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Monitoring of metabolism perturbation in
prostate PC-3 cancer cells by sub-lethal
concentrations of methotrexate
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Abstract. Infrared imaging was used to investigate the effect of sub-lethal concentration of methotrexate on prostate PC-3
cancer cells. Cells were exposed for 0, 24 and 48 h to 9 nM of methotrexate, the concentration that inhibits 50% of cell
growth after 72 h. Sub-lethal concentrations of methotrexate induced a reproducible signature that can be measured by infrared
spectroscopy. Student t-test revealed that the process occurs in at least two steps, the first one affecting the nucleic acid region
of the spectrum and the second one, the protein region. Imaging of individual cells demonstrated that the recorded differences
are not due to a specific subpopulation of cells but homogenously affects all the cells. Near perfect identification of treated cells
could be obtained using a supervised classification.
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Abbreviations

IR: Infrared
FTIR: Fourier Transform Infrared

h: Hours
S/N: Signal to Noise
PLS: Partial Least Square

1. Introduction

Infrared spectroscopy has been used for years to characterize chemical and biochemical compounds.
This technique monitors the global chemical composition of the sample. Since a cell contains thousands
of proteins characterized by different structures, nucleic acids, a variety of lipids and sugars, the observed
spectrum is a superimposition of the spectra of all cell constituents [10]. IR spectra account not only for
the chemical nature of cell molecules but also for their conformations and are in particular very sensitive
to protein conformation [6,7,9]. Whereas microarrays deal with variations in the expression level of
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genes, infrared spectroscopy addresses the question of the end products, i.e. proteins and consequences
of protein activity (sugars, lipids, . . .). FTIR spectroscopy has the advantage of being a low-cost and
fast method which is very sensitive to all kinds of molecules present in the cell. It has already been
demonstrated that FTIR spectrum of bacteria provides a unique fingerprint that allows classification
of bacterial sub-species [13,14]. Furthermore, this approach has been used to differentiate tumor and
normal cells and to separate tumor cell lines with different biological behaviour. For instance, in vivo
aggressiveness and in vitro migration of glioma cell lines were successfully predicted from their IR
spectra while no molecular biology technique was available for this purpose [1,3]. In a previous study,
we have shown that IR spectroscopy is sensitive enough to characterize the time dependence of metabolic
changes induced by ouabain, a compound belonging to the cardiotonic steroid family [4].

Antitumor drugs are known to interfere with cell metabolism according to different mechanisms.
While high doses of drugs result in cell death, sub-lethal doses could induce physiological perturbations
that are representative of their mode of action. In turn, infrared spectroscopy could provide us with a
signature which is relevant of this mode of action. Recently, Draux et al. report that subtoxic doses of
gemcitabine, an anti-tumor drug, can be monitored by FTIR spectroscopy [2]. In the present paper we
demonstrate, using infrared imaging on prostate PC-3 cells, that low dose of methotrexate produces a
FTIR spectral signature which is highly reproducible and could be characteristic of the particular mode
of DNA synthesis inhibition induced by methotrexate.

2. Materials and methods

2.1. Cell culture and treatment

The human prostate cancer PC-3 (CRL-1435) cell line was obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and was maintained according to the supplier’s instructions.
The cells were incubated at 37◦C in sealed (airtight) Falcon plastic dishes (Nunc, Invitrogen SA, Merel-
beke, Belgium) in a humidified atmosphere of 5% CO2. The cells were kept in exponential growth in
RPMI medium supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin (an an-
tibiotic/antimycotic solution) and 1% kanamycin to prevent mycoplasms. Cell culture medium and FBS
were purchased from Gibco (Invitrogen, Merelbeke, Belgium). Penicillin/streptomycin and kanamycin
solutions were provided by Sigma-Aldrich SA (Bornem, Belgium).

For FTIR spectroscopy, cells were detached by means of a five-minute treatment with trypsin/EDTA
buffer (Gibco, Invitrogen SA, Merelbeke, Belgium). The reaction was stopped by adding 1 ml of culture
medium. The cells were pelleted by a 2-minute centrifugation (300g), and washed three times in isotonic
solution (NaCl, 0.9%) to ensure complete removal of trypsin and culture medium.

2.2. FTIR spectroscopy

0.5 µl of cell pellet re-suspended in about 10 µl was deposited on the BaF2 plate. Then, the sample was
quickly evaporated in N2 flux. The IR data were collected using a Hyperion 3000 IR imaging system
(Bruker Optics, Ettlingen, Germany), equipped with a 64 × 64 Mercury Cadmium Telluride (MCT)
Focal Plane Array (FPA) detector. The data were collected in transmission mode from sample regions
of 170 × 170 µm2. Every individual element of the array detector covered an area of 2.7 × 2.7 µm2.
The spectral resolution was set to 8 cm−1. One IR image resulted in 4096 spectra, each one being the
average of 256 scans (ca 5 min recording). All the spectra were preprocessed as follows. The water
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vapour contribution was subtracted as described previously [5,8] with 1956–1935 cm−1 as reference
peak. The spectra were then normalized for equal area between 1582 and 1492 cm−1 (Amide II peak).
Finally, spectra were retained for further analysis when, on the Amide I and II region, the absorbances
after scaling were superior to −80 and inferior to 550 absorbance units and when the Signal-to-Noise
ratio was better than 450:1. This ratio was calculated using 1750–1480 cm−1 spectral range for signal
and 2000–1900 cm−1 region for noise determination.

The processing of the spectra was carried out by means of specific software generated in our lab
running under Matlab (Mathworks Inc.).

2.3. IC50 determination

Overall cell growth was assessed by means of the colorimetric MTT (3-[4,5-dimethylthiazol-2yl]-
diphenyltetrazolium bromide, Sigma, Bornem, Belgium) assay, as detailed elsewhere [11]. The cells
were incubated for 72 h in the presence or the absence (controls) of the tested compounds. Drug concen-
trations ranged between 10−10 and 10−6 M (with semi-log concentration increases). Experiments were
carried out 18 times over at least 3 weeks.

3. Results and discussion

In a first step we measured the concentration inhibiting 50% of the cell growth after 72 h, called here
IC50. As this value strongly depends on cell lines and culture conditions, it was important to determine it
on PC-3 cells with our culture settings. The IC50 value was found to be 9 ± 0.44 nM. This concentration
did not induce increased cell death and was used throughout the present study.

For all the experiments, cells were grown to sub-confluence. Methotrexate was added either 24 h or
48 h before sub-confluence was reached. Controls of untreated cells were always grown in parallel. In
the course of this study a total of 37,700 spectra (18 images) passing the S/N threshold as described in
Section 2 were recorded for untreated cells. Similarly 4900 spectra (2 images) from cells incubated for
24 h in the presence of methotrexate and 21,300 spectra (7 images) from cells exposed for 48 h to the
drug were obtained.

Student t-tests: In order to determine the wavenumbers at which the absorbance was significantly dif-
ferent between non-treated and 24 h incubation in the presence of methotrexate or between 24 h and
48 h exposure to the drug, a Student t-test was performed at every wavenumber with a significance
α = 0.5%. Figure 1 reports differences between the mean spectra for all the data collected after 24 h
incubation in the presence and absence of methotrexate. Wavenumbers where a significant difference
occurred are indicated by stars. It can be observed on Fig. 1 that most of significant differences are
located between 1300 and 1000 cm−1, a spectral region usually assigned to nucleic acids [12], with
little effect in the protein region of the spectrum (1700–1500 cm−1) [6,12]. The C–H stretching region
of the spectrum (3050–2800 cm−1) did not display any significant difference (not shown). The differ-
ence between the mean spectra obtained at 48 and 24 h incubation is also reported in Fig. 1. A simple
examination of this spectrum indicates that this second difference has fewer significant modifications
in the nucleic acid region but display a marked change in the protein region which is completely new
with respect to the alterations observed in the first 24 h. At this stage of the research it is not possible
to speculate on the molecular origin of this difference as, even if dominated by proteins, different types
of molecules can absorb in this region [12]. Yet, the results obtained suggest that the metabolic pertur-
bations induced by methotrexate proceed in at least two steps, the first one affecting the nucleic acid
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Fig. 1. Difference between the mean spectra of cells exposed to methotrexate for 24 h and untreated cells (bottom) and difference
between the mean spectra of cells exposed to 48 and 24 h to methotrexate (top). Methotrexate concentration was 9 nM. Before
computing the means, spectra were corrected for water vapor absorption and were rescaled so that the amide II area between
1582 and 1492 cm−1 was set to an arbitrary equal value for all the spectra. A Student t-test (α = 0.5%) was computed at
every wavenumber and, when the difference between the means was found to be significant, a star was placed on the difference
spectrum.

region of the spectrum and the second one the protein region. Again the C–H region dominated by the
lipids was not significantly affected (not shown). Importantly, Student t-tests comparing several control
experiments on untreated cells could not evidence any significant difference. This was also confirmed by
principal component analysis, an unsupervised approach which, in our hands, easily detects problems
with controls (e.g., infection by mycoplasms).

Imaging: The results of the Student t-test suggest that a clear distinction can be obtained between un-
treated cells and cells exposed for 24/48 h to IC50 concentration of methotrexate. The question imaging
can address is how the changes observed on the means are shared among the different cells visible on
a microscopic field. Figure 2 reports two microscopic fields fused in one single image. The first one
originates from untreated cells and the second one from cells exposed for 48 h to methotrexate. Taking
advantage of the large variation between the mean spectra detected on Fig. 1 in the protein region near
1656 cm−1, the image simply reports the absorbance at this latter wavenumber. Interestingly, it appears
that all the cells from the sample are affected in a similar way. It can be concluded that there is a single
cell population with a homogenous response to methotrexate.

Discriminant PLS: As a single wavenumber allows a good separation between cells exposed to
methotrexate and controls, a supervised classification such as obtained by discriminant PLS should
achieve an even better identification of the state of the cells. Experiments (not shown) indeed revealed
that 99.7% of the spectra were classified correctly when a validation test was considered, i.e. the pre-
diction was run on a series of cells which did not participate to the construction of the PLS model
(1800–1000 cm−1).

In conclusion, we have shown here that sub-lethal concentrations of methotrexate induce a repro-
ducible signature which can be measured in prostate PC-3 cancer cells. Student t-test emphasizes that
the process occurs in two steps, the first one affecting the nucleic acid region of the spectrum and the
second one, the protein region. Imaging of individual cells demonstrates that the recorded differences
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Fig. 2. Visible (left column) and color-coded absorbance at 1656 cm−1 (right column) of prostate PC-3 cancer cells. The upper
half of each column displays cells that were exposed to methotrexate (9 nM) for 48 h, the lower half displays untreated cells.
Spectra have been corrected for water vapor and scaled as explained in Section 2 and in Fig. 1. The areas of the image where
the signal/noise ratio was below threshold (450) are black.

is not due to a subpopulation of cells but homogenously affects all the cells. Finally, nearly perfect
identification of treated cells can be obtained using a supervised classification.
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