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ABSTRACT: Mesenchymal stem cells (MSC) have the ability to self-renew and
diﬀerentiate into multiple cell types valuable for clinical treatment of rheumatic
pathologies. To study the chondrogenic potential of MSC and identify the conditions
that recreate the native cartilage environment, we used time-of-ﬂight secondary ion mass
spectrometry (TOF-SIMS) for label-free detection of cell-type- and environmentalcondition-speciﬁc molecular proﬁles. We observed that coculture of human MSC and
chondrocytes under standard culture conditions leads to improved extracellular matrix
(ECM) deposition. In marked contrast, this eﬀect was lost under low oxygen tension. This
improved extracellular matrix deposition was associated with a signiﬁcant decrease in lipids
and in particular cholesterol under low oxygen tension as revealed by TOF-SIMS coupled
to principal component analysis and discriminant analysis. We furthermore demonstrate
that the higher cholesterol levels under normoxia might regulate ﬁbroblast growth factor 1
(FGF-1) gene expression which was previously implemented in increased ECM
production in the cocultures. In conclusion, our study shows an unexpected role of
lipids as orchestrators of chondrogenesis in response to oxygen tension which is, at least in
part, mediated through FGF-1.

C

artilage is a tissue with low self-repair capability, and
therefore it is important to ﬁnd therapeutic strategies that
enable eﬃcient cartilage repair. The current standard for repair
of large-size cartilage defects is autologous chondrocyte
implantation (ACI).1 However, chondrocyte harvest for ACI
creates donor site injury and necessitates in vitro expansion of
cells to obtain a clinically meaningful population for
implantation. Chondrocyte expansion in vitro is associated
with dediﬀerentiation as well as loss of chondrogenic potential.2
It has been postulated that partial replacement of chondrocytes
with mesenchymal stromal/stem cells (MSCs) can circumvent
the problem of expansion and associated loss of function of
chondrocytes. We demonstrated that cartilage matrix formation
can be improved by the coculture of chondrocytes with
MSCs3,4 in vitro. In these cocultures we have identiﬁed that
ﬁbroblastic growth factor 1 (FGF-1), as a soluble trophic factor
produced by MSCs, is necessary to induce improved chondrogenesis.5 Until now it remains unclear how FGF-1 expression is
regulated under the reduced oxygen level normally present in
the joint. Only limited research has been undertaken to

understand how hypoxia in the joint environment might
inﬂuence cellular performance. It has long been known that
exposure of human cells to hypoxic conditions can lead to and
altered lipid metabolism.6−8
Considering the heterogeneity in oxygen concentrations
experienced by cartilage in the body we aimed to identify the
eﬀect of hypoxia (2.5% oxygen) in regulating lipid metabolism
in chondrocytes and its role in developing articular cartilage.
Diﬀerential expression of proteins, lipids, and other
components provide unique ﬁngerprints to study retrospectively the environmental conditions to which cells in a tissue are
exposed. Time-of-ﬂight secondary ion mass spectrometry
imaging (TOF-SIMS) can be employed for the simultaneous
visualization of spatial distribution of these variable components in tissue sections according to their mass to charge (m/z)
ratio.9 Previous studies identiﬁed key membrane molecules

such as phosphocholine and choline as well as cofactors of
biological processes, which are indicative of necrotic and
apoptotic processes.10,11 Recently, the TOF-SIMS approach has
been successfully employed for the ﬁrst time in the cartilage
research area to investigate the diﬀerences in the molecular
composition and lipid distribution between healthy and
osteoarthritic cartilage.9 In fact, accumulation of fatty acids
and other lipids has been found in the superﬁcial area of the
diseased cartilage. In addition to this, changes in lipid proﬁles of
MSC monocultures under chondrogenic conditions have been
revealed using matrix-assisted laser desorption ionization mass
spectrometry imaging (MALDI-MSI) and TOF-SIMS.12
Phosphocholine- and sphingomyelin-related species were
found in MSC after 2 days of chondrocyte diﬀerentiation,
while phosphatidylionistols were found as markers of chondrogenesis after 14 days of diﬀerentiation.
In the present study we examined whether lipid proﬁles of
chondrogenically diﬀerentiating human MSCs, primary chondrocytes, and cocultures of MSCs and primary chondrocytes
are dependent on oxygen tension using TOF-SIMS.
We studied cocultures and monocultures of human MSCs
and primary chondrocytes under normoxic (21% O2) and
hypoxic conditions (2.5% O2). We found that the lipid proﬁles
of normoxic and hypoxic cultures are diﬀerent. We used TOFSIMS for a subsequent side-by-side screen to identify potential
lipid mediators of the improved cartilage formation in normoxic
cocultures of MSCs and chondrocytes as well as hypoxic
chondrocyte cultures. We found cholesterol as one of the most
discriminating lipids between cultures with good and reduced
chondrogenic performance. Unexpectedly, we found that
increased cartilage formation in cocultures of MSCs and
primary chondrocytes was lost when the cells were cultured
under hypoxia. This loss in cartilage formation was associated
with a decrease in the mRNA expression of the chondrogenic
marker SOX9 as well as in the expression of FGF-1. This
decrease in chondrogenesis was associated with a signiﬁcant
drop in lipids and, in particular, cholesterol. Indeed cholesterol
metabolism potently regulated FGF-1 expression in normoxia.
Our study reveals an unexpected oxygen tension dependent
role of cholesterol as an orchestrator of chondrogenesis in
cocultures of MSCs and primary chondrocytes which is at least
in part mediated through FGF-1.

■

EXPERIMENTAL SECTION
Cell Culture. Human primary chondrocytes (hPCs) were
isolated from full-thickness cartilage knee biopsies of patients
undergoing total knee replacement. Cartilage was cut and
digested as previously described.13 Mesenchymal stromal/stem
cells were selected by adherence from bone marrow of patients
undergoing total hip replacement. For the chondrogenic
diﬀerentiation experiments three diﬀerent MSC donors with
known diﬀerentiation potential were selected. Cocultures of all
three MSC donors and hPC monocultures contained the same
hPCs donor.
High-density micromass cell pellets were formed by seeding
250 000 cells per well in a round-bottom 96-wells plate in
chondrocyte proliferation medium (Dulbecco’s modiﬁed
Eagle’s medium supplemented with 10% fetal bovine serum,
1× nonessential amino acids, 0.2 mM ascorbic acid 2phosphate, 0.4 mM proline, 100 U penicillin, and 100 mg/
mL streptomycin) and centrifuged for 5 min at 500 rcf.
Cultures were either kept under normoxic conditions (21% O2)
or hypoxic conditions (2.5% O2). The medium was refreshed

twice a week. MSCs and hPCs were used in following
combinations: MSC monocultures (100% MSCs),; cocultures
(80% MSCs/20% hPCs), and primary chondrocyte monocultures (100% hPCs).4 All conditions contained equal cell
numbers of 250 000 cells per pellet. Pellets for TOF-SIMS
experiments, quantitative polymerase chain reaction (qPCR)
analysis, and Oil Red O stain were kept in culture for 7 days to
detect early changes in lipid levels. Pellet for chondrogenic
matrix staining were kept in culture for 28 days. To block the
availability of free cholesterol in the cytoplasm U18666a was
used at a concentration of 3 μg/mL.
Histology: Alcian Blue Staining. Pellets were ﬁxed with
10% formalin in PBS for 15 min, dehydrated, and embedded in
paraﬃn using routine procedures. Sections of 5 μm were cut
and stained for sulfated glycosaminoglycans (GAGs) with
alcian blue (0.5%, in H2O, pH = 1 adjusted with HCl, 30 min)
combined with counterstaining of nuclear fast red (0.1% in 5%
aluminum sulfate, 5 min).
Lipid Staining. Cryosections of pellets were hydrated in
distilled water for 5 min, dipped in 60% isopropyl alcohol, and
then stained with 0.03% Oil Red solution (60% isopropyl
alcohol) for 20 min. After rinsing in water, the pellet sections
were counterstained with hematoxylin for 5 min (SigmaAldrich), washed, dehydrated, and mounted. Images were
acquired with the MIRAX imaging system (Carl Zeiss). Lipid
droplet accumulation was quantiﬁed using color range tool in
Adobe Photoshop software as described previously14 and tested
for statistical signiﬁcance (ANOVA test, Bonferroni posthoc
test, p < 0.01).
RNA Isolation and Quantitative PCR. After 7 days of
culture, RNA from cell pellets (n = 3) cultured under diﬀerent
conditions was pooled and washed with PBS. Trizol reagent
(Invitrogen) was used to lyse the pellets. Total RNA was
isolated with the standard Trizol RNA isolation protocol with
an additional O/N RNA precipitation step in 0.3 M sodium
acetate and 15 μg/mL linear acrylamide. RNA pellets were airdried and resuspended in ultrapure water. RNA concentration
was measured using Nanodrop 2000 (ND-1000 spectrophotometer, Isogen Lifescience).
The RNA samples were treated with DNase I (Invitrogen)
following manufacturers protocol. Equal amounts of RNA from
samples were used for cDNA synthesis using iScript kit
(BioRad) according to the manufacturers protocol. Ampliﬁcation of cDNA was done using Sensimix SYBR (Bioline) in a
CFX Connect Real-Time PCR detection system (Biorad). The
protocol for ampliﬁcation is denaturation at 95 °C for 10 min,
44 cycles of 95 °C for 15 s, 60 °C for 15 s, 72 °C for 15 s, and
melt curve of 55−95 °C with 0.5 °C increment for 5 s per step.
The relative expression of each gene was done using delta delta
Ct method.15 RPL13 was used for normalization.16 The primer
sequences are as follows: SOX9-Fw, 5′-TGGGCAAGCTCTGGAGACTTC-3′; SOX9-Rev, 5′-ATCCGGGTGGTCCTTCTTGTG-3′; FGF-1-Fw, 5′-AGCCGGGCTACTCTGAGAAGAAGA-3′; FGF-1-Rev, 5′-CTGCTGCTTGTGGCGCTTTCA-3′; RPL13-Fw, 5′-AAAAAGCGGATGGTGGTTC-3′;
RPL13-Rev, 5′-CTTCCGGTAGTGGATCTTGG-3′
TOF-SIMS Experiments. High-density micromass cultures
of three MSC donors cultured under hypoxic and normoxic
conditions were embedded in tissue arrays using 10% gelatin
(embedded at 30 °C, 4 h at 4 °C, frozen at −20 °C)
(Supporting Information Figure 1). Cryosections (20 μm
thick) of both tissue arrays were mounted side by side on an
indium−tin oxide coated conductive glass slide (ITO; 4−8 Ω

Figure 1. Alcian blue staining of glycosaminoglycans in micromass pellet cultures expanded under normoxia (21% O2) and hypoxia 2.5% O2). (A, C,
and E) Pellets expanded in normoxia; (B, D, and F) pellets expanded in hypoxia; coculture of MSCs and chondrocytes which were cultured in
normoxia (B) reveal an improved chondrogenesis marked by more intense alcian blue stain; the same coculture in hypoxia (D) results in a reduction
of alcian blue staining; chondrocyte monoculture pellets cultured in normoxia (E) exhibit signiﬁcant less alcian blue staining when compared to
chondrocytes in cultured in hypoxia (F). (G) Relative expression of SOX9 in cell pellets cultured in hypoxia or normoxia: in coculture an increased
expression of SOX9 is observed when cultured in normoxia. hPCs cultured in hypoxia express the highest SOX9 mRNA levels. n = 3 technical
replicates of three pooled pellets.

resistance, Delta Technologies, Stillwater, MN, U.S.A.), washed
with 100% ethanol (30 s), and 70% Ethanol (2 min). This
allowed for sampling of 18 sections of pellet cultures
simultaneously and reduced intrameasurement variations.
Samples were vacuum-dried and coated with 2 nm of gold
(SC7640 sputter coater, FT707 quartz crystal microbalance
stage) for TOF-SIMS measurements. TOF-SIMS experiments
were performed in positive ion mode on a Physical Electronics
(Eden Prairie, MN) TRIFTII secondary ion mass spectrometer
with a Au1+ primary ion beam. For the experiments a primary
ion beam of 7.2 nA, a primary ion pulse length of 19 ns, and an
ion dose of 2.14 × 1011 ions/cm2 were used. Whole pellet
sections were analyzed in mosaic mode (64 × 64 tiles) with an
acquisition time of 3 s/tile (256 × 256 pixels/tile). The raster
size was set at 110 μm yielding 426 nm/pixel. WinCadence 4.4
software was used for data acquisition.
Data Analysis. Raw data was converted and analyzed with
our in-house build ChemomeTricks toolbox for MATLAB
2011b (MathWorks, Inc., Natick, MA, U.S.A.). Spatial binning
to 128 × 128 pixels, spectral binning to 0.1 amu, and peak
picking were performed. A total of 1366 m/z peaks in the range
of 1−2000 amu were picked based on S/N > 3.
Linear discriminant analysis (LDA) was used for determining
the speciﬁc mass channels that were associated with the
diﬀerent conditions.17 For TOF-SIMS measurements sections
of the pellets were selected as regions of interest (ROI), and a
total of 13 198 spectra were used for analysis. LDA revealed the
most discriminating masses: (a) in a global analysis of all
hypoxic and all normoxic cultured conditions (six groups), (b)
in an intercondition (normoxia only and hypoxia only) analysis
of diﬀerent conditions in hypoxia as well as normoxia (2 times
three groups), and (c) comparison of speciﬁc conditions
cultured in hypoxia and normoxia (two groups).
The distributions of the scores for diﬀerent discriminant
functions (DFs) of comparison (b) were calculated. These
distributions and their overlap describe the sample identity and
were used to identify diﬀerences between conditions. The mass

channels corresponding to previously classiﬁed lipids were
identiﬁed and assigned as determined by lipid m/z
identiﬁcations using the database on lipidmaps.org (http://
www.lipidmaps.org/) and according literature.18

■

RESULTS

Coculture Leads to Improved Chondrogenesis under
Normoxia (21% O2). In order to investigate the chondrogenic
potential of MSC and chondrocyte mono- and cocultures in
normoxia and hypoxia, histological sections were evaluated for
glycosaminoglycan deposition and cell morphology after 28
days of culture.
In accordance with the literature,19 cartilage formation of
chondrocyte monocultures and to lesser extent of MSCs
monocultures under hypoxia was improved as compared to
pellet cultures in normoxia (Figure 1). Alcian blue staining was
used to evaluate the glycosaminoglycan deposition and as an
indication of cartilage formation. Improved chondrogenesis was
marked by more intense alcian blue staining which coincided
with increased SOX9 mRNA expression (Figure 1G). In line
with previous observations,4 normoxic cocultures of MSCs and
chondrocytes demonstrated improved chondrogenesis when
compared to respective monocultures (compare Figure 1, part
C with parts A and E). In marked contrast with pellet
cocultures diﬀerentiated in normoxia, hypoxic coculture pellets
did not reveal evidence for improved cartilage formation
(compare Figure 1, parts D and F). This unexpected
observation is supported by the lower expression of the
chondrogenic marker SOX9 in hypoxic cocultures as compared
to the expression in the normoxic cocultures (Figure 1G).
Normoxic Culture Conditions Result in More Lipid
Deposition. In order to elucidate diﬀerences in lipid content
in pellets cultured under hypoxic and normoxic conditions we
ﬁrst performed an Oil Red O lipid staining which stains neutral
triglycerides and lipoproteins.

Oil Red O staining revealed a signiﬁcantly higher abundance
of lipid droplets in normoxic conditions (Figure 2A).

Figure 2. Oil Red O stain for lipid deposition of pellets cultured in
hypoxic and normoxic conditions. (A) Oil Red O stain revealed a
higher staining in normoxic conditions. In particular, chondrocyte
pellets showed the highest neutral lipid accumulation. (B)
Quantiﬁcation of Oil Red O stain as percentage of the total cell
pellet showed that normoxic pellets had a higher lipid content with
highest concentration in chondrocyte pellets followed by the coculture
pellets; in hypoxia lipid concentration was still highest in the
chondrocyte pellets but lowest in the coculture pellets, *p < 0.05.

Quantiﬁcation of Oil Red O stain demonstrated that all cellular
conditions have a signiﬁcantly higher lipid concentration in
normoxia. Remarkably, chondrocyte pellets cultured in
normoxia contained the highest concentration of neutral lipids.
The lipid concentration dropped signiﬁcantly when chondrocytes were cultured in hypoxia. This trend was also seen in the
cocultures, where the amount of lipids was greatly reduced
when cultured in hypoxia as compared to normoxia (Figure
2B). Since the changes in lipid proﬁles correlated with the loss
of chondrogenic potential of cocultured MSCs and chondrocytes (Figures 1 and 2), we postulated that lipids and/or
lipid metabolism might play a role in chondrogenesis.4
Molecular Proﬁle of Normoxic Pellet Cultures Separates Clearly from That of Hypoxic Pellet Cultures. Since
we wanted to further examine the role of lipids in chondrogenesis, we applied TOF-SIMS to reveal changes in the content
of speciﬁc lipids and as a method to distinguish between states
of diﬀerentiation based on these lipid proﬁles. TOF-SIMS has
the advantage of detecting thousands of diﬀerent molecular
species in a single experiment while preserving information on
their spatial distribution. A tissue array was employed to study
the diﬀerences between hypoxia and normoxia by TOF-SIMS
(Supporting Information Figure 1). Measurements from all
conditions were analyzed by principal component analysis
(PCA), and 50 principal components (PCs) explaining 50% of
the variance were used for the LDA. As illustrated in the scatter
plot in Figure 3A, the ﬁrst discriminant function (DF1)
separates the MSCs and cocultures from chondrocytes
irrespective of the oxygen tension: monocultured chondrocytes

(red and black fraction) in the negative part of the graph and
monocultured MSCs and cocultures in the positive part. The
second DF distinguishes pellets cultured in normoxia (red,
green, and blue fraction) from pellets cultured in hypoxia
(black, purple, aquamarine) (hypoxia: DF2+, normoxia: DF2−)
(Figure 3A). This indicates that the lipid composition of pellets
is dependent on the cell as well as the oxygen tension to which
they were exposed and thus can be used as a retrospective
ﬁngerprint to determine the previous exposure to an environmental condition. Furthermore, we demonstrate that spectra of
pellets cultured under normoxia are spreading more among the
DF1 than pellets cultured under hypoxia. In respect to the
discriminating mass channels this indicates that cells, either
being primary chondrocytes or MSCs, are less alike under
normoxia than under hypoxia (Figure 3A). This reveals that the
diﬀerent cell types present a more similar molecular proﬁle
under hypoxic conditions. The discriminant loading spectra for
Figure 3A display the separation of speciﬁc masses according to
the positive and negative DF2 (Figure 3B). The positive
fraction of masses indicates the speciﬁc molecular proﬁle under
hypoxic culture, whereas the negative side indicates normoxia
speciﬁc peaks. On the negative side of the plot, displaying the
proﬁle of all conditions cultured in normoxia we can observe
speciﬁc cholesterol masses in the spectra (m/z 369.3 [M −
OH]+, m/z 385.3 [M − H] +, and m/z 970 [2M + Au]+), which
were identiﬁed as major discriminating masses from the positive
hypoxia speciﬁc fraction. Furthermore, the higher abundance of
mass peaks in the range of 500−2000 m/z in normoxic
conditions indicates that cells cultured in normoxia contain a
higher lipid content. These ﬁndings are in agreement with the
results of the Oil Red O staining for lipids in cells cultured
under these conditions. On comparing spectra of coculture
pellets from hypoxic and normoxic conditions, cholesterol
peaks are found to be the most separating masses. Other
diﬀerentially expressed peaks correspond to masses tentatively
assigned to diacylglycerols (Figure 3D). Discriminant score
frequency plots of coculture pellets in hypoxic and normoxic
conditions were clearly distinct. This suggests that the oxygen
concentration in culture conditions strongly inﬂuences the lipid
composition present in cells (Figure 3C).
Figure 4 represents the reconstructed score image of DF2
spectra of MSCs, coculture, and hPCs of the LDA that is
depicted in Figure 3A. The negative scores (representing lipid
changes) can be observed in normoxia, whereas the modulation
of lipid expression observed in hypoxia was more limited. All
three used MSC donors display the same trend regarding their
corresponding lipid proﬁle, whereas donor variation in absolute
values is visible. For instance, donor three presented a higher
contrast between the three cell combinations and at the same
time the highest lipid levels. This underlines the power of TOFSIMS to discriminate between the speciﬁc molecular signatures
of diﬀerent cell culture conditions as well as diﬀerent donors,
which would be crucial for the selection of the best
combination of environmental factors and the cell source/
donor for a successful chondrocyte diﬀerentiation.
High Oxygen Concentrations Cause More Diﬀerences
in Lipid Proﬁles than Hypoxia. By separate LDA of the cells
cultured in two diﬀerent oxygen concentrations we obtained
insight in diﬀerences between these cellular conditions. The
displayed DF1 in Figure 5, parts A and B, diﬀerentiate lipid
signatures of monoculture and coculture pellets of MSCs and
hPCs. Remarkably, the groups are less deﬁned and the
separation is less clear in hypoxia (Figure 5B) when compared

Figure 3. Discriminant analysis of cells in hypoxic and normoxic culture conditions. (A) Tissue arrays of pellet cultures in normoxia and hypoxia
were mounted on the same slide and analyzed using TOF-SIMS. Spectra of all pellets were obtained and analyzed using PCA. Fifty principal
components (PCs) (50% of the variance) were used for the discriminant function (DF) analysis: hypoxic and normoxic conditions separate among
the second DF (hypoxia >0, normoxia <0); normoxia is spreading more among the ﬁrst DF indicating that diﬀerent conditions are less alike than in
hypoxia. (B) The according discriminant loading spectra for panel A showing speciﬁc cholesterol masses (m/z 369.3 [M − OH]+, m/z 385.3 [M −
H]+, and m/z 970 [2M + Au]+) for the normoxic cultured conditions. (C) Frequency plots of the hypoxia and normoxia cultured coculture display a
clear separation of both conditions, (D) comparing only coculture conditions of both oxygen tensions reveals cholesterol still as one of the most
separating masses between hypoxia and normoxia.

Figure 4. Reconstructed score image of DF2. Image represents the projection of the DF2 spectra of MSCs, coculture, and hPCs in hypoxic or
normoxic conditions. Overall diﬀerences in molecular proﬁles between normoxia and hypoxia are depicted underlining the high presence of lipids
under normoxia.

Figure 5. Micromass cultures display distinct molecular proﬁles in hypoxia and normoxia. (A and B) Discriminant function analysis of the cocultured
and monocultured cell pellets in normoxic and hypoxic culture: in normoxia (A) MSC monocultures (100% MSCs) and the cocultures (80% MSCs/
20% hPCs) partially separate among the ﬁrst DF, whereas there is no separation between these conditions in hypoxia in the ﬁrst discriminant
function (B). (C and D) Respective frequency plots of the DF1 shown in panels A and B underlining the better separation of the cocultures from
MSC monocultures in normoxia (C). (E) The reconstructed score image of DF2 shows that the coculture in normoxia presents a more similar
molecular proﬁle to hPCs in hypoxia than the coculture condition in hypoxia.

to normoxia (Figure 5A). Normoxic cocultures display a 41.3%
of identity with MSC monocultures (Figure 5C), whereas
hypoxic cocultures show a 61.2% overlap with MSC
monocultures (Figure 5D). We already demonstrated that
MSCs have a stimulatory role over chondrocytes under
normoxia5 and that only a minor fraction of the initial 80%
MSCs is left in cocultures under normoxia.4 The higher identity
overlap of cocultures with pure MSC pellet cultures in hypoxia
indicates that the mechanisms underlying the stimulatory role
of MSCs on chondrocyte proliferation and chondrogenesis, as
described previously,5 are delayed or less abundant in hypoxia.
In the discriminant analysis of all conditions (six groups)
cholesterol was detected as a lipid that was highly enriched in
pellets cultured in normoxia. Resulting from the separate
discriminant analysis of pellets in normoxic conditions (three
groups, Figure 5A) a discriminant-loading spectrum was
generated (Supporting Information Figure 2). On the basis of
the mass separation among the ﬁrst DF the identiﬁcation of two

groups was possible: MSCs grouped together with cocultures
versus hPCs monocultures. In chondrocytes phosphocholine,
m/z 184.1, was increased, whereas in cultures containing MSCs
diacylglycerol, m/z 577.4, m/z 603.4, and cholesterol, m/z
369.3, were detected.
Alcian blue staining and SOX9 mRNA expression underlined
that the ideal conditions for matrix formation of chondrocyte
monocultures are provided under hypoxia, whereas MSC
containing cocultures display better matrix formation under
normoxia. We performed LDA in order to observe these
molecular changes that mark a better chondrogenic performance in respective conditions. For this we compared hPCs
under hypoxia and cocultures under hypoxia and normoxia. We
analyzed each donor separately. The DF1 separated cultures
grown under normoxic and hypoxic conditions (not shown).
The DF2 displayed that the cocultures in normoxia had a more
similar molecular distribution to chondrocytes in hypoxia than
the coculture in hypoxia (Supporting Information Figure 3). In

line with these ﬁndings Figure 5E represents the DF2 score
image of the samples shown in Supporting Information Figure
3. The coculture in normoxia was more similar to the
chondrocyte molecular proﬁle in hypoxia. This again supports
the ﬁnding that the improved chondrogenesis in cocultures
functions under normoxic culture conditions but is hampered
under hypoxia. We believe that this change in performance can
be linked to changes in lipid expression in response to oxygen
tension.
Cholesterol Inhibition Alters FGF-1 Expression at the
mRNA Level. In our previous studies we have demonstrated
that, during normoxic coculture of MSCs and hPCs, FGF-1 is
secreted by MSCs and that this positively inﬂuences the
proliferation and chondrogenic performance of chondrocytes.20
Since cell−cell communication and expression of speciﬁc
receptors localized in the cell membrane depend on their
lipid constitution, we compared FGF-1 expression in hypoxic
and normoxic culture conditions. We found that the FGF-1
mRNA expression is higher in normoxic cocultures as
compared to hypoxic cocultures. These results correlate with
the alcian blue staining, and SOX9 results that show a better
chondrogenic performance of the coculture under normoxia as
compared to hypoxia. Under hypoxic conditions MSCs produce
less FGF-1 and chondrocytes produce more FGF-1 as
compared to their normoxic counterparts (Figure 6).

Figure 6. Expression of FGF-1 mRNA in co- and monopellet cultures
under normoxia and hypoxia. FGF-1 expression changes dramatically
in MSCs and hPCs when free cholesterol is blocked in normoxic
conditions. n = 3 technical replicates of pellets from three donors that
are pooled. Expression is measured relative to the expression of the
RPL13 gene.

To test whether lipids, such as cholesterol, have any role in
regulating the FGF-1 mRNA expression, we blocked the
cholesterol pathway using U18666a under normoxia. In the
presence of U18666a, cells accumulate free cholesterol in the
lysosomes, resulting in depletion of free cholesterol from the
cytoplasm.21
When free cholesterol is blocked in pellets cultured under
normoxia a noticeable change in FGF-1 mRNA levels is seen.
FGF-1 mRNA levels decreased in the coculture showing the
relation between FGF-1 expression and cholesterol availability.
MSCs respond to low cholesterol by up-regulating FGF-1
mRNA expression. On the other hand, chondrocytes respond

to low cholesterol by blocking FGF-1 mRNA expression
(Figure 6). We have previously shown that the FGF-1 gene
expression in cocultures under normoxia is mainly contributed
by MSCs.5 However, in hypoxic conditions, FGF-1 expression
is linked to the lower cholesterol levels in both MSCs and
hPCs. This FGF-1 expression dependency on cholesterol levels
has not been reported so far.

■

DISCUSSION
With the use of TOF-SIMS as a tool for label-free detection of
molecular proﬁles speciﬁc to diﬀerent cell types and exposure
to environmental conditions, we demonstrate that the
molecular ﬁngerprints of human MSCs, primary chondrocytes,
and MSC/primary chondrocytes coculture diﬀer when cultured
in either normoxic (21% O2) or hypoxic (2.5% O2) conditions.
Under hypoxic conditions we observed a loss of the
chondrogenic inductive eﬀect of MSCs. This coincided with a
signiﬁcant decrease in lipids. In addition we observed a sharp
decrease in FGF-1 mRNA production, which was at least in part
regulated by the cholesterol concentration in the cells.
Cholesterol and other lipids play a major role in providing
cell membrane integrity as well as play a pivotal role in cellular
signaling and metabolism. Thus, lipid levels in the cell might be
crucial for mediating cellular responses, including diﬀerentiation, proliferation, and ultimately chondrogenesis in
cocultures of MSCs and primary chondrocytes.22
Conventional approaches to study lipids in cells mostly do
not allow for a detailed observation of changes in a broad
spectrum of lipid molecules. As of yet, this is the ﬁrst report to
describe the diﬀerences in lipid proﬁles by using a highthroughput technology such as TOF-SIMS and provides
compelling evidence that this technique can be used to
characterize environmental conditions to which cells previously
have been exposed. It is important to perform complementary
analysis with other methods that conﬁrm that the found
diﬀerences are not due to artifacts, sensitivity issues, and due to
the heterogeneity of the molecular environment of the samples.
Therefore, we have shown in this study that TOF-SIMS has an
important potential to identify the molecular proﬁles speciﬁc to
diﬀerent donors and their correlation with the stage of cell
diﬀerentiation. Previously, we have also demonstrated by
MALDI-MSI and TOF-SIMS that there is a diﬀerent lipid
proﬁle in MSC monocultures after 2 and 14 days of
chondrogenic diﬀerentiation.12
It has been hypothesized that the phenomenon of improved
cartilage formation in cocultures of MSCs and chondrocytes is
dependent on soluble factors, including small molecules, lipids,
or proteins.23 Lipids such as phospholipids, cholesterol, and
diacylglycerols play signiﬁcant roles in cellular signaling,
membrane integrity, and metabolism.22, Recently, Simonaro
et al. described that short-term changes in sphingolipid
metabolism may lead to long-term eﬀects on the chondrogenic
phenotype and that the stimulation of chondrocytes with acyl
ceramidase improves cartilage repair and MSC diﬀerentiation.24
Our previous research showed that during coculture of MSC
and chondrocytes under normoxia FGF-1, ﬁbroblast growth
factor 1, is produced by MSCs as a trophic factor inﬂuencing
chondrocyte proliferation and chondrogenic performance.20 In
this study we see that hypoxia and normoxia elicit distinct
eﬀects on FGF-1 mRNA expression. Our study indicates that
changes in cholesterol levels aﬀect the production of FGF-1
that promotes cartilage formation. The loss of coculture eﬀect
in hypoxia could be explained at least in part by a signiﬁcant

drop in FGF-1 signaling. This drop might be caused by a
decrease in cholesterol.

■

CONCLUSIONS
Here we successfully used for the ﬁrst time TOF-SIMS in
combination with multivariate analysis to deﬁne diﬀerences in
lipid proﬁles between MSCs, primary chondrocytes, and
cocultures under diﬀerent oxygen tensions. This approach
enables us to identify the key signaling pathways that improve
stem cell diﬀerentiation to cartilage and their potential
application for cell therapy strategies.
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