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Abstract. Xenografts are commonly used to test the effect of new drugs on human
cancer. However, because of their heterogeneity, analysis of the results is often
controversial. Part of the problem originates in the existence of tumor cells at different
metabolic stages: from metastatic to necrotic cells, as it happens in real tumors.
Imagingmass spectrometry is an excellent solution for the analysis of the results as it
yields detailed information not only on the composition of the tissue but also on the
distribution of the biomolecules within the tissue. Here, we use imaging mass spec-
trometry to determine the distribution of phosphatidylcholine (PC), phosphatidyleth-
anolamine (PE), and their plasmanyl- and plasmenylether derivatives (PC-P/O and
PE-P/O) in xenografts of five different tumor cell lines: A-549, NCI-H1975, BX-PC3,

HT29, and U-87 MG. The results demonstrate that the necrotic areas showed a higher abundance of Na+

adducts and of PC-P/O species, whereas a large abundance of PE-P/O species was found in all the xenografts.
Thus, the PC/PC-ether andNa+/K+ ratiosmay highlight the necrotic areaswhile an increase on the number of PE-
ether species may be pointing to the existence of viable tumor tissues. Furthermore, the existence of important
changes in the concentration of Na+ and K+ adducts between different tissues has to be taken into account while
interpreting the imaging mass spectrometry results.
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Introduction

Xenografts are a useful model to evaluate the pathobiology
of tumors and to investigate the response to new antitu-

mor drug candidates for human treatment [1, 2]. They are

commonly developed in immunocompromised (nude) mice
by injecting human tumor cells subcutaneously or onto a spe-
cific tissue in which the tumor originated [3]. One of the main
advantages of this model is the possibility of evaluating the
response to the treatment in human-originated cells and in a
more physiological context than a culture dish. However, within
a same experiment, xenografts usually differ in their morpholo-
gy, growth rate, and vascularization level. For example, a rapid
growth may lead to a poor vascularization of the tissue, which in
turn may result in a generalized hypoxic state and, eventually, in
cell death. That is, as it happens in clinical tumors, xenografts are
formed by cells at different physiological stages, exposed to
slightly different environments depending on their distance to
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the blood vessels, hindering altogether the comparison between
samples [4–6].

An attractive approach to identify a valid biomarker that
would correlate with the physiological stage of tumor cells may
be to analyze the distribution of metabolites within xenograft
samples by imaging mass spectrometry (IMS). Some attempts
to find such biomarkers by using IMS were carried out, but the
results were limited to a single type of xenograft and may not
hold for xenografts from different cell lines [7, 8]. On the basis
of those preliminary works, we explored here the predictive
ability of the most abundant ether glycerophospholipids (GP)
(i.e., plasmanyl phosphatidylcholine (PC-O), plasmenyl PC
(PC-P), plasmanyl phosphatidylethanolamine (PE-O), and
plasmenyl PE (PE-P) lipid species, Scheme 1), as biomarkers
related to the physiological stages of tumor cells constituting
the xenografts.

Ether GP species differ from the more common diacyl
subclass in having a fatty alcohol rather than a fatty acid at
the sn-1 position. The fatty alcohols are linked by a 1-O-alkyl
ether bond, also termed a plasmanyl GP, or by a 1-O-(1Z-
alkenyl) bond, containing a vinyl ether, termed a plasmenyl
GP or plasmalogen (Scheme 1). In general, 1-O-alkyl groups
are more abundant in choline GP, whereas 1-O-(1Z-alkenyl)
groups are found primarily in ethanolamine GP. Ether GP
synthesis is rather complex, starting in the peroxisomes and

finishing in the endoplasmic reticulum [9]. Their physiological
roles have been challenging to identify and are likely to
be particular to different tissues, metabolic processes, and
developmental stages [9]. Because of the absence of a
carbonyl group at the sn-1 position, ether GPs have a
higher propensity to form an inverse hexagonal phase
(non-bilayer forming), which is a requirement for mem-
brane fusion. Interestingly, the sn-2 position is frequently
esterified with polyunsaturated fatty acids, particularly
arachidonic and docosahexaenoic acids. Therefore, ether
GP may be seen as reservoirs for these biologically
active lipid mediators, released upon PLA2 hydrolysis.
However, the most frequent role associated to ether GP
is as an antioxidant, as it is generally accepted that the
hydrogen atoms adjacent to the vinyl ether bond are
preferentially oxidized over diacyl GP when exposed to
various free radicals and singlet oxygen [10].

In a quest for a more universal set of biomarkers, here we
describe the use of IMS to map the distribution of PC, PE, and
their ether derivatives in xenografts of five different tumor cell
lines: A-549 (adenocarcinomic human alveolar basal ep-
ithelial cells), BX-PC3 (human pancreatic cancer), HT29
(human colon carcinoma), NCI-H1975 (human lung can-
cer), and U-87 MG (human glioblastoma-astrocytoma). In
agreement with previous works, we report an increased
presence of ether PC and ether PE in all xenografts
compared with non-tumor tissue [11–13]. As expected,
they all showed very different lipid composition and
relative abundance of species, owing to their different
origin. However, as it will be demonstrated below, some
common patterns in the distribution of the ether species
were found across all the xenografts analyzed, revealing
that their abundance and distribution may be a good
indicator not only of the presence of neoplastic lesions
but also of the existence of necrotic areas.

Materials and Methods
Reagents

Water, methanol, acetonitrile, 2-propanol and formic acid
(Fisher Scientific, Fair Lawn, NJ, USA) were of Optima LC/
MS grade. Leucine enkephalin acetate hydrate, ammonium
acetate, and sodium hydroxide solution were purchased from
Sigma-Aldrich Chemie (Steinheim, Germany).

Lipid standards LPC, (lysophosphatidylcholine synthetic),
PE (liver, bovine), and PC (liver, bovine) were purchased from
Avanti Polar-Lipids, Inc. (Alabaster, Alabama, USA). All
stock standard solutions (in concentration 1000 μg/mL) were
prepared in chloroform, and all were stored at −20°C in dark-
ness. For identification purposes, reference solutions of each
lipid class in a concentration 100 μg/mL were prepared in
methanol-chloroform (2:1, v/v).

Chloroform and methanol used for xenograft lipid extrac-
tion were HPLC grade ACS ISO UV–VIS purity (Scharlau,
Barcelona, Spain).

Scheme 1. Structure of the glycerophospholipids analyzed in
this work
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Animals and Tumor Grafts

Male NUDE (Swiss) Crl:NU (Ico)-Foxn1nu mice (5 wk-old,
30–35 g, Charles River Laboratories, Paris, France) were main-
tained in a thermostat cabinet (28°C; EHRET, Labor-U-
Pharmatechnik) with a sterile air flow at a relative humidity
of 40%–60% and a 12 h dark/light cycle. The human cancer
cell lines (A-549, BX-PC3, HT-29, NCI-H1975, and U-87
MG) were obtained from the European Collection of Human
Cell Cultures (ECACC, Salisbury, UK). Cells were cultured at
37°C in 5% CO2 and RPMI-1640 cell culture media supple-
mented with 10% fetal bovine serum (v v), 1 mM sodium
pyruvate, 100 units mL penicillin, 0.1 mg mL streptomycin,
and 0.25 μg mL amphotericin B. Media and other culture
reagents were obtained from Sigma-Aldrich (Madrid, Spain).
To obtain tumor xenografts, 7.5 × 106 cells (for NCI-H1975
and A-549 cell derived xenografts) or 107 cells (BX-PC3, HT-
29, and U-87 MG derived xenografts) were inoculated subcu-
taneously into the animal dorsal area and after 1 wk, tumors
were already visible. After the final tumor volume measure-
ments, mice were sacrificed by decapitation. Then, the tumors
were removed and immediately frozen in liquid nitrogen before
being stored at −80°C. The tissue sections were not washed or
manipulated in any way to preserve the original adduct con-
centration, which was very relevant to the study (see below).
All experiments were carried out in accord with the animal
welfare guidelines of the European Union and the Institutional
Committee for Animal Research of the University of the
Balearic Islands. Sections of ~15 μm thicknesses were prepared
using no embedding material in cryostat (Leica CM3050S) at –
20°C and placed on plain glass microscope slides. Sections
were stored at –80°C until analysis.

Tissue Staining with Acridine Orange

As a control of tissue integrity, xenograft sections were first
incubated with 4′,6-diamidino-2-phenylindole (DAPI; Dako,
Barcelona, Spain) for 1 min at room temperature to stain cell
nuclei. After washing three times with 0.1 M phosphate buffer
solution (PBS, NaH2PO4 20 mM, Na2HPO4 80 mM, pH 7.4),
sections were incubated 1 min at RT with a freshly prepared
acridine orange solution (Sigma, Madrid, Spain) at 0.6 μg/mL
in PBS. Finally, sections were washed three times with PBS,
and a small drop of fluorescent mounting medium (Dako) was
added onto the section. Images were obtained with Axioscope
Cell Observer microscope (Carl Zeiss, Goettingen, Germany).

Sample Preparation for Imaging

During this work, between three and 20 sections from each
xenograft were scanned, both in positive- and negative-ion
modes, at spatial resolutions between 100 and 200 μm, using
the Orbitrap analyzer of an LTQ-Orbitrap XL (ThermoFisher,
San Jose, CA, USA), equipped with an N2 laser (100 μJ max
power, elliptical spot of ~40 × 160 μm, 60 Hz repetition rate)
[14]. Mass resolution was set to 100,000 at m/z = 400 Da to
record the data, and the scanning range was 400–1000, both in

p o s i t i v e - a n d n e g a t i v e - i o n mod e s . MBT ( 2 -
mercaptobenzothiazole) [15] was used as matrix for positive-
and negative-ion mode, and was deposited with the aid of a
glass sublimator (Ace Glass 8023; Vineland, NJ, USA) [13].
The amount of matrix deposited over the section was a com-
promise between obtaining a uniform, thin enough layer so the
matrix peaks did not interfere with the detection of lipids and
depositing a sufficient amount of matrix to allow scanning for
several hours [14].

The spectra were analyzed using dedicated software
(MSIAnalyst; NorayBioinformatics S. L., Zamudio, Spain).
During parsing, the size of the data was reduced, eliminating
all the peaks whose intensity was lower than the 0.5% of the
most intense peak on the spectrum, and the spectra were
normalized using a total ion current algorithm [16]. Spectra
were also aligned using the Xiong et al. method [17] and
assuming a maximum misalignment of 0.02 Da., which is very
conservative for an Orbitrap analyzer. During graphical repre-
sentation, no interpolation or smoothing algorithms or any de-
noising procedure was used, always trying to maintain the
original aspect of the data.

Statistical analysis to identify the different areas in the
sections was carried out using principal component analysis
(PCA) [18] and k-means [19]. However, only the latter analysis
will be presented here, as the clustering algorithm produced
superior results.

Lipid identification in MALDI-IMS was based on a direct
comparison between the value of the m/z and the lipids in the
software’s lipid data base (>33,000 species plus their adducts)
and those in the lipid maps data base (www.lipidmaps.org).
Mass accuracy was always better than 10 ppm and it was
typically better than 3 ppm. In those cases where no
unequivocal assignment was found, a comparison with the
data from UHPLC was performed. If any of the candidates
were not detected by UHPLC-MS, and it was not detected as
other adduct in the MALDI-IMS experiment, such candidate
was removed from the list. Data from LC-MS/MS were also
used to provide the identity of the acyl/alkyl substituents of the
species detected (see Tables 1 and 2)

Lipid Extracts for UHPLC-MS

Lipids were extracted by the Bligh and Dyer method [20],
applied as described elsewhere [13]. Briefly, approximately
90 mg of frozen tissue was homogenized with a tissue blender
(Ultra-Turrax; Janke and Kunkel, Saufen, Germany). In each
sample, 3.75 mL of 1:2 (v/v) CHCl3:MeOH was added and
vortexed thoroughly for 1 min. Then, 1.25 mL of CHCl3 was
added and the solution was also vortexed thoroughly for 1 min.
Finally, 1.25 mL of distilled H2O was added and again the
solution was vortexed thoroughly for 30 s. Samples were
centrifuged at 1000g for 5 min at 4°C to obtain a two-phase
system (aqueous top, organic bottom) and the bottom phase
was recovered. The latter was re-extracted by adding 2 mL of
1:2 (v/v) CHCl3:MeOH 1:1 (v/v) and 2 mL of H2O, and again
vortexed thoroughly for 1 min. Samples were centrifuged at
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1000g for 10 min at 4°C. The lower phase was combined with
the first organic phase, evaporated under N2 stream. Lipid
extract was resuspended in n-hexane:isopropanol (3:2, v/v)
and stored at −80°C until analysis.

UHPLC-MSE Analysis

The procedure used in this work was similar to that in reference
[13]. Ultrahigh performance liquid chromatography (UHPLC)
was carried out by using an ACQUITY UPLC system from
Waters (Milford, MA, USA). Lipid extracts from the xeno-
grafts were injected onto a column (Acquity UPLC HSS T3
1.8 μm, 100 × 2.1 mm; Waters), which was heated to 65°C.
Mobile phases consisted of acetonitrile and water with 10 mM
ammonium acetate (40:60, v/v, phase A) and acetonitrile and
isopropanol with 10 mM ammonium acetate (10:90, v/v, phase
B). Separation was carried out in 13 min under the following
conditions: 0–10 min, linear gradient from 40% to 100% B;
10–11 min, 100% B; and finally, re-equilibration of the system

with 40%B (v/v) for 2 min prior to the next injection. Flow rate
was 0.5 mL/min and injection volume was 5 μL. All samples
were kept at 4°C during the analysis.

All UHPLC-MSE data were acquired on a SYNAPT G2
HDMS, with a quadrupole time of flight (Q-ToF) configura-
tion, (Waters) equipped with an electrospray ionization (ESI)
source that can be operated in both positive- and negative-ion
modes. The capillary voltage was set to 0.7 kV (ESI+) or
0.5 kV (ESI−). Nitrogen was used as desolvation and cone
gas, at flow rates of 900 L/h and 30 L/h, respectively. The
source temperature was 120°C, and the desolvation tempera-
ture was 400°C.

Before analysis, the mass spectrometer was calibratedwith a
sodium formate 0.5 mM solution. Leucine-enkephalin solution
(2 ng/μL) in acetonitrile:water (50:50, v/v + 0.1% formic acid)
was utilized for the lock-mass correction of all the spectra and
the ions at mass-to-charge ratios (m/z) 556.277 and 278.114, or
554.262 and 236.104, depending on the ionization mode, from
this solution were monitored at scan time 0.3 s, and at 10 s

Table 2. PE Species Detected by UHPLC/MS for Each of the Five Xenografts Analyzed in this Work

Species Adducts detected in each xenograft

A-549 U-87 MG HT29 BX-PC3 NCI

P–16:0/16:1 –H+ – –H+ –H+ –
32:1 –H+ – –H+ –H+ –
P-16:0/18:2 –H+ – –H+ –H+ + H+, −H+

P-16:0/18:1 + H+, −H+ –H+ –H+ –H+ + H+, −H+

16:0/18:2 –H+ – – +Na+, −H+ –
16:0/18:1 – –H+ + H+ – + H+, −H+

34:0 – – – – +AcO−

P-36:5 + H+, −H+ – + H+, +Na+, −H+ –H+ –
P-16:0/20:4 +H+, +Na+, +K+, −H− + H+, −H+ + H+, +Na+, −H+ –H+ + H+, +Na+, −H+

P-36:3 / O-36:4 –H+ – –H+ –H+ –
P-18:0/18:2 // O-36:3 –H+ – + H+, −H+ –H+ + H+, −H+

35:2 – – – – +AcO−

P-18:0/18:1 –H+ – –H+ –H+ + H+, −H+

P-18:0/18:0 – – –H+ – –
16:0/20:4 –H+ – –H+ –H+ –
18:1/18:2 –H+ – –H+ –H+ –
18:0/18:2 – +H+ – – +H+, +AcO−, −H+

18:0/18:1 + H+, −H+ + H+, −H+ + H+, −H+ + H+, +Na+, −H+ +H+, +Na+, +AcO−, −H+

P-16:0/22:6 + H+, −H+ + H+, −H+ + H+, −H+ –H+ + H+, −H+

P-18:0/20:5 // O-16:0/22:6 + H+, −H+ + H+, −H+ + H+, −H+ –H+ + H+, −H+

P-18:0/20:4
P-16:0/22:4

// O-38:5 +H+, +Na+, +K+, −H+ +H+, Na+, −H+ +H+, Na+, −H+ –H+ +H+, Na+, −H+

P-38:3 / O-38:4 –H+ – –H+ – –
P-20:0/18:2 // O-38:3 – – –H+ – –
38:6 –H+ – –H+ + H+, −H+ –H+

18:1/20:4 –H+ – –H+ + H+, −H+ –
18:1/20:3 // 18:0/20:4 + H+, −H+ – –H+ + H+, −H+ + H+, +Na+, −H+

38:3 –H+ – – –H+ –
38:2 – – – – +AcO−

38:1 – – – – +AcO−

39:2 – – + H+, +Na+ – –
P-18:1/22:6 –H+ – –H+ –H+ + H+, −H+

P-18:0/22:6 –H+ –H+ + H+, −H+ –H+ + H+, −H+

P-40:5 // O-18:0/22:6 –H+ – –H+ –H+ + H+, −H+

P-18:0/22:4 –H+ –H+ – –H+ + H+, −H+

40:7 – – – –H+ –
40:6 – – –H+ + H+, −H+ + H+, −H+

40:5 – – – + H+, −H+ –
18:0/22:4 –H+ – – –H+ + H+, −H+

The B//^ separate the species when a univocal assignment was not possible
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intervals, three scans on average, using a mass window of
±0.5 Da. The rest of the conditions were: lockspary capillary
2.0 and 2.5 kV and collision energy 21 and 30 eV in ESI+ or
ESI–, respectively. The reference internal calibrant was intro-
duced into the lock mass sprayer at a constant flow rate of
10 μL/min using an external pump.

Data acquisition took place over the mass range 50–1200 Da
in resolutionmode (FWHM ≈ 20,000 at m/z = 956) with a scan
time of 0.5 s and an inter-scan delay of 0.024 s. The mass
spectrometer was operated in the continuum MSE acquisition
mode for both polarities. During this acquisition method, the
first quadrupole Q1 was operated in a wide band rf mode only,
allowing all ions to enter the T-wave collision cell. Two dis-
crete and independent interleaved acquisition functions were
automatically created: the first function, typically set at 6 eV,
collected low energy or data on unfragmented ions, whereas
the second function collected high energy or data on
fragmented ions, typically obtained by using a collision energy
ramp from 15 to 40 eV. In both cases, Ar gas was used for
collision induced dissociation (CID).

Data Processing for UHPLC-MSE

and Identification of Lipids

Lipid analysis and identification followed a procedure similar
to that in reference [13]. MassLynx software ver. 4.1 (Waters
MS Technology, Mil-ford, MA, USA) was used for instrument
control, data acquisition, and processing. For the MSE data
processing, the software tool MSE Data Viewer (Waters MS
Technologies, Manchester, UK) was utilized. The data gener-
ated by UHPLC-MSE were extracted using MSE Data Viewer

(Waters MS Technologies). This software was used for
aligning precursor and product-ion spectra according to reten-
tion times, generating an exportable text file, which was used
for lipid identification using SimLipid software (Premier
Biosoft, Palo Alto CA, USA).

The identification of lipids for which standards were avail-
able was carried out by the comparison of their retention times
and MSE spectra recorded in positive- and negative-ion modes
with those obtained by injecting standards in the same condi-
tions. The identity of the rest of compounds was elucidated
using the low collision energy MSE spectrum in positive- and
negative-ion modes to determine the molecular weight. The
higher collision energy MSE spectrum yielded the fragmenta-
tion and was used to elucidate other structural details. The
software provided with the spectrometer allows one to correlate
the fragmentation spectra with the corresponding parent ions.
Some examples of chromatograms and fragmentation spectra
may be found in the Supporting Information.

Results and Discussion
As demonstrated in previous works using IMS [1, 2, 13, 21–
24], xenografts are highly heterogeneous samples, containing
cells in different physiological stages. This is highlighted in the
left column of Figure 1, where a representative section stained
with acridine orange of each type of xenograft analyzed in the
present work is shown. This type of staining has been widely
used to assess DNA damage in many cell types [25]. When
bound to double-stranded DNA, acridine orange has an emis-
sion maximum at 525 nm (green). However, when it associates

Figure 1. Left column, acridine orange staining of representative sections of each type of xenograft studied in this work. Necrotic
areas appear as yellow/orange or red. Center: [M + Na+]/([M + Na+] + [M + K+]) ratio for PC 32:0 and 32:1 along sequential sections
extracted from an IMS experiment. Red color indicates a higher abundance of sodium adducts, whereas green indicates a higher
abundance of potassium adducts. Right column, two (three in the case of BX-PC3) of the clusters found in the IMS experiment using
k-means that overlap reasonably well with the viable and necrotic areas of the xenografts. Scale bars = 2 mm
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with RNA, the maximum of the emission shifts to 650 nm
(red). Consequently, the absence of green indicates that DNA
integrity is compromised, and this can be associated to cell
death. One must take into account that the colors are a relative
scale and that the color scale may change between images.
Therefore, whereas in some images necrotic areas appear as a
bright red, like in HT-29 or NCI-H1975, in others like U-87
MG, they appear as a pale gold. The images demonstrate that
the sections contained necrotic and viable tissue in different
ratios. Several markers have been proposed to identify those
areas, such as the presence of carnitine species or some phos-
pholipids [7, 8]. These were tested in the present work, but
none of them worked as a good marker of necrosis in all five
xenograft types analyzed, although carnitine derivatives were
the most promising ones.

Looking for a more universal marker of necrosis, we
mapped the relative abundance of sodium and potassium in
the tissue, as previous studies have reported changes in the
abundance of those adducts during cell apoptosis and cancer
[26]. To determine the Na+/K+ ratio it is necessary to find
species whose adducts are free of other species interferences.
Hence, we used here PC 32:0 and PC 32:1, as they are present
in all the xenograft sections examined, and their Na+ and K+

adducts do not overlap with any known species identified by
IMS or found in the extracts using LC/MS (m/z = 756.5519,
772.5259, 754.5363, and 770.5102 for PC 32:0 + Na+, PC 2:0
+ K+, PC 32:1 + Na+, and PC 32:1 + K+, respectively). Thus,
the central column in Figure 1 shows the [M +Na+]/([M +Na+]
+ [M+K+]) ratio found for PC 32:0 and PC 32:1 in consecutive
sections to those stained with acridine orange, in a green-
yellow-red color scale. In that scale, green indicates that potas-
sium adducts are more abundant, whereas red indicates higher
abundance of sodium adducts of the selected species. Compar-
ison of the images generated in this way with the acridine
orange staining show remarkable coincidences, taking into
account that there are morphologic changes between sequential
sections and that the staining is an aggressive procedure that
may result in material loss. For example, the conjunctive tissue
covering the xenograft [13] is usually lost during the staining.

Despite the morphologic changes, it is clear that those areas
with necrotic tissue correlated well with a higher abundance of
sodium adducts (red colors in the images of the central col-
umn). For example, the upper part of the HT-29 xenograft
seemed to contain necrotic tissue, according to the acridine
orange staining. Likewise, the concentration of Na+ adducts
was higher in that part of the xenograft. Although less evident,
the upper-left corner of U-87 MG and part of the central area
present a golden color, indicative of the presence of non-viable
tissue. In the Na+/K+ ratio image, those areas are also in red.
Additionally, the tissue in the lower-left corner of the section
appeared to have also higher sodium content, but that part of
the tissue was lost during staining and, therefore, it did not
show up.

Likewise, a good correlation between the abundance of Na+

adducts and the necrotic areas scattered along the A-549, those
in the central part of NCI-H1975, and the necrotic lower part of

BX-PC3 was found. Regarding the NCI-H1975, for some
reason most of the tissue appears in red-orange color, which
does not mean that it only contains necrotic areas but that the
staining is more shifted towards the red than in other sections.

The right column in Figure 1 shows two of the clusters
found in the IMS experiment using a k-means analysis, setting
the number of clusters to four (five in the case of BX-PC3).
Comparison with the other two columns show that the differ-
ence in the lipidome between necrotic and viable tissue was
significant enough to result in two separated clusters, except for
BX-PC3, in which the viable tissue was divided into two
clusters, may be due to different populations of cells or to a
different degree of vascularization of the tissue.

At this point, the question of the origin of the variation of the
Na+/K+ ratio arises. Previous works demonstrated that the
tissue damage produced during ischemia is accompanied by a
deregulation of the Na+/K+-ATPase (or Na+ pump) inducing
changes in the relative abundance of Na+/K+ adducts [27]. In
the case of cancer, it is well known that tumor cells are usually
in environments with lower pH than healthy tissue, probably
owing to their unbalanced metabolism [28, 29]. The acid
microenvironment will certainly have an effect on all ionic
channels responsible for the maintenance of the strictly regu-
lated intracellular milieu. In this context, it is known that
different types of K+ channels are unequivocally associated
with malignant progression [30, 31]. K+ channels can be mod-
ulated by a wide range of chemical and physical stimuli,
including acidification [32–34] and hypoxia [35]. Interestingly,
the pharmacologic inhibition of certain K+ channels exerted
antitumor activity in certain cases [36], suggesting an increased
channel activity in tumor cells compared with non-tumor cells
[30, 31]. Such effect could explain the existence of a larger
amount of potassium adducts in the viable areas of the xeno-
graft, as PC species (usually in the outer leaflet of the plasma
membrane) would findmore potassium cations to interact with.
Therefore, a higher amount of potassiummay be a goodmarker
for the viable areas of the tumor, whereas a higher abundance
of sodium may be highlighting the necrotic/hypoxic areas. If
this hypotheses is correct, it would also imply that the nature
and concentration of adducts detected is linked to the original
composition of the tissue, and this information is not lost
during the desorption process. The results shown in Figure 1
have an additional and important consequence: the analysis of
the changes in the lipid composition between different types of
tissues determined by using IMS in positive-ion mode must
take into account the adduct formation. Otherwise, significant
errors may be made during data interpretation. This implies a
previous identification of all the species representative of each
tissue, to reduce their H+/Na+/K+ adducts to a single channel
for each species, or to add salts (for example potassium salts)
during matrix application to shift the cluster formation towards
a single adduct.

Regarding the distribution of PC/PE-ether species, Figure 2
shows the distribution of selected lipid species along the sec-
tions presented in Figure 1, whereas the average spectra may be
found in Figure S1 of the Supporting Information. No PE-ether
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species were found in the IMS experiments over U87 MG or
BX-PC3, probably due to interference with other PC species. It
is clear from Figure 2 that the distribution of the selected
species is not uniform along the sections selected and that the
areas found during the clustering analysis reflect the xenograft
heterogeneity.

Finally, we evaluated the correlation between the GP/GP-
ether ratio and cell damage. A different PC/PC-ether ratio was
also found in the areas of viable tissue compared with those
with higher abundance of necrosis (Figure 3). Although a
significant number of PC-ether species was found (Table 1),
their concentration is always lower compared with the diacyl-
PC species. One must take into account that structural species,
such as PC 34:1, are usually the most intense peaks in the
spectrum. Nevertheless, there was a significant and consistent
increase in the concentration of PC-ether species in the necrotic
areas compared with the viable tissue. The PE/PE-ether ratio
was similarly studied. However, the number of PE species
detected by IMS directly from the tissue was small, compared
with the number of PC species. This can be due mostly to ion
suppression effects but also because many PE species over-
lapped with the more abundant PC species. Consequently, their
relative distributions could not be separated, unless MS/MS
experiments were carried out directly on the section, which is
only possible for components represented by peaks of

relatively strong intensity, or running ionmobility experiments.
Furthermore, PE species detected by IMS were divided be-
tween positive- and negative-ion modes and, therefore, it is
hard to summarize all the species in the same figure, owing to
normalization issues. Nevertheless, Figure S2 (Supplemental
Material) shows the ratio found for a section of each type of
xenograft. Whereas PE-ether species were found in higher
abundance in HT29 necrotic areas, the opposite was found in
necrotic areas of NCI-H1975, A-549, and U-87MG xenografts,
indicating that either they are not good biomarkers for necrosis
or that the number of species detected using MALDI-IMS was
not representative enough to reach conclusions.

In fact, using LC/MS, a significantly larger number of PE-
ether species was detected. Tables 1 and 2 collect the entire PC,
PE, and their ether lipids species detected by this method, and
Figure 4 represents the PE-ether/PE abundance ratio in extracts
of each type of xenograft, determined using LC-MS/MS. There
was a surprisingly high abundance of PE-ether species in every
type of xenograft analyzed in this work, compared with normal
tissue from the same organs, despite their different origin.
Thus, whereas ether lipids are usually important components
of brain or lung tissues [9], their abundance in colon (HT29) or
pancreas (BX-PC3) was unexpected [9]. Consequently, if all
the sections analyzed present such a high abundance of
plasmalogens, it may be related to the tumor process.

Figure 2. Distribution of selected lipid species over representative sections of each of the xenografts analyzed in this work
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Importantly, previous publications demonstrated that the anal-
ysis of lipid extracts obtained from tumor human cells lines or
human cancer biopsies showed increased levels of PC and/or
PE ether lipids. In fact, these changes are correlated with
malignancy and metastatic potential in various cancers [37–
42]. Some studies demonstrated that plasmalogens are natural
antioxidants, as the ether link is more prone to be oxidized than
the double bonds usually found in many phospholipids in their
fatty acid moiety [9, 43]. Thus, an increased abundance of ether

species (PE ethers in this case) may be due to a protection
mechanism used by the viable tumor cells and, therefore, the
PE/PE - ethers ratio may be a good universal biomarker for the
presence of malignant cells.

Conclusions
Here we have demonstrated the capabilities of IMS to map the
lipid composition of five different types of xenografts generat-
ed from a wide variety of human tumor cell lines: lung (A-549
and NCI-H1975), brain (U-87 MG), pancreas (BX-PC3), and
colon (HT29) by determining the distribution of PC, PE, and
their ether derivatives. In good agreement with previous works,
the results highlight the diverse microenvironments present in
each xenograft, which very well resemble the heterogeneity of
the clinical tumors, and that add a level of complexity to their
study. Importantly, changes in the Na+/K+ relationship along
the xenografts may be used to identify the necrotic areas, which
showed higher abundance in sodium adducts. In addition,
despite their heterogeneous origin, the analysis of the xeno-
grafts by HPLC-MS/MS showed a higher-than-expected abun-
dance of both PC- and PE-ether species compared with normal
tissue from the same organ. These molecules are well known to
help cells to prevent double bonds oxidation, which is espe-
cially important under oxidative stress, as those usually found
in tumors. Thus, our results point to the possibility of using the
abundance of PE- and PC-ether species as biomarkers for the
existence of neoplastic tissue. A further analysis by IMS anal-
ysis indicated that, in fact, PC-ether species were particularly
enriched in necrotic areas compared with viable areas.

Figure 4. PE-ether/PE ratio in the extracts of each of the
xenograft types studied in this work, determined by LC-MS/MS

Figure 3. PC-ether/PC ratio in viable/necrotic tissue in each of the analyzed sections. The clusters in red were obtained using k-
means (Figure 1). Two different regions of viable tissue were identified in the BX-PC3 sections

252 R. Fernández et al.: Biomarkers of Necrosis in Xenografts



Finally, a word of caution when analyzing the results from
IMS is required: the changes in the adduct concentration along
the xenograft may lead to data misinterpretation if the effect is
not taken into account during data analysis.
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