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Abstract

Purpose: To study biochemical response of living model of glioma to X-rays irradiation using high resolution proton
nuclear magnetic resonance ("H NMR) spectroscopy.

Material and methods: Rat glioma Cé6 cells were irradiated with 3.8 Gy (D,, the 37% clonogenic survival dose) of
X-rays from a teletherapy unit at the dose rate 8.8 Gy/min. After irradiation the cells were incubated at 37°C/5%C0,/95%0,
for various period of incubation (24, 48, 72 and 96 hours) in the fresh medium. The high resolution 'H NMR spectra
of the agarose-cell mixtures (2 x 107 cells/ml) were acquired using a Varian Inova-300 multinuclear pulsed NMR spec-
trometer operating at the H resonance frequency of 300 MHz. The mean spectra were obtained as the averages of
six independent measurements.

Results: The statistically significant increase in the CH2/CH3 lipid signals ratio in the C6 cells after irradiation with 3.8 Gy
dose and incubation for 24-96 h was observed.

Conclusions: Our method of the sample preparation enables the metabolic effects of irradiation to be observed in viable
cells, which can effectively support the identification of the spectroscopic changes in vivo. Application of the gel sus-
pensions in the NMR studies has advantages over the usual liquid suspensions in terms of improved reproducibility
of the data and cell viability, with no net loss of the spectral quality.

Key words: 'H NMR spectroscopy, C6 glioma, X-ray irradiation.

Introduction ous cellular phenomena including cell proliferation or

In many publications the appearance of mobile lipid apoptosis [1,2,6,9,16,17,22,24,26,30,31,37,38,40,45,46,
(ML) signals in IH NMR spectra (mainly deriving from  51]. Though radiation therapy is widely used in cancer
fatty acyl chains) have been associated with numer-  therapy, only few works have been published on the
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application of IH NMR to irradiated cells in vitro [13,14,
38,42-44].

The aim of this study was to investigate the bio-
chemical response of living model of gliomato X-rays
irradiation. This model reflected the intra-glioma cell
compartment only, without modelling other neural
tissue cells, extracellular space, vessels, cerebrospinal
fluid etc. In the present study we examined the C6 rat
glioma cell line. Its pathological and growth character-
istics are similar to those observed in the case of human
gliomas [28,36]. This cell line has been extensively stud-
jed radiobiologically [21,23,25,34,39] and using 'H NMR
[2,3,7,8,35] or 3C NMR technique [10] but to the best of
our knowledge it has never been studied after X-rays
irradiation by means of 'H NMR spectroscopy.

Material and methods
Cell cultures

The rat C6 glioma cell line was obtained from ATCC
(American Type Culture Collection; CRL-2199). The cells
were routinely maintained as a monolayer culture in
Dulbecco’s minimum essential medium (DMEM, Sig-
ma), supplemented with 12% foetal bovine serum (FBS,
Gibco) and antibiotic (80 pg/ml gentamicin, Polfa).
The cells were incubated at 37°C/5%C0,/95%0, in poly-
styrene flasks (Nunc Easy Flask 75 cm?).

Irradiation and postradiation incubation

Irradiation was performed at room temperature with
X-ray photons generated by a linear Clinac-600C/D
accelerator (Varian). The vertical beam was projected
to a 18 x 18 cm? field size (SSD [source surface sistance]
=80 cm). The C6 glioma cell cultures received a one-
time dose of 3.8 Gy (Dy), 37% clonogenic survival dose
[50] at a dose rate of 8.8 Gy/min. The control cells were
not exposed. After irradiation the cells were incubat-
ed up to 24, 48, 72 or 96 hours in the fresh medium.

Before the NMR measurements, the cells were har-
vested by trypsinization. Only the cells actively adher-
ing to the flask bottom were collected. Then the cells
were centrifuged (at 112 RCF, 5 min.), washed twice
with 0.9% NaCl solution (pH 7.4, phosphate-buffered
saline) made with D,0 (Sigma-Aldrich) and counted
using a Biirker chamber.

Metabolic activity

Metabolic activity of the cells was determined using
MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxyme-
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thoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) colo-
rimetric assay (CellTiter 96® AQueous One Solution
Cell Proliferation Assay, Promega Corp., Madison, W],
USA). The cells from different time points after irra-
diation and the non-irradiated cells were incubated for
2 hours in 96-well plates (16 wells for every time point)
with DMEM without phenol red and MTS solution (vo-
lume ratio 5 : 1). BioTek ELX800 was used for meas-
urements of formazan absorbance at light wave
length of 490 nm. For each time point (irradiated and
non-irradiated at 24 h, 48 h, 72 h, 96 h), six independent
experiments were performed.

Determination of cell cycle phases

The distribution of the cell cycle population was
analysed by a flow cytometry on a FACSCanto (BD,
USA). The cells were fixed in 70% ethanol (-20°C) for
30 min, centrifuged and washed with PBS, treated with
100 pl/ml RNAse (Sigma-Aldrich) for 15 min at room
temperature, stained with 100 pg/ml propidium iodi-
de (Sigma-Aldrich) for 10 min and then analysed. For
each time point (24 h, 48 h, 72 h, 96 h for both the irra-
diated and non-irradiated cells), six independent
measurements were performed.

1H NMR measurements

Agarose powder (Sigma, Type |) was dissolved in
D,0 at 0.15% (w/w). 300 ul of agarose solution at 37°C
was mixed with pellet of cells (2 x 107 cells). The aga-
rose-cell mixture was transferred rapidly to a 5-mm
NMR tube and placed in the spectrometer (20°C). Our
own cells’ inserting method was applied in which two
layers of pure agarose in D,0 were separated by a lay-
er containing the cells (as showed in Fig. 1). This method
of application enables three-fold increase in the con-
centration of the cells keeping the loading requirement
of the NMR measurement.

The high resolutionone-dimensional 'H NMR spec-
tra were acquired using a Varian Inova-300 multinu-
clear pulsed NMR spectrometer operating at the H re-
sonance frequency of 300 MHz (the parameters: pulse
45°, spectral window = 4000 Hz; single acquisition
time = 3.744 s; d1 = 2 s, number of repetitions = 400).
For each time point (control, 24 h, 48 h, 72 h, 96 h), six
independent measurements were performed.

Despite the depletion of the nutrients in the NMR tube
for the agarose-immobilized cells and the accumulation
of the metabolic waste products, the short duration of
the H NMR measurement (less than 1 hour) enables keep-
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ing the living cells in the sample without applying per-
fusion [27]. In the case of the perfused systems, the flow
of medium adds to the difficulty in suppressing the water
peak in the IH NMR spectra. The gas bubbled into the
NMR tube and that produced due to the cells’ metabolic
processes generate gas bubbles which, in turn, decrease
the magnetic field homogeneity and cause differences
in the magnetic susceptibility between the gas and the
liquid in the NMR-detected region of the sample. This
broadens the resonances in the spectrum and therefore
reduces spectral resolution [27].

The preparation of each sample and the subsequent
NMR measurement in our experiment lasted for
about 40 min. However, despite this short measure-
ment time and since a perfusion system was not used,
it was necessary to determine the stability of the NMR
spectra of the embedded cells in agarose in time. No
statistical differences in the signal intensities in the
range of 1.18-1.43 were observed (p > 0.9, Kruskal-Wal-
lis test) up to 3 hours after the embedding of the cells
in the NMR tube.

Additionally, the spectra from the dead cells were
acquired after two weeks after embedding the cells in
the NMR tube. The marked increase of the lactate sig-
nal in these spectra, as compared to that in the living
cells’ ones, can be explained by the increased anaero-
bic metabolism.

Analysis of the spectra

The measured FID (free induction decay) signals
were zero-filled to 32K points and Fourier trans-
formed with apodization (1 Hz) to the frequency
domain using MestReCv. 2.3 software (Mestrelab
Research, Spain). The spectra were manually phase-
corrected (zero and first order), referenced to the lac-
tate doublet at 1.33 ppm (parts per million) and nor-
malized to unit area within the range from 0 to 4.2 ppm.
The CH,/CH; parameter was calculated according to
Eg. 1 (the ranges of the lipid bands were selected after
Hiltunen et al. [18]):

143 ppm

_[ flx)dx
CHy _ 1.18 ppm
CHs 1.06 ppm

I flx)dx
0.73 ppm

Eqg.1
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0.15% agarose in D,0

0.15% agarose in D,0 + C6 cells

0.15% agarose in D,0

Fig. 1. Photograph of cells and agarose inserting
3-layers scheme inside the NMR tube.

This parameter has been proposed as a quantita-
tive method for the estimation of a cell damage (often
interpreted as an apoptotic death index) [6,12,15,29,32].

Table 1. Cell viability measured by MTS assay for
all time groups after irradiation

Time after irradiation Relative metabolic activity
(viability) of irradiated cells
vs. non-irradiated cells

at the same time point

24 h 85.62 + 14.45*
48 h 86.20 +17.42
72 h 86.70 + 16.67
96 h 88.19 £ 9.46

*Mean values from six independent experiments (% + SEM)
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Fig. 2. Histograms picturing cytometric cell cycle analysis with cell count on vertical axis and DNA content
on horizontal axis. Mean percentage values (+ SD, standard deviation) of the cells arrested at the given G1,
G2/M and S phases are presented.
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To determine the contribution of the lactate dou-
blet into the methylene lipid range of 1.18-1.43 ppm,
the method proposed by Hiltunen et al. [18] for blood
plasma was adopted. Taking into account the univer-
sality of the lipids in Eucaryota, the method can be
applied also to the spectra analysis of the C6 cells.

It should be noted that within the selected CH, and
CHjs lipid ranges, apart from the lactate signal contri-
bution, there is also a small contribution from isoleucine
(1.0 ppm), leucine (1.0 ppm), valine (1.0 ppm), threo-
nine (1.3 ppm) and fucose (Fucl 1.3 ppm, Fucll 1.2 ppm,
Fuclll 1.3 ppm) [41].

Results
Vitality of the cells

Mean values of the relative metabolic activity (cell
viability) for all the time groups after irradiation received
by the MTS method are presented in Table I. The sta-
tistically significant differences in the optical density
at 490 nm (being directly proportional to the metabo-
lic activity and the number of viable cells) between their
radiated and non-irradiated cells at the different time
points were observed as estimated by Mann-Whitney
test (p = 0.000000). However, there was no statisti-
cal difference (p > 0.62) in the viability percentage bet-
ween the irradiated cells incubated with a different pe-
riod of time (24, 48, 72 and 96 h).

It is worth noting that only the cells actively adher-
ing to the flask bottom were collected. This enabled
a homogeneous surviving cell population to be mea-
sured, without any potential cell debris contamina-
tion.

Determination of cell cycle phases and
hypodiploid DNA content

The results of the cytometric cell cycle analysis are
shown in Fig. 2 graphically and also as the percent-
age values of the cells arrested at the given G1, G2/M
and S (100% —G1, -G2/M) phases. The cells’ percent-
ages at the G1, G2/M and S stages are similar for both
the irradiated cells and non-irradiated ones. The sig-
nificant difference is observed only for the cells after
24 h of incubation. In this case the percentage of
the mitotically inactive cells in G1 is higher, while the
amount of the cells in the G2/M and S phases is de-
creased (both for the irradiated cells and non-irradi-
ated ones). This suggests a slower proliferation fre-
quency in the cell culture after 24 h of incubation for
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Fig. 3. Comparison of mean high-resolution 300
MHz 1H NMR spectra in the range of 0-4.2 ppm
from N = 6 independent measurements for the
C6 cells after different time of postradiation in-
cubation.

both the irradiated and non-irradiated cells. Presum-
ably it is due to the increasing cell density during the
exponential growth in the culture flask. For the irra-
diated cells the proliferation is expected to be addi-
tionally suppressed as compared to the non-irradiat-
ed ones which is reflected in the flow cytometry results
(Fig. 2). However, the latter phenomenon is significant
only for the incubation time of 24 h after irradiation.

The amount of the cells in sub-G1 (the percentage
of the hypodiploid DNA in a total DNA content) is below
1% of the total cells’ amount for all the samples under
study, which means the potential apoptotic percent-
age to be below the cytometry precision level [33]. This
allows for excluding the apoptosis as the process
markedly influencing the cells’ population.

1H NMR measurements results

Figure 3 compares the mean spectra from six inde-
pendent measurements of the non-irradiated C6
cells (control) and those incubated 24-96 h after irra-
diation. The mean control spectrum (obtained from the
non-irradiated cells) was subtracted from the mean
spectra of the irradiated and incubated cells (24-96 h)
and the resulting difference spectra are shown in
Fig. 4. The intense peak at 1.32 ppm is observed in the
difference spectra, deriving mainly from the methyl-
ene groups of the fatty acyl chains of lipids. Along with
the increase in the CH, lipid band also a slight increase
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Fig. 4. The difference (irradiated — control) high-resolution 300 MHz IH NMR spectra in the range of 0-4.2 ppm
from N = 6 independent measurements for the C6 cells after different time of postradiation incubation.

in the CH; lipid terminal groups signal at 0.92 ppm is
observed on irradiation.

As seen in Fig. 5 the mean value of the CH,/CH; lipid
signals ratio increases in time after irradiation, contrary
to that for the non-irradiated cells. All the mean values
of the CH,/CHjs ratio calculated from the spectra of the
irradiated cells differ significantly (p < 0.01, Mann-Whit-
ney test) from the corresponding mean values obtained
for the non-irradiated cells (control). At the incubation
times above 48 h, a plateau is observed and the mean

38

values of the CH,/CHs ratio for the irradiated and incu-
bated cells do not differ significantly (p > 0.1, Kruskal-
Wallis test).

Lactate analysis

In order to estimate the lactate resonance area with-
in the methylene lipid 1.18-1.43 ppm range, the me-
thodology proposed by Hiltunen et al. for the lipid analy-
sis of blood plasma [18] was adapted. Figure 6 shows
the examples of the Lorentz functions fittings within
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the range of 1.18-1.43 ppm for the non-irradiated cells,
the irradiated and incubated ones as well as for the
dead cells (acquired two weeks after the embedding
in agarose, Fig. 6A).The Kruskal-Wallis test does not
show statistically significant differences in the lactate
resonance area in the spectra obtained from the non-
irradiated cells, and the cells irradiated and incubat-
ed for 24 h, 48 h, 72 h and 96 h (p > 0.4). The mean
value of the lactate doublet area equals 2.80% (+ 0.27)
for both the control and the irradiated samples, beings
five-fold less than that got from the spectrum of the
dead cells (15.57%) (Fig. 6A).

Discussion

In vitro studies on cells to date revealed that ion-
izing radiation may induce many effects like: metabo-
lism changes [48], cell cycle delay [19], DNA damage
[47], cell membrane damage [4] and, finally, apopto-
tic or necrotic death [49]. The present study reports the
variation in the IH-NMR visible mobile lipids that oc-
curred in C6 cells after the X-ray irradiation and incu-
bation. Our experiment showed the CH,/CHj lipids ratio
to increase after irradiation with no evident later stage
apoptosis indicating DNA damage as revealed by the
flow cytometry. It should be stressed again that only
the cells actively adhering to the flask bottom were
measured at a particular moment after the irradiation
to avoid the effects from the dead cells and the cel-
lular debris. It is worth noting that the CH,/CHj; signal
intensity ratio increase from 1.01 (control) to 1.35 (at
96 h) coincides well with the data published by Shih
et al. [46]. In the mentioned work (for the MRC-5 cells
after Hg exposure) the CH,/CHjs signal intensity ratio
increase from 0.92 (control) to 1.31 (2-24 h) was report-
ed. Shih et al. interpreted their results as being due to
necrosis, whereas the variations of the 2.02 signal (at
24 h after Cd treatment) as being correlated with apop-
tosis (on the basis of the phosphatidylserine externa-
lization measurements).

There are numerous H-NMR in vitro publications
reporting that the CH, and CHs mobile lipids are close-
ly associated with the cell death processes [1,5,6,11,12,
20,30,31,45]. Also in vivo studies show that the IH-NMR
visible mobile lipids correlate with apoptosis [17,24]
or necrosis [22,51]. However, Santini et al. in one of their
publications proved that the 'H-NMR mobile lipids are
not always associated with overt apoptosis [43]. The
chromatin dye Hoechst 33258 and the DNA fragmen-
tation assays showed no overt apoptosis up to 7 days
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Fig. 5. Mean values of CH,/CHj ratio after diffe-
rent time of postradiation incubation. Error bars
indicate SD of the mean for N = 6 independent
experiments.

after irradiation of the MG-63 cells, in spite of the sig-
nificant increases in both the CH, and CH; mobile lipids.

It is extremely interesting that the IH-NMR visible
lipids correlate with the cell proliferation status [2,
37,40]. Rosi et al. reported the increased CH,/CHj lipid
signal intensity ratio for the Hela cells treated with the
antitumor drug lonidamine, which blocks cell proli-
feration and cell progression through the cycle [40].
The effect was visible 24 h after the treatment
(CH,/CH3 = 1.91 + 0.2) and was increasing up to 48 h
(CH,/CH; = 4.1 + 0.4). After 72 h the value was still close
to the previous level (CH,/CH3 = 4.3 + 0.4). They sug-
gested that when the cell cycle progression is block-
ed, triglyceride concentration remains high and the
lipids accumulate in cells. As our results reveal, des-
pite the high percentage of the G1-phase, the inten-
sity of the CH, lipid signals is high in the IH NMR spec-
tra of irradiated Cé6 cells.

Quintero et al. showed a possible cellular expla-
nation of the NMR-visible mobile lipid changes in the
growing C6 cells [37]. They suggest that in the normal
growing conditions the lipid droplets associated with
cytoskeleton are too small and their mobility is too low
for being NMR visible. On proliferation arrest the phos-
pholipids resynthesis is halted, and the small triacyl-
glycerides containing bodies are transported through
the cellular membranes for the phospholipids resyn-
thesis which allows the accumulation and fusion of
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Fig. 6. Methylene lipid range (1.18-1.43 ppm) with Lorentz functions fitting according to Hiltunen et al.
methodology [18] for A) dead cells, B) non-irradiated cells, C) irradiated cells and incubated for 24 h, D) irra-
diated cells and incubated for 48 h, E) irradiated cells and incubated for 72 h, F) irradiated cells and incu-
bated for 96 h. Values over peaks represent central positions of individual resonance lines given in ppm.
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the lipid bodies. When the size of the fusing droplets
exceeds certain value (around 100 nm) and the mo-
bility is high enough, the lipid content becomes NMR
visible.

In our experiment, the proliferation arrest in the cells
studied 24 h after irradiation (the decrease in G2/M +
S) is small as compared to the non-irradiated cells at
the same time point of incubation (as the flow cyto-
metric measurements reveal). At longer incubation
times both the irradiated cells and non-irradiated ones
still reveal the decreased proliferation rates with no
statistical differences between the cell percentages in
the G1, G2/M and S phases (see Fig. 2). However, the
CH,/CHs lipid resonance ratio increase is observed
exclusively for the irradiated cells. Therefore, the ex-
planation postulated by Quintero et al. cannot be ful-
ly confirmed [37]. As they suggest, the amount of the
NMR detectable mobile lipids in the viable C6 tumour
cells should correlate with the proliferation rate
changes of these cells.

Rainaldi et al. [38] report the variations in the 1H-
NMR metabolites in the HL60 cells due to apoptosis
induced by ionizing radiation or the doxorubicin
administration and due to necrosis induced by heat-
ing. Interestingly, in their experiment the lactate con-
centration in the cells irradiated with gamma-rays (the
dose of 100 Gy) is found to increase in over 80%, where-
as in the heated necrotic cells the lactate concentra-
tion increase is much higher (180%). In our experiment
the lactate resonances do not vary significantly after
the irradiation and incubation in both the irradiated
and non-irradiated cells (as measured as the percentage
area of the doublet peak at 1.33 ppm within the me-
thylene lipid range). Thus, it may be concluded that the
variations in the methylene lipids range after irradia-
tion of the cells are caused mainly by fatty acyl chains
of triglycerides inside cytosolic lipid droplets, while the
contribution of lactate is small.

Conclusion

A significant increase in the CH, resonance peak
was observed in the C6 cells exposed to 3.8 Gy after
24-96 h incubation while the CH; resonance peak re-
mained unchanged.

The analysis of the cell cycle by a flow cytometry
did not reveal evident apoptosis both in the irradiat-
ed cells and non-irradiated ones. In the case of the irra-
diated cells, no significant influence of irradiation on
the proliferation arrest for the cells incubated at the
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times from the range of 48 h to 96 h was observed.
Our data suggest that the increase in the CH,/CH; lipid
ratio in the irradiated C6 cells is not correlated with the
cell death or the proliferation status and presumably
is due to some modifications of the cell lipid compo-
sition after irradiation leading to the increased lipid
mobility.

The described method of sample preparation en-
ables the metabolic effects of irradiation to be observ-
ed in viable cells, which can effectively support iden-
tification of the spectroscopic changes in vivo.
Application of the gel suspensions in the NMR stud-
ies has advantages over the usual liquid suspensions
in terms of improved reproducibility of the data and
cell viability, with no net loss of the spectral quality.
Hereby it was shown, that in vitro 'TH NMR technique
is useful in the non-invasive studies of the living cells
response to irradiation and provides the essential infor-
mation on dynamics of the metabolic processes after
irradiation.
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