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Metabolic Profiling of Cells in Response
to Drug Treatment using 'H High-resolution
Magic Angle Spinning (HR-MAS) NMR
Spectroscopy

Martina Vermathen*?, Gaélle Diserens®, Peter Vermathen®, and Julien Furrer*

Abstract: High-resolution magic angle spinning (HR-MAS) is an NMR technique that provides access to well
resolved liquid-like 'H NMR spectra of semi-solid samples. Therefore, '"H HR-MAS NMR spectroscopy has
become an important tool for the direct analysis of biological samples such as tissues and cells in a mostly
non-destructive way. Here, we focus on the application of HR-MAS NMR combined with multivariate statistical
methods used for metabolic profiling of cells and in particular for the study of cellular metabolic responses to
drug exposure. The principles of HR-MAS and the metabolomic approach are briefly described. As an example,
a study on the metabolic response of different cell types towards treatment with a highly cytotoxic hexacationic
ruthenium metallaprism as potential anti-cancer drug is presented. Specific metabolites and metabolic pathways
are suggested to be associated with the cellular response. The study demonstrates the potential of HR-
MAS metabolomics applied to cells for addressing the intracellular processes involved in the treatment with

organometallic drugs.

Keywords: Cells - HR MAS NMR - Metabolic profiling - Ruthenium

Introduction

Bioorganometallic Chemistry and
Analytics

The term bioorganometallic chemistry
is literally the study of biologically active
molecules that contain carbon directly
bonded to metals or metalloids. As such,
bioorganometallic chemistry is a subset of
bioinorganic chemistry and encompasses
various fields such as organometallic
chemistry, biochemistry, and medicine.!!l
In particular, the study of the fates of
synthetic organometallic compounds in
biological environments can be considered
as one of its most important aspects.!!]

The search forimproved organometallic
drugs continues with the goals of reducing
the toxic side effects and broadening the
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spectrum of activity to resistant tumors and
metastasis, but also to resistant bacteria
and parasites.[2! If we consider the field
of anticancer research, a major focus of
current research is in the investigation of
new organometallic compounds that act
by a different mechanism compared to
platinum compounds to achieve a different
profile of activity.3-51 Current knowledge of
the mechanism of action of organometallic
drugs relies on powerful analytical tech-
niques. Some of these techniques are
described in other articles of this issue, and
selected examples showing the knowledge
that can be gained are illustrated.

NMR methods have undoubtedly
proved useful in the investigation of orga-
nometallic drugs, especially of platinum
drugs.®! Both Pt and SN NMR were
used in early studies and made a major
contribution in the understanding of the
molecular mechanism of action of cisplatin
from model studies involving reactions
with amino acids and nucleotides.!”]
However, these NMR studies were limited
by the fact that the actual physiologically
relevant conditions could at best be only
approximately mimicked. A new technique,
high-resolution magic angle spinning (HR-
MAS) NMR Spectroscopy was introduced
two decades ago and has opened new
avenues for the study of molecules that
belong neither to the liquid nor to the solid
state but which lie somewhere between the
two, typically cells and human or animal
tissues. 8!

HR-MAS NMR Spectroscopy

The HR-MAS NMR spectroscopy
techniquel®! was first exclusively used for
the characterization of compounds ob-
tained from solid-phase synthesis direct-
ly attached to their solid support.[8.10-12]
Briefly, the technique is derived from sol-
id state NMR spectroscopy and involves
swelling the sample with an appropriate
solvent to reintroduce enough mobility,
and then using the magic angle spinning
(MAS) technique to reduce the NMR line-
widths of samples. !

Indeed, the dipolar and the chemical
shift Hamiltonians are composed of a spin
part, which can be manipulated by pulse
sequences, and of a spatial part (1-3co0s’0),
0 being the angle between the internuclear
vector and the external magnetic field,
which can be manipulated by the sample
rotation.!3] The term (1-3co0s?0) vanishes
in solution, because of the fast molecular
reorientations (Brownian motion). It can
also vanish in solid state or for ‘soft’
samples when the sample is spun rapidly at
a special angle, the so-called magic angle,
which is equal to 54.7°.1131 However, for
being really efficient and for obtaining
sharp ‘liquid-like’ resonances, the speed
of rotation must be at least equal to the
magnitude of the dipolar interaction and of
the chemical shift anisotropy. For protons,
fortunately, the chemical shift anisotropy
is weak, and the swelling of the sample or
the soft nature of medical samples (cells,
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Fig. 1. A: Scheme of an NMR probe with HR-MAS stator in vertical and in magic angle position,
"H NMR spectrum (500 MHz) of large 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) vesicles
in D,0 acquired with B: magic angle spinning and C: classical liquid state NMR spectroscopy.

tissues) reintroduces enough mobility so
that the dipolar interactions between the
spins never exceed a few kHz.13-9]

The reason for the success of HR-
MAS is precisely that MAS has the
unique property of averaging the large
magnetic field gradients present in such
heterogeneous samples to zero.[81 Under
such conditions, the sample behaves very
much like a liquid, and standard liquid-
state NMR experiments can be employed to
identify and characterize molecules of the
soft material. There are many applications
of HR-MAS and it is not limited to the
study of compounds issued from solid-
phase synthesis. Important current
applications include the characterization
of polymers,[14 lipidsl!5-16] and biological
tissues.[17-191

Fig. 1A depicts a scheme of an NMR-
probe with the HR-MAS stator and rotor
containing the sample. Comparison of the
"HNMR spectrashowninFig. 1B (acquired
with HR-MAS) and Fig. 1C (acquired with
classical liquid-state NMR) visualizes
the resonance narrowing effect of MAS
applied to the same sample, exemplified
here for a suspension of phospholipid
vesicles in D,0.

Metabolic Profiling of Cells

Metabolic profiling of cells involves
the description of the entire range of
small molecules covered by the analytical
method of choice. The most frequently
applied methods for metabolic profiling
of tissue or cells are mass spectrometry
(MS) combined with chromatography
and 'H NMR spectroscopy.l20l Typically,
extracts of the biological material have to

be prepared prior to analysis. In contrast,
the HR-MAS technique allows direct
access to the '"H NMR spectra of intact
living cells without the need of extraction
or separation. This is possible because
of the above mentioned MAS-induced
minimization of resonance line broadening
effects caused by the inherent chemical and
physical heterogeneities present in cells,
which behave as ‘semi-solid” samples. The
resulting well resolved small metabolite
proton spectra thus represent a unique
chemical fingerprint of the cells. Due to the
complexity of the metabolite spectra the
quantitative analysisis often combined with
multivariate statistical methods leading to
the field of the so-called ‘metabolomics’
or ‘metabonomics’.?2!l The metabolomic
approach enables the untargeted detection
of even small metabolite alterations
caused by specific diseases or following
any type of intervention such as drug
exposure or specific growth conditions
during cell culture. It involves both
unsupervised and supervised chemometric
tools. Among the unsupervised methods,
principal component analysis (PCA) and
hierarchical clustering analysis (HCA)
are often employed to detect similarities
between samples and to identify outliers.[22]
Supervised methods employ prior knowl-
edge, e.g. the assignment to drug treated
and control samples. Typically, partial
least squares discriminant analysis (PLS-
DA) is applied to the data in order to
build classification models for identifying
metabolites responsible for separation of
the groups.

The chemometric approach applied
to the global metabolic profile of cells is
thus a powerful tool for finding biomarker
components specific for disease or drug

response.23.241 Likewise, it can reveal
potential metabolic targets of drugs
following cell uptake,[?5] or pathways
associated with cellular drug response.[20]
Consequently, HR-MAS NMR-based
metabolomics of cells has found its way
into the study of organometallic drugs.
Metabolomic studies involving various
tumor cell lines exposed to cisplatin
have been performed to gain insight
into the mechanisms of action on a
molecular basis inside the cell.[26-28] The
reported cisplatin-induced metabolic cell
response included the onset of apoptosis,
alterations in lipid metabolism regulation,
oxidative stress and DNA-related defense
mechanisms.[2627] Glycosylated uridine-
diphosphate (UDP) compounds/26:28:291 ag
well as unsaturated triglycerides(?’! were
suggested as biomarkers for cisplatin
treatment response predicting cell death.
Organometallic ruthenium complexes
have gained much interest as promising
alternative drug candidates for the treat-
ment of cancer. This is mainly due to their
high affinity for cancer cells combined
with low cytotoxic concentrations even
against cisplatin-resistant cell lines. The
research in our group has focused on a
series of multinuclear water-soluble arene
ruthenium prisms and their interactions
with various biomolecules.[3%-341 The HR-
MAS-based metabolic profiling approach
outlined in this review was applied in order
to learn more about potential intracellular
pathways involved in the cytotoxic mecha-
nism.[351 For this, three different cell lines
were used, human ovarian carcinoma
cells which were either sensitive towards
cisplatin treatment (A2780 cells) or
which have developed cisplatin resistance
(A2780cisR cells) as well as human
embryonic kidney cells (HEK-293 cells).

'H HR-MAS NMR Spectra of Cells

The analysis of living systems poses
challenges on the preparation protocols
with respect to maintaining integrity and
authenticity of the material while at the
same time achieving highly reproducible
data. These protocols may involve
careful freezing of the cell material with
cryoprotectants, lysis of the cells in order
to stop metabolismB%371 or additional
heating steps to yield stable samples for
measurements of extended time periods. 3!
As biological processes such as enzymatic
reactions are still ongoing in living
cell material, their analysis therefore
requires highly standardized experimental
protocols to be performed constant in
time. The workflow pursued for the
samples described here is schematically
represented in Fig. 2. Cells were seeded
and equilibrated in culture for 24 h before
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the culture medium was exchanged
by medium either containing the drug i
dissolved in a small amount of DMSO Cell culture Cell suspension || Cell pellet || Cells / PBS (D,0)
or only the solvent (DMSO) for control

samples. The incubation lasted 24 h or equilibrate MAS
72 h until the medium was removed. q harvest cells thaw

seed remove medium freeze transfer to

Harvesting of cells included trypsinization add dryg bat wash wash rotor
and subsequent addition of serum to detach incubate |

the adherent cells. Following several \ >
washing and centrifugation steps of the ty t t, ty t, 5 time

cell suspension the pellet was finally taken

up in freezing medium containing 10%

DMSO as cryoprotectant for storage at

—80 °C. Samples were thawed, washed and

finally taken up in D, O-based phosphate ‘ - - -

buffered saline (PBS) shortly before

HR-MAS NMR measurement. In this

way, each culture flask gave rise to one

sample containing approximately 1-5x10°

cells suspended in 12 uL. PBS (D,0, pH

7.4). To account for sufficient statistical

power, eight replicates were prepared for

control samples and ten replicates for drug

treated samples for each cell line and each

incubation time (24 h, 72 h). Lac
In Fig. 3, a representative 'H HR- pC

MAS NMR spectrum of a cell suspension pr UGIcNAC Lip

obtained from A2780 ovarian carcinoma GPC | UGalNAc /I_ip

cells is shown. The spectrum is divided \‘i \Gln |

into the aliphatic region from 0.5 ppm to Glu }i ain Lip J‘ll/ LYS Ala | E_eu

Ac

4.4 ppm (Fig. 3A) and into the aromatic \ PC LaCCreGSHIH PC

lle
region between 5 ppm and 8.6 ppm (Fig. / . Glu }/ JJ
3B). It was acquired with a MAS rate of 3 \J‘%)’JW )f '[ JJ|<’I;LP GSH J/ = Chm
kHz at a temperature of 37 °C. Typically, R :
pulse sequences applied for metabolic 40 35 3.0 25 20 ; 10 [ppm]
profiling of biological material include
water saturation techniques and relaxation R=
editing in order to suppress broad H (Ura)
resonances derived from macromolecules :
with short T, relaxation times such as His )
proteins or polysaccharides.l'8! The spec- Rib-P, (UDP, UTP)
trum shown in Fig. 3 was recorded with Rib-P,GIUA  (UGIUA)
a Carr—Purcell-Meiboom-Gill (CPMG) ;
pulse sequence (cpmgpr, Bruker) used as Rib-P,NAcGal (UGalNAc)
Tz—relaxation filter. Resonance assignment Rib-P;NACGIc (UGIcNAC)
of complex cell metabolite spectra is based
on the combined information obtained
from additional 2D correlation spectra (e. g.
HR-MAS TOCSY), comparison with data
bases (e.g. human metabolome database,
HMDBB8:39) literature values!20:35371 and
additional spiking with reference com-
pounds.*0] The most prominent peaks
in the aliphatic region (Fig. 3A) derive
from lipids (Lip) and choline-containing
compounds (Cho, PC, GPC) indicating J
an intracellular mobile lipid pool as for S O A S T T T R T e B B A B AR AN
example presentin lipid droplets.!'51 Typical 85 8.0 75 7.0 65 60 55  [ppm]
small metabolites detectable in the aliphatic
region of cell spectra are amino acids like
leucine (Leu), valine (Val), isoleucine

Fig. 2. Workflow for the preparation steps at defined time points (t, - t,) of cell suspensions for
HR-MAS NMR measurements.

A

|

0O UGIcNAC

UGaINAC ./
=

Fig. 3. '"H HR-MAS NMR spectrum of A2780 cells in PBS (D,0, pH 7.4) acquired at 500 MHz,

T =37 °C, 3 kHz MAS, and a comg-pulse sequence with water saturation. A: expansion of the

. aliphatic region, B: expansion of the aromatic region. Resonance assignments: Ac: acetate,
(Tle), glutamlne. (Gln) and gluta}mate (Glu) Ala: alanine, AMP: adenosine-monophosphate, Cho: choline, Chol: cholesterol & esters, Cre:

as well as the ml?ep“de g]utathl(?ne (GSH) creatine, Cyd: cytidine, GIn: glutamine, Glu: glutamate, GPC: glycerophosphocholine, GSH:

and other organic compounds like lactate glutathione, lle: isoleucine, Lac: lactate, Leu: leucine, Lip: lipid, Lys: lysine, PC: phosphocholine,
(Lac), acetate (Ac) or creatine (Cre). In  Phe: phenylalanine, RibP: ribose-5-phosphate, Tyr: tyrosine, UDP/UTP: uridine-di-/tri-phosphate,
the spectral region between 5 ppm and UGalNAc: UDP-N-acetyl-galactosamine, UGIcNAc: UDP-N-acetyl-glucosamine, UGIUA: UDP-
8.5 ppm (Fig. 3B) multiple resonances glucuronic acid, Ura: uracil, Urd: uridine, Val: valine.
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originate from nucleotides mainly derived
from the pyrimidine base uracil (Ura). The
nucleotide sugars (UGIcNAc, UGalNAc,
UGIuA) give rise to characteristic multiplets
(at around 5.5 ppm) due to coupling of the
anomeric sugar protons with phosphate
nuclei.*0I They play key roles in intracellular
enzymatic glycosylation processes as sugar
donors to form glycolipids, glycoproteins
or polysaccharides. Taken together, the
detectable small metabolites are part of
specific metabolic pathways or reactions
as educts, intermediates or products and at
large provide a chemical snapshot of the
cells.

The Metabolic Profile of Untreated
Cells — PCA of Control Cells

In Fig. 4, a three-dimensional PCA
plot for all untreated control cell samples
is shown. Each data point represents
one 'H HR-MAS NMR spectrum. The
relative amount of variance explained by
each PC component is given in brackets.
Prior to PCA, the processed 'H HR-MAS
cell spectra were subdivided into 97
individually sized buckets (X-variables)
minimizing resonance overlap for every
single bucket and excluding noise regions.
With 8 cell samples for each cell line
(A2780, A2780cisR, HEK-293) and 2
different incubation times (24 h, 72 h) a
total number of 48 spectra (Y-variables)
were analyzed resulting in an XY-data
matrix of 97 x 48. PCA reduces the
complexity of the matrix by projecting
the data into a two- or three-dimensional
space to explain the variance along the
projected PC components. It is a means to
visualize the similarity between samples or
their magnitude of variance, respectively,
in an unsupervised manner. The 95%
confidence ellipsoids mainly reflect the
intrinsic variations inherent to biological
material but also variations due to sample
handling and measurement. A clear
clustering of the samples according to cell
line and incubation time was obtained. The
similarity between samples of the same
group confirmed a good reproducibility
of the data and suggested cell line specific
metabolic profiles such as those caused by
different genetic expressions. Accordingly,
molecular signatures of cells accessible
through HR-MAS NMR metabolomics
have been used for phenotyping of tumor
cellsi*!] and diseases.[*2] Another important
finding was the separation of cells from
the same cell line depending on incubation
time, which underlines the importance of
standardized timed growth conditions.
Nutrient consumption and increased cell
density during cell culture caused meta-
bolic alterations most pronounced for
A2780 and HEK-293 cells (Fig. 4).

PC 3 (12.7 %)

Fig. 4. PCA scores
plot for the first three
PC-components
calculated for the 'H
HR-MAS spectra of
untreated (control)
cell suspensions
obtained from A2780,
A2780cisR, and
HEK-293 cell cultures
after 24 h and 72

h incubation time.
The 95% confidence
ellipsoids are
displayed for each
group.

Example: Effects of a Ruthenium
Metallaprism against Cells

The hexanuclear ruthenium metalla-
prism [(p-cymene) Ru,(tpt),(dhnq),]* ([1])
shown in Fig. 5 emerged as highly cytotoxic
against A2780, HEK-293, and even the
cisplatin-resistant A2780cisR cells with
IC,, values below 1 uM. To gain insights
into the metabolic pathways associated
with the cytotoxic effect of [1], the
metabolic response of A2780, A2780cisR,
and HEK-293 cells was studied following
treatment with [1].035]

PLS-DA was applied to the data to
obtain a model for distinguishing control
cells from drug-treated cells. The PLS-
DA scores plots are displayed in Fig. 6
for an incubation time of 24 h. In these
models drug-treated (shown in red) and
control samples (shown in blue) were

Fig. 5. Structure of the hexacationic ruthenium
metallaprism [(p-cymene),Ru,(tpt),(dhnq),J**
(1D tpt: 2,4,6-tri(pyridin-4-yl)-1,3,5-triazine,
dhngq: 5,8-dihydroxy-1,4-naphthoquinonato.

well separated mostly along the first latent
variable (LV-1) for all three cell lines.
Controls gave rise to negative scores on
LV-1 while cells exposed to [1] gave rise
to positive LV-1 scores. The distinguishing
features were most pronounced for A2780
cells (Fig. 6C), followed by A2780cisR
(Fig. 6A) and HEK-293 cells (Fig. 6D).
To derive meaningful information from
the PLS-DA models the corresponding
so-called loading plots were analyzed.
An example is shown in Fig. 6B. It
displays the load values for all X-variables
(buckets) according to their impact on the
first PLS-DA component for the PLS-DA
scores plot comparing A2780cisR control
and drug-treated cells (Fig. 6A). Buckets
with high positive values are displayed in
red and buckets with high negative values
are displayed in blue. The corresponding
metabolites can be considered as strong
contributors to the discrimination between
sample groups. Metabolites giving rise
to multiple NMR resonances or buckets
should thus result in correlated load values.
Exposure of [1] to A27808cisR cells
resulted in increased levels of glutamine/
glutathione (Glu/GSH), unsaturated lipids
(Lip,,,)» phosphocholine (PC), creatine
(Cre) and UDP-sugars while lactate
(Lac), phosphoethanolamine (PE) and
choline (Cho) levels were decreased as
compared to control cells. Metabolites for
the discrimination of [1]-treated A2780
cells and HEK-293 cells from controls are
indicated in the corresponding PLS-DA
scores plots (Fig. 6C, D).

Interestingly, cisplatin-sensitive and
-resistant A2780 cells exhibited diffe-
rent metabolic responses to [1]. The
strong overall decrease in lipids (all
lipid resonances were affected) and
simultaneous increase in choline-con-
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Fig. 6. PLS-DA scores plots for control cells (shown in blue) and cells treated with [1] (shown

in red) for an incubation time of 24 h. A: A2780cisR cells, B: Loading plot for the first PLS-DA
component LV 1 corresponding to the PLS-DA plot shown in A. Load values with high positive
values are shown in red, and with high negative values are shown in blue. C: A2780 cells, D:
HEK-293 cells. In C and D, metabolites with high load values are indicated in the plots. The 95%

confidence ellipses are displayed for each group.

taining compounds in A2780 cells is
an indicator of membrane breakdown,
potentially associated with a necrotic cell
death pathway.l*3] On the contrary, the
selective increase of unsaturated lipids as
observed here for A2780cisR and HEK-
293 cells, has been interpreted as indicator
for the onset of an apoptotic cell death
pathway.[20] The release of unsaturated fatty
acids and phosphocholine from membrane
phosphatidylcholines may be mediated by
enhanced phospholipase activities*4 (Fig.
7). Upregulation of nucleotide sugars (see
Figs. 3B and 7), which was even more
pronounced after prolonged incubation
with [1] in A2780cisR cells!35] indicated
the involvement of glycosylation processes
(Fig. 7). Interestingly, a similar response as
observed for the ruthenium metallaprism
in A2780cisR cells was found for
cisplatin in non-resistant tumor cells, i.e. a
simultaneous increase of unsaturated lipids
and phosphate-sugar nucleotides.[28:45]
The ruthenium complex [1] was found
to induce increased levels of glutamate
(Glu)/glutathione (GSH) in all three cell
lines at short and long incubation times.

Glutathione, a tripeptide composed of the
amino acids Cys, Glu, and Gly, plays key
roles in protecting cells from oxidative
damage and detoxification against xeno-
biotic compounds.[#6l Resistance of cancer
cells towards cisplatin has been related
to the detoxification reaction with GSH

due to an overexpression of the enzyme
GSH-S-transferase (GST, Fig. 7).1471 The
accumulation of GSH in the presence of [1]
indicates that this resistance mechanism
is not effective against the ruthenium
complex. Further studies will be required
to clarify if this is associated with an
inhibition of GST or an increased supply
of GSH by its stimulated biosynthesis.

Conclusion

HR-MAS NMR spectroscopy of
biological semi-solid samples like cells
and tissues is a powerful tool to study
metabolic processes involving small meta-
bolites in a most non-invasive way. It is
particularly powerful when combined
with multivariate statistical methods that
simplify the quantitative analysis of
complex metabolite spectra. Consequently,
HR-MAS-based metabolomics has gained
much interest in the study of cell responses
towards drugs. Metabolite alterations may
reflect stimulation either of biosynthetic
or of catabolic pathways triggered by drug
exposure. The changes provide indications
for intracellular targets on the mole-
cular basis and information on reactions
involved in cell response. This knowledge
may be useful for understanding cyto-
toxic mechanisms for a given com-
pound as well as for tailoring more
efficient drugs. Identification of specific
biomarkers may act as indicators for early
treatment response. The development of
organometallic cytotoxic compounds has
yielded numerous drug candidates with
promising anticancer activity. However,
for most of these metal-based compounds,
the mechanisms of actions and their
molecular targets are still unknown.[*8]
The application of HR-MAS-based meta-
bolomics as a means to gain insights into
living systems may prove useful to increase
the knowledge in this field.

PLA,
Phosphatidyl- >
holi
choline PLC
Proteins e >
Lipids
UDP-MNACGlc uDp
GST
Glutathione I
(GSH)
X/

Fig. 7. Enzyme
- catalyzed intracellular
Faﬂy acids reactions proposed
3 to play a role in the
Phosphocholine cellular response

towards treatment
with [1]. PLA,:
Phospholipase A,,
PLC: Phospholipase
C, GT: Glycosyl-

Glycoproteins

Gl}'{:{}llplds Transferase, GST:
GSH-S-Transferase,
X: Xenobiotic
compound.
Glutathione-5-X
GSX
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