

* GPCho almost absent in ESC, L PCho O

intermediates

(d) NMR-visible lipids
(lipid droplets):

O O N « Found in ESC, NSC/NPC,
lipids MSC, OPC, BTIC B
O ¢ Not stem cell-specific

e Associated with cellular
stress (e.g., apoptosis)

(e) Relative RNA content:

e High RNA-to-protein
ratio in ESC, NPC, MSC

e Decrease during
differentiation

e Associated with relative
nuclear volume

(f) Markers of mature cells:

e Absent or low in ESC,
NPC, BTIC in vitro

e Gradual increase in
postnatal rodent brain
and human fetal brain

Mitochondria mXQs

y,

TRENDS in Biotechnology

Figure 1. Major stem cell-specific findings of metabolic profiling approaches. (a) Choline-containing compounds decrease with differentiation and maturation. (b)
Predominant energy metabolism via glycolysis in most but not all pluripotent cells. (¢c) Certain amino acids, for example, ala, gly, glu, and thr, are associated with stem cell
metabolism. (d) Under stress conditions, many stem cell types show unspecific NMR-visible lipid droplets. (e) Relative RNA content and nuclear size decreases with
differentiation. (f) Markers of mature cells, for example, NAA, tCre, and m-Ins are virtually absent in stem cells and appear/increase with maturation. Abbreviations: Ala,
alanine; ATP, adenosine triphosphate; BTIC, brain tumor-initiating cell; CAC, citric acid cycle; ER, endoplasmic reticulum; ESC, embryonic stem cell; Glc, glucose; Gin,
glutamine; Glu, glutamate; Gly, glycine; GPCho, glycerophosphocholine; HSC, hematopoietic stem cell; iPSC, induced pluripotent (stem) cell; Lac, lactate; m-Ins, myo-
inositol; MSC, mesenchymal stem cell; NAA, N-acetyl aspartate; NPC, neural progenitor cell; NSC, neural stem cell; O-2A progenitor, oligodendrocyte-type-2 astrocyte
progenitor cell; OPC, oligodendrocyte progenitor cell; PCho, phosphocholine; PtdCho, phosphatidylcholine; Pyr, pyruvate; tCre, creatine-containing compounds (creatine

and phosphocreatine).

proliferation [35]. Especially in tumor cells, increased tCho
is one of the major aberrant findings in vitro [36] and in
vivo [17]. Although not yet possible in NMRS of intact cells
or in vivo, resolving the different species of choline-contain-
ing compounds broadens the information content signifi-
cantly. For instance, phosphocholine (PCho) mainly occurs
during membrane synthesis as an intermediate of the

r T T T T T T T T T T T T T T T T T 1
2524 23 22 21 20 19 18 17 16 15 14 13 12 1.1 10 09 0.8 ppm
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Figure 2. NMR spectra of intact neural progenitor cells (NPCs) with and without
ML signals. (a) Five days after the last passage, that is, during the log phase of
proliferation, no ML signals are observed. (b) Ten days after the last passage, that
is, upon confluence, dominating ML signals are visible. Gray lorentzian curves:
mobile protein (MP); dashed lorentzian curves: mobile lipid (ML). Abbreviations:
gln, glutamine; glu, glutamate; glx, glutamine and/or glutamate; ace, acetate; ala,
alanine; lac, lactate; iso, isopropanol. Approximately 5 million cells per sample.
Adapted from [32].

major membrane lipid species phosphatidylcholine
(PdtCho), whereas glycerophosphocholine (GPCho) is pre-
dominantly found upon membrane breakdown, that is,
during degradation of PtdCho [35]. Therefore, the relative
amount of PCho and GPCho yields information on synthe-
sis or degradation, respectively, whereas tCho merely is a
surrogate marker for ‘membrane turnover’ [17]. Neverthe-
less, the most consistent data associated with immaturity
were found for tCho. In early postnatal rodent brains, it
was shown that tCho decreases with maturation [37-39],
and employing in vivo NMRS within the human fetal brain
during gestation, a gradual decline of tCho could also be
observed [40,41]. Interestingly, pluripotent ESCs in vitro
were also characterized by marked tCho signals with
respect to neuralized ESCs (NSCs) and other differentiat-
ed neural cell types, for example, neurons, astrocytes, and
even when compared to various tumor cell lines [42,43].
Moreover, the application of high-resolution NMRS of
cellular extracts was used to discriminate signals of free
choline, PCho, and GPCho in these ESC studies. Surpris-
ingly, GPCho was found to be absent in pluripotent ESCs,
whereas PCho was most abundant [42]. Upon differentia-
tion, however, the ratio of PCho to GPCho decreased in
both ESCs and CSCs [43].

Degree of saturation
The degree of saturation of phospholipid fatty acyl
chains can also be associated with stem cells and cellular
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maturation. In a recent study on early postnatal rat brains,
a high degree of unsaturated brain phospholipids could be
found within the organic phase of brain extracts [39]. Also,
a high abundance of unsaturated metabolites was detected
in ESCs [44]. Upon differentiation to neurons or cardio-
myocytes, this tendency towards unsaturation vanished,
and also in rat brains the relative amount of unsaturated
phospholipids decreased with maturation [39]. The high
degree of unsaturation of metabolites may allow stem cells
to react to oxidative stimuli, for example, upon lesions or
inflammation [44].

NAA and neuronal differentiation

In accordance with the decrease in tCho, the gradual
increase of NAA both in early postnatal rodent brain [37—
39,45] and in utero in human fetal brain during matura-
tion [40,41] represents a second major consistent finding
of metabolic profiling associated with stem cells. Since
the very beginning of in vivo NMRS in human brains,
NAA is considered ‘the’ marker of functional neurons,
although the origin, function, and specificity of NAA
remain elusive [16,17]. Interestingly, significant
amounts of NAA could also be observed in oligodendro-
cyte-type-2 astrocyte (O-2A) progenitors [13,46,47],
OPCs [46,47], and mature oligodendrocytes [47].
Another in vivo surrogate marker for functional neural
cells, myo-inositol, was low in early postnatal mouse
brains and doubled within the first three postnatal
months [45]. Myo-inositol was previously described spe-
cifically for astrocytes in vitro and gliosis in vivo [16].
Interestingly, in vitro, myo-inositol was also found in
NSCs but not ESC extracts [42] and in glioblastoma
BTIC suspensions [14] pointing towards an early onset
of a metabolic shift both during neurogenesis and tumor-
igenesis, respectively.

Amino acids

Amino acids are one major group of intermediates for
biosynthesis and may play a key role in the discrimina-
tion of proliferative and metabolic states of stem cells
and differentiated cells. Surprisingly, a consistent high
amount of certain non-essential amino acids, such as
alanine and glycine, has been found in highly diverse
aspects of stemness, for example, in vitro in O-2A pro-
genitors [13,15], in MSCs [48], and in vivo in early
postnatal mouse brains [45]. Furthermore, in the devel-
oping brain of early postnatal rats and mice, a consistent
presence of taurine could also be observed, which de-
creased upon maturation [37,39,45]. Very recently, tau-
rine was shown to stimulate proliferation of NSCs and
NPCs in vitro [49] suggesting an important role of tau-
rine in early neural development. Additionally, a single
amino acid, threonine, is crucial for murine ESC propa-
gation in vitro [50,51]. For glioblastoma BTICs, we found
a significant correlation between clonogenicity, that is,
the in vitro hallmark of TICs, and the integral over an
NMR spectral region dominated by glutamate signals
(2.28-2.38 ppm) [14]. Unfortunately, to date, the rela-
tionship between these selective deviations in amino acid
metabolism and any characteristics of stemness has not
been understood.
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Glycolysis and pluripotency

The synthesis of amino acids via glycolytic and citric acid
cycle (CAC) intermediates is a key requirement for prolif-
eration, because during cell division the complete cellular
biomass needs to be doubled [52,53]. Very recently, a
general preference for a glycolytic and anaplerotic metab-
olism of glucose at the expense of effective ATP production
by means of complete oxidative phosphorylation could be
shown for long-term HSCs (LT-HSCs) [54], ESCs and
iPSCs [55,56], and even for glioma CSCs [57], although
these findings were challenged simultaneously in the case
of glioma CSCs [58] and ESCs [59,60]. Even more confus-
ing, a shift from oxidative phosphorylation to glycolysis
during neural differentiation was shown for human ESCs
[60], mouse ESCs [59], and the developing mouse brain in
vivo [59]. However, reprogramming of somatic cells to
pluripotent stem cells requires a switch from oxidative
metabolism to glycolysis [61]. Tightly related to the energy
metabolism — especially within the brain — the concentra-
tion of creatine-containing compounds (tCre) was also
shown to be dependent on the state of maturation. Gradu-
ally increasing tCre was found in postnatal rat and mouse
brain upon developmental progression [37,45]. As the
brain requires a highly sophisticated multicomponent net-
work of fuel supply in order to satisfy its high demand for
energy, for example, based on lactate shuttling from glial
cells to neuronal axons followed by oxidative phosphory-
lation within neurons, the increase of secondary energy-
buffering systems, like the phosphorylation of creatine
during maturation, seems plausible.

Relative abundance of RNA and macromolecules

Most of the studies in which optical spectroscopy was
applied to investigate stem cells concluded that during
differentiation the relative amount of RNA decreases
whereas the protein and lipid content increases (compre-
hensively reviewed in [62,63]). First shown for murine
ESCs when differentiating to embryonic bodies [64], this
decrease in RNA-to-protein ratio could also be observed in
human ESCs during cardiomyogenesis [65] and in murine
NSCs during differentiation to glial cells [66]. Subcellular
RMS revealed a much higher RNA and DNA content
within the nuclei of human MSCs and ESCs than within
the cytoplasm and vice versa for proteins and lipids [19,63].
Therefore, it was concluded that the relative size of the
nucleus and the cytoplasm gave rise to the relative drop in
RNA signals upon differentiation, that is, a shrinkage of
the nucleus accompanied by an increasing cytoplasmic
volume [19]. Apart from RNA, RS could also be used to
determine the glycogen content of human ESCs [67,68],
which revealed a significant sample-to-sample variation of
glycogen within the first 72 h after passaging [67]. Fur-
thermore, optical spectroscopy also proved beneficial in
monitoring osteogenesis by means of mineralization-spe-
cific signals [63].

A matter of methodology

As mentioned earlier, the reviewed findings on putative
stem cell-specific metabolic profiles must be considered in
the light of differences in cellular statuses, experimental
setups, and profiling approaches. The metabolome of stem
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cells in vivo, for example, in the developing brain or within
hypoxic niches of an adult organism, is assumed to hardly
match that of in vitro propagated stem/progenitor cells. For
instance, cultured tumor cells were reported to preferen-
tially metabolize glucose via aerobic glycolysis — the War-
burg effect [52]; however, recent in vivo studies employing
13C-NMRS revealed a more complex metabolism of isoto-
pically labeled glucose in brain tumors including anaplero-
sis and oxidative phosphorylation [69,70]. Therefore, in the
case of cultured stem cells, results pointing at, for example,
a preference for glycolysis [54-57] or oxidative phosphor-
ylation [58,60] should be considered as what they are:
snapshots of a cellular status profoundly adapted to an
artificial environment. Furthermore, the profiling ap-
proach itself co-determines the anticipated outcome. The
comparison of (i) metabolic footprints, that is, small mole-
cules taken up or released from/to the cell culture medium,;
(i) metabolic fingerprints, that is, intracellular metabo-
lites extracted by means of cell lysis; and (iii) intracellular
pools of mobile molecules and flexible macromolecular
motifs within intact cells, either in vitro as cell suspensions
or in vivo within the crosstalking cellular network, is far
from straightforward. Both MS and NMRS show high
resolution, sensitivity, and throughput when applied to
extracted or dissolved molecules [9,10]. However, both the
temporal dimension, that is, the possibility of monitoring
metabolism, and the information on intracellular molecu-
lar mobility is lost as a consequence of sample preparation
(cell extraction). Here, optical spectroscopy, especially
RMS, offers the unmatched advantage of yielding metabo-
lome features on a single-cell level. However, to date, the
main informative value of RMS on stem cells is the de-
crease of RNA-to-protein ratio as a consequence of nuclear
shrinkage.

In vivo approaches by means of localized NMRS at MRI
scanners provide insight into the physiologic metabolism of
cells — in some cases, predominantly stem/progenitor cells,
for example, in the developing brain [40,41,45]. However,
the intrinsic low resolution and sensitivity of NMRS in vivo
— especially at clinical scanners — reduces the information-
al content to a few metabolites [17]. In our opinion, the gap
between snapshot in vitro approaches and low-resolution
clinical molecular imaging could be filled by NMRS of
intact cells perfused with defined medium inside the
NMR spectrometer during the measurement. This perfu-
sion approach would enable (i) adaptable and controlled
cell culture conditions; (ii) metabolic monitoring for days
with a temporal resolution of only a few minutes; (iii)
enrichment of cells-of-interest, for example, regarding
stem cell potential, differentiation state, lineage commit-
ment, and proliferation status; (iv) tracing various meta-
bolic responses to external stimuli, for example, growth
factors or putative drugs; and (v) spying on metabolic
crosstalk of different cell types, that is, stem cells and
immune cells.

Concluding remarks

Tentatively, the findings reviewed above can be grouped in
two categories: (i) in vivo data of human fetal brain and
rodent early postnatal brain, and (ii) in vitro results on
cultured cells at different stages of maturation. These
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stages range from pluripotent embryonic or induced stem
cells, to multipotent stem/progenitor cells restricted to the
neural, hematopoietic, or mesenchymal lineage, to oligo-
potent/unipotent precursors of the glial lineage (O-2A
progenitors and OPCs), to the pathophysiologic counter-
parts, that is, CSCs or TICs. In vivo studies consistently
reveal a gradual assimilation towards the adult metabolic
profile along maturation, with increases of markers of
functionality/maturity (NAA, creatine, and myo-inositol)
and decreases of metabolites associated with proliferation
and biomass synthesis (amino acids, choline, and taurine).
Unfortunately, apart from consistently high RNA-to-pro-
tein ratios as revealed by optical spectroscopy, especially
RS, findings on cultured stem/progenitor cells cannot be
easily generalized. This is most probably due to the het-
erogeneity of investigated cell types, stem cell states,
culture conditions, and applied methods. At least on the
metabolic level, cell culture hardly resembles the in vivo
condition for stem cells, for example, regarding oxygen-
ation, availability of nutrients, crosstalk to other cell types,
growth factors, etc. Therefore, findings on metabolic pro-
filing approaches on cultured stem cells still have to prove
their value. In future studies on stem cell metabolomes in
vitro, culture conditions should adhere as closely as possi-
ble to in vivo physiological conditions.
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