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Abstract

Tumour hypoxia plays a role in chemoresistance in several human tumours. However, how hyperbaric oxygen leads to
chemotherapeutic gain is unclear. This study investigates the relation of reactive oxygen species (ROS) generation with anti-
tumoural effect of adriamycin (ADR) on CCRF-CEM cells under hypoxic (2% O,) and normoxic (21% O,) conditions.
A new method was used to measure intracellular ROS variations through the fluorescence lifetime of 1-pyrenebutyric acid.
At 24 h, ADR, probably via semiquinone radical, enhances ROS levels in normoxic cells compared to hypoxic cells. Long-
term studies show that ROS are also generated by a second mechanism related to cell functions perturbation. ADR arrests
the cell cycle progression both under hypoxia and normoxia, indicating that oxygen and ROS does not influence the DNA
damaging activity of ADR. The findings reveal that moderate improvement of ADR cytotoxicity results from higher ROS
formation in normoxic cells, leading to elevated induction of cell death.
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Introduction

For several decades the anthracycline antibiotic
adriamycin (ADR) has been extensively used for
clinical treatment of a variety of malignancies. The
mechanisms of action of this drug have long been
subject to controversy and still remain uncertain.
Several mechanisms have been proposed (for review
see [1,2]) and for many years the cytotoxicity of ADR
was explained by its intercalation into DNA between
adjacent base pairs and the subsequent inhibition of
DNA replication [3]. Other modes of action have
been proposed to explain ADR cytotoxicity. Amongst
them, it was established that anthracyclines induce an
increase of reactive oxygen species (ROS) formation.

ADR can accept electrons from oxoreductive en-
zymes in the mitochondria to form semiquinone free
radicals, which can reduce molecular oxygen to
oxygen radicals [4-6].

The presence of oxygen seems essential for the
efficiency of ADR. Indeed, several studies reported
that hypoxic condition of tumours induced resistance
to ADR in various cell lines i vitro and in vivo, while
chemosensitivity to the agent increased in oxygenated
cells [7-9]. Hypoxia is a common feature of many
tumours, occuring as a result of an inadequate
delivery of oxygen due to an exponential proliferation
of cancerous cells and an insufficient vascular supply
[10]. Many studies have been conducted to investigate
possible adjunctive therapy leading to therapeutic
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gain. Hyperbaric oxygen (HBO) is widely used as
adjunctive therapy in several clinical indications
including treatment of non-healing wounds. HBO
increases the amount of dissolved oxygen in the blood
and therefore can lead to an increase of the oxygen
availability within tumours. It has been shown that
HBO affects growth of tumour cells and improves
chemotherapy and radiotherapy. In particular, it has
been reported that HBO enhanced the cytotoxic
activity of ADR [11,12]. However, the mechanisms
leading to the improvement of chemotherapeutic
efficacy of the drug are not well understood.

We propose to investigate the effect of the variation
of cell oxygenation on ROS production due to ADR
treatment. We developed a new method in our
laboratory consisting in measurement of 1-pyrenebu-
tyric acid (PBA) fluorescence lifetime by time-
resolved microfluorimetry. The main advantage of
this method is that fluorescence lifetime measure-
ments are independent of the absolute intensity of the
emitted light and, therefore, independent of the
intracellular accumulation of the probe. Thus, the
method is less prone to errors and shows good
sensitivity compared with other methods that use
fluorescence intensity. PBA is a fluorescent probe
with a long fluorescence lifetime depending on the
concentration of molecular oxygen, but also on the
intracellular level of ROS [13]. Fluorescence lifetime
measurements of PBA in cells had permitted an
evaluation of the ROS variations under various
conditions [14].

It is important to monitor the effect of ADR
treatment on the cell proliferation. Fluorescence
image analysis by videomicrofluorimetry is a com-
plementary method to flow cytometry to analyse
dynamic events in cell populations. We developed a
triple labelling method to study living cell populations
under different conditions and for different cell lines
[15,16]. Cells were simultaneously labelled with
fluorescent probes (Hoechst 33342, Rhodamine 123
and Nile Red) which, respectively, stain nuclei,
mitochondria and plasma membranes. Image digiti-
zation allowed us to collect several parameters
computed in a multiparametric approach to study
relations between morphological parameters (size,
shape) and functional parameters (membrane proper-
ties, mitochondrial energetic state, DNA synthesis).
This is particularly useful for the study of the cell
cycle distribution [17].

In this paper, we quantified ROS fluctuations and
studied distribution into the cell cycle phases in
cultured CCRF-CEM cancerous cell line incubated
under hypoxic (2% O,) or normoxic (21% O,)
conditions with 1.7 pm of ADR. In parallel, the
effects of the anthracycline on cell proliferation and
viability were compared between the two conditions
of oxygenation. The data on mitochondrial energetic
state and DNA content have allowed us to identify
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and quantify apoptotic cells. These modifications of
treated cells were followed daily during 6 days.

Materials and methods
Chemicals

Cell culture medium RPMI 1640, Hanks’ balanced
salt solution (HBSS), penicillin and streptomycin
antibiotics, foetal bovine serum and L-glutamine
were provided by Cambrex (Verviers, Belgium).
Adriamycin (ADR) (Sigma, St. Quentin Fallavier,
France) was prepared in phosphate-buffered saline
(PBS) solution (ICN Biomedicals, Costa Mesa, CA)
to 0.5 mM and stored at — 20°C. Stock solutions of
Hoechst 33342 (Ho342) (Aldrich, St. Quentin Fal-
lavier, France) and Rhodamine 123 (R123) (Sigma,
St. Quentin Fallavier, France) were prepared in PBS
to 1 mM and 0.1 mM, respectively, and stored at
—20°C. Nile Red (NR) was provided by Sigma (St.
Quentin Fallavier, France), prepared in ethanol
(95%) to 1 mM and stored at 4°C. 1-pyrenebutyric
acid (PBA) was purchased from Acros Organics
(Geel, Belgium), dissolved in ethanol (95%) to 50
um and stored at 4°C.

Cell culture and treatment

Human lymphoblastic cells CCRF-CEM provided by
Dr W. T. Beck (College of Medicine, University of
Illinois at Chicago, Chicago, IL) were grown as
stationary suspension cultures in RPMI 1640 med-
ium supplemented with 2 mM L-Glutamine, 10%
heat-inactivated foetal bovine serum and 1% of
antibiotics at 37°C in a humidified incubator contain-
ing 21% O,, 5% CO, in air (referred to hyperox-
ygenated condition compared to hypoxic tumour
level). The cells were seeded every 3 or 4 days at
0.2 x 10° cells/ml to maintain exponential growth.
Appropriate volume of ADR was added into 5 ml
complete medium containing 0.2 X 10% cells/ml, to
reach a final drug concentration of 1.7 pm (1000 ng/
ml). To simulate hypoxic tumour conditions, cells
were immediately placed after drug addition in a
humidified incubator chamber equiped with a flow-
meter (Aalborg, NY) allowing us to flush the cells
with a gas mixture of 2% O,, 93% N, and 5% CO,
during 2 h. The flows were regulated at 10, 465 and
25 ml/min, respectively. The chamber was sealed and
adjusted at 37°C. The flushing procedure was re-
peated each day for 2 h to maintain a constant
atmosphere into the chamber. A pressure of 1 atm
was kept constant during the experiments. Cells were
Coulter-counted (model ZM, Beckman Coulter,
Paris, France) each 24 h to evaluate the cell growth.
Two replicates of each condition were used in each
assay. Cell counts were performed in triplicate. Cell
viability was evaluated by trypan blue exclusion assay.
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Each condition was asseyed in duplicate. Experi-
ments were performed twice.

Staining procedure

For time-resolved microfluorimetry experiments, the
cell suspension containing 0.6 x 10° cells was incu-
bated for 20 min in 900 ul HBSS with 10.8 pl of PBA
(0.6 um, final concentration), at 37°C. The cells were
centrifuged and rinsed twice. They were finally
resuspended in 900 pl HBSS and 300 pl of the
solution (i.e. 0.2 x 10° cells) was placed on a Sykes-
Moore chamber for measurements of PBA fluores-
cence lifetimes. Each experiment was performed daily
during 6 days and repeated three times.

For numerical analysis experiments, cell sample
was prepared by adding 10 pl of Ho342 (10> M,
final concentration) to 1 ml of cell suspension
containing 1.0 x 10° cells. After 1 h of incubation,
115 pul of R123 (10> M, final concentration) was
added to the cell suspension. The cells were further
incubated for 57 min with the two probes before 17 pl
of NR (1.5x 10> M, final concentration) was
added. After 3 min, the cells were centrifuged and
rinsed three times. They were suspended in 1 ml
HBSS and an aliquot of the cell suspension (300 pl)
was removed and plated in a Sykes-Moore chamber
for numerical image analysis. These analyses were
performed after 2 h, 6 h, 18 h and each 24 h during 6
days and repeated 2—3 times.

Numerical 1mage acquisition and analysis

The fluorescence digital imaging microscopy system
has been described elsewhere in detail [17,18]. For
each experiment, 22 parameters were evaluated,
including cell and nucleus areas and perimeters,
shape factors for cell and nucleus and fluorescence
intensity parameters (total, mean and standard error)
for Ho342, R123 and NR on ~ 600 cells. The
fluorescence intensity parameters were normalized
using a reference standard to compensate for intensity
fluctuations of the mercury lamp. The sizes and shape
factors of cells and nuclei were used to exclude cell
clumps and debris and to keep only isolated cells.
The total fluorescence intensities of Ho342, R123
and NR were analysed to monitor variations of
morphological and functional properties of each
cell. A set of seven parameters (cell and nucleus
area and perimeter, total fluorescence intensity and
associated mean and standard deviation of Ho342)
were selected and used in a multiparametric approach
for cell cycle classification. The multiparametric data
analysis ran with XLSTAT-Pro software (Addinsoft,
Paris, France) and consisted of typology (agglomera-
tive hierarchical clustering and k-means clustering)
followed by discriminant analysis [17].

Fluorescence decay recording and analysis

The apparatus has been previously described in detail
[14,19]. PBA-loaded single cells were excited at a
wavelength of 337 nm with a nitrogen laser. The
pyrene emission was selected by a 404 nm inter-
ference filter. We obtained a biexponential decay: the
first decay corresponded to the intrinsic fluorescence
of the cell (i.e. NAD(P)H fluorescence) and the
second decay was a longer one corresponding to the
PBA fluorescence. The substraction of this biexpo-
nential decay with a decay curve resulting from a cell
without probe loading (i.e. intrinsic fluorescence of
the cell) allowed us to obtain a decay curve of PBA
alone and to eliminate the baseline response of the
detector. The resulting decay was simulated with a
single exponential decay using the downhill simplex
method [20] to obtain values of PBA fluorescence
lifetimes. Fluorescence lifetime measurements were
achieved under (i) air and (ii) nitrogen atmospheres.
Diminishing the oxygen concentration in the cell
atmosphere was performed using a flowmeter supply-
ing N, gas [14] to simplify the deactivation processes
of PBA fluorescence. Stable PBA fluorescence life-
times were usually obtained after 10 min (residual
oxygen concentration lower than 0.5% [19]). The
measurements were achieved between 21-24°C. Dur-
ing the period of experimentation (<30 min), no
significant fluctuations of NAD(P)H fluorescence
intensities (i.e. energetic state of the cells) were
detected neither for measurements performed under
air atmosphere nor for those under nitrogen atmo-
sphere. We tested several cells in each sample and we
did not detect any time-dependent changes. These
results confirm that cells remained physiologically
intact and that ROS formation was stable during the
experiments.

Stern-Volmer analysis of quenching

To calculate the ROS variations from experimental
data (i.e. fluorescence lifetimes), we used the Stern-
Volmer equation (Equation 1) as shown below. In the
absence of static quenching, collisional fluorescence
quenching by molecular oxygen is described by the
Stern-Volmer equation 21:

7/t =1+ k,7,[Ql (1)

In this equation, 79 and 7 are the PBA fluorescence
lifetimes in absence and presence of quencher,
respectively, k, is the quencher quenching rate
constant and [Q] is the quencher concentration. In
a complex cellular environment, oxygen but also
several ROS can deactivate PBA fluorescence
[13,14]. If we make the simple assumption of two
independent quenchers, we obtain the intracellular
total ROS variation by comparing two treatment
conditions [14]:
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where [ROS] zeatment and [ROS] control are the reactive
oxygen species concentrations in treated cells and
control cells, respectively. 7y is the PBA fluorescence
lifetime in absence of O, and ROS. It was measured
under nitrogen atmosphere (oxygen highly reduced)
on cells fixed with Baker solution (10% paraformal-
dehyde in 1% aqueous calcium chloride). After
fixation, we assumed that cell activity was blocked
and ROS production was stopped [14]. Similar 7,
values were obtained whatever the cell treatment used
(average: 209 ns) consistent with the total removal of
ROS. The fluorescence lifetimes T.oniro1 (average: 197
ns) and Tygeamment Were measured under nitrogen
atmosphere on control and treated cells, respectively.
We have assigned an arbitrary value of 1 to the ROS
concentration of control cells. This allowed us to give
arbitrary values for ROS concentrations.

Results
Reactive oxygen species generation

The anti-cancerous agent ADR is described to
generate ROS [1,2,5,6]. To monitor ROS fluctua-
tions, we recorded the fluorescence lifetimes of the
probe 1-pyrenebutyric acid (PBA) on cells loaded
with PBA, using time-resolved microfluorimetry.
This method was recently developed for measure-
ments in living cells [14]. Cells were treated with
ADR at the dose of 1.7 uM and incubated either
under simulated hypoxic or normoxic condition
during 144 h. Figure 1A shows the means of the
PBA fluorescence lifetimes obtained from the mea-
surements performed under air atmosphere. To
simplify the deactivation processes of the probe and
to obtain one equation allowing us to calculate the
variations of intracellular ROS levels, we also per-
formed the measurements under nitrogen atmo-
sphere. In Figure 1B, we present the variations of
ROS concentrations obtained after calculation using
Equation (2). For control, no significant PBA fluo-
rescence lifetime variations were observed between
hypoxic cells and normoxic cells (Figure 1A). The
means of fluorescence lifetimes remained constant
throughout the experiments (~ 160 ns). The mea-
surements performed with control cell populations
showed standard deviations (SD) of ~4 ns. This
value is consistent with a homogeneous population.
For cells treated with ADR 1.7 pm then incubated
under hypoxic condition, PBA fluorescence lifetimes
slightly changed at 24 h (mean: 157 ns). This
corresponded to a weak increase of intracellular
ROS quantities (mean: 1.25 a.u. compared to 1.05
a.u. for control cells). Then, the decrease of the
fluorescence lifetimes continued corresponding to a
progressive increase of the ROS production. We
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obtained 153 ns at 72 h (ROS: 1.5 a.u.) and we
reached a mean value of 150 ns (1.85 a.u.) after 144 h
of treatment under hypoxia. SD values increased with
time (3 ns at 24 h compared to 8 ns at 144 h),
indicating that cell population presented an impor-
tant dispersion of ROS values. Indeed, some treated
cells still exhibited ROS levels close to those obtained
for control cells. Under normoxic condition, the
generation of ROS by ADR was greatly enhanced.
We observed an earlier and higher reduction of PBA
fluorescence lifetimes (149 ns at 24 h) corresponding
to a ROS concentration of 2.1 a.u. (Figure 1B). We
had previously observed similar reduction of PBA
fluorescence lifetimes already at 4 h, in the same
conditions of cell treatment [13]. Then, the means
and SD remained stables during the 144 h of treat-
ment (mean: ~ 148 ns; SD: ~ 4 ns), corresponding
to ROS quantities two-fold the control value.

Cell growth and viabiliry

In order to examine the influence of ADR on cell
proliferation, cell density was evaluated by Coulter-
counter each 24 h during 144 h. The cell viability was
assayed by trypan blue exclusion. CCRF-CEM cells
were seeded in complete culture medium at an initial
cell density of 0.2 x 10° cells/ml and then incubated
under two different oxygen levels. Figure 2 shows a
similar cell growth for control cells incubated under
hypoxia (2% O,) and normoxic condition (21% O5,).
The cell density increased during the first 96 h (1.7 x
10° cells/ml and 1.8 x 10° cells/ml under 2% and
21% O,, respectively) and the number of non-viable
cells did not exceed 4% (Table I). The cell growth
was stopped after 96 h. A stationary phase (i.e.
plateau) was reached, certainly due to the impover-
ishment of the culture medium, and we observed an
increase of the number of non-viable cells (~ 12% at
144 h). For these reasons, fluorescence lifetime
measurements and cell cycle analysis were not
performed on control cells after 96 h of incubation.
Treatment with ADR 1.7 um led to an immediate
stopping of the cell growth both under 2% and 21%
O,. The Coulter-counting of the number of cells
remained stable during the 144 h of treatment (0.2 x
10° cells/ml). Moreover, ADR induced a time-de-
pendent decrease in cell viability under the two
oxygen concentrations (Table I). After 144 h of
treatment, we obtained 56% of non-viable cells under
21% O, compared with 40% under hypoxia.

Apoptosis detection

Cell staining with Rhodamine 123 (R123) and
Hoechst 33342 (Ho342) permits us to determine
the mitochondrial energetic state of the cells and the
DNA content, respectively. Indeed, R123 has been
widely used to evaluate the mitochondrial mem-
brane potential in various cells [22,23] and Ho342
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Figure 1. PBA fluorescence lifetimes (A) and ROS concentrations (B) for control cells and cells treated with ADR 1.7 um then incubated
under 2% or 21% O,. Measurements were performed each 24 h, we only show data recorded for 24, 72 and 144 h. The values were
measured (A) under air atmosphere and (B) under nitrogen atmosphere (highly reduced oxygen flow). Values are means +SEM (standard
error of the mean) of three independent experiments. The number of cells (z) is indicated in each case.

fluorochrome binds to A-T rich sites in the DNA
minor groove and covers four base pairs, AATT [24].
These two parameters should allow us to discriminate
apoptotic cells. Indeed, the loss of mitochondrial
membrane potential is considered as an early indi-
cator for commitment of cells into programmed cell
death [22,25]. Moreover, cells entered in apoptotic
death can be recognized by their diminished stain-
ability with DNA-binding dye due to alteration and
subsequent loss of chromatin. We monitored the ratio
of the total fluorescence intensity of R123 to the cell

o
(6} N
‘ )
\
\
HR

?&

Cell density (x 10° cells/ml)
=
= [6)]
\
\

o
1

T T T T T

T 1
0 24 48 72 96 120 144
Time (hours)

Figure 2. Effects of ADR treatment (1.7 pm) on CCRF-CEM cell
growth. Cells were incubated at 0.2 x 10° cells/ml with the drug for
144 h. Every 24 h, aliquots of the cell suspensions were removed
and cells counted using a Coulter-counter. Control 2% O, (O),
control 21% O, (a), ADR 2% O, (@) and ADR 21% O, (a).
Results are given as means +SD of 3-4 independent experiments
performed in duplicate.

volume (tFIg;,3/Vcen), which indicates the mitochon-
dria energetic state of the cells regardless of the
possible increase of the cell sizes, vs the total
fluorescence intensity of Ho342 (tFlyg342), as illu-
strated in Figure 3. The data presented in this figure
correspond to control and ADR-treated cells (1.7
pm) incubated 72 h under 21% O,. Especially for
cells treated with ADR, a sub-population differed
from the cellular pool and presented tFIg;23/Veen
ratio values significantly smaller than 0.2 (mean: 0.04
compared to 0.51 and 0.46 for the pools of ADR-
treated and control cells, respectively), indicating a
decrease of the mitochondrial energetic state. This
sub-population represented less than 3% of the total
population for control while it corresponded to 14%
for ADR-treated cells at 72 h (Table I). The majority
of the cells with low tFIr;,5/V e ratio exhibited at the
same time a considerable decrease of tFl,s4,, i.€.
reduction of DNA content (mean: 7500 a.u. com-
pared to 15 000 a.u. for Gyo/G; group, for ADR-
treated cells at 72 h (Table II)). The tFly,34, values
continued to decrease throughout time of treatment
(mean: 3500 a.u. for the sub-population at 144 h).
Moreover, this sub-population presented a nuclear
condensation (average value of nucleus area: 243 a.u.
compared with 380 a.u. for Go/G; group) consistent
with apoptotic processes [26]. Since cells were also
stained with Nile Red as described in the Materials
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Table I. Proportion of apoptotic cells (i.e. tFIR;,3/V ey <0.2) and non-viable cells (i.e. trypan blue-stained cells) obtained for control cells and ADR-treated cells (1.7 um). Cells were incubated under
hypoxic (2% O,) or normoxic (21% O,) conditions during treatment. Measurements were performed several times (see Materials and methods), some of them are shown here.

Control cells

Adriamycin 1.7 pm

2% O, 21% O,

21% O,

18 h 72 h 2h 6 h 18 h 72 h

72 h 144 h 2h 6h 18 h 24 h 48 h 72 h 144 h

—_
»
[SN]

Apoptosis* (%) 2 2 2
Non-viable cells (%) 4 3 3 3 4 3

* obtained from videomicrofluorimetry experiments.
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20 40 3 3 6 7 15 27 56
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Figure 3. Ratio of the total fluorescence intensity of Rhodamine
123 to the cell volume (tFIg;23/Veen) vs the total fluorescence
intensity of Hoechst 33342 (tFlgg342). Measurements were
obtained in control cells (hollow symbols) and cells treated with
ADR 1.7 pm (full symbols). Cells were incubated under 21% O,
during 72 h.

and methods section, we observed that plasma
membranes of the sub-population were still intact.
Indeed, cells entering into apoptosis present no
disruption of the plasma membranes, while necrosis
is accompanied by a rapid plasma membrane per-
meabilization leading to efflux of cell constituents in
extracellular space [27]. The percentage of apoptotic
cells (Table I) was determined from the number of
cells in the sub-population characterized by tFIg;,3/
Veen ratio values <0.2. We compared control and
ADR-treated cells (1.7 um) incubated under hypoxic
(2% O,) or normoxic (21% O,) conditions during
144 h. For both controls, the percentage of apoptotic
cells remained stable throughout the time-period of
the experiments (~ 3% of the total cell populations).
Treatment with ADR induced an increase of the
number of apoptotic cells which became moderately
higher under normoxia compared with hypoxia after
48 h. We obtained at 144 h 30% of apoptotic cells
under 21% O, compared to 19% under hypoxia. To
prevent erroneous classification of apoptotic cells in
the different phases of the cell cycle as viable cells, we
pulled off the distinct sub-population presenting
tFIR123/Veen ratio values < 0.2 (Figure 3) from the

initial cell population before using the multipara-
metric analysis for cell cycle distribution. The arbi-
trary ratio value of 0.2 remained the same whatever
the cell population or the time treatment and clearly
delimited the sub-population from the rest of the cell
population.

Cell cycle analysis and DNA alteration

We investigated the effects of ADR (1.7 um) on cell
progression through the cell cycle under hypoxic and
normoxic conditions. Figure 4 shows the percentage
of cells obtained for different phases of the cell cycle.
Cells were classified in three groups related to diploid
cell cycle phases (Go/Gy, S, G,+ M) and two groups
of polyploid cells (Gn; and Gn,). We observed that
the ratio of G,+ M group to Gy/G; group for DNA
labelling was close to 2 (+5%) in all cases (Table II).
Control cells incubated under hypoxia presented
comparable cell cycle distribution to control cells
incubated under 21% O, (Figure 4). Since we seeded
CCRF-CEM cells in fresh cell culture medium every
3 days, the distribution of the cell cycle at the very
beginning of incubation (i.e. 2 h) and at 72 h were
equivalent (~50% of cells in Go/G; group). After 6
h, control cells accumulated in the S-phase (~40%
vs ~25% at initial time) due to an increase of Go/G;—
S transition. On the contrary, the cell cycle distribu-
tion remained unchanged between 2—6 h of treatment
with ADR when incubated both under 2% and 21%
oxygen (Figure 4). Apparently, ADR delayed the rate
of traversal from Gy/G; to S phase. After 18 h of drug
treatment, we observed a decrease of the number of
cells in Gy/G; group both under hypoxia and
normoxic condition. The percentage of cells in S
and G,+ M phases increased (~ 40% and ~ 30%,
respectively). The reduction of the Gy/G; group was
due to the cell progression through S-phase and
subsequently through G, + M group. Moreover, since
ADR stopped the cell proliferation at the dose
selected (Figure 2), this implies a cell blocking in

Table II. Means of the total fluorescence intensity of Ho342 (mtFI,34,) for each phase of the cell cycle. Cell populations are the same as
those presented in Figure 4. Results are given as means in arbitrary units. Some data on apoptotic population and data on Gn, phase are not

presented due to the scarcity or absence of cells.

Phases of the cell cycle (a.u.)

Number
Time (h) of cells Go/G, S G,+M Gn; Apoptosis (a.u.)
Control 2%0, 72 1004 25 000 35 000 48 000 61 000 —
Control 21%0, 72 803 26 000 37 500 50 000 63 500 —
ADR 2%0, 6 564 20 000 28 000 38 500 47 500 —
18 481 14 000 21 000 28 000 36 500 —
72 914 15 500 25 000 32 000 41 000 8000
ADR 21%0, 2 498 25 500 36 500 52 500 73 000 —
6 523 18 500 26 000 35 000 44 000 —
18 548 14 500 20 000 30 000 39 000 —
72 926 15 000 21 500 29 000 39 000 7500
144 835 14 700 22 000 29 500 38 500 3500
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the G,+ M group, preventing the renewal of cells in
Gy/Gy. This cell-cycle distribution remained un-
changed until 144 h (Figure 4) and this whatever
the oxygen level used during incubation.

Since adriamycin [1,2] and Hoechst 33342 [24]
are both DNA-binding molecules, the staining of the
nuclei with Ho342 intercalating dye can be affected
by previous cell treatment with ADR. Monitoring the
resulting decrease in Ho342 fluorescence intensity
can supply informations about the DNA-binding of
ADR at the dose of 1.7 um and subsequent DNA
alteration. Table II shows the means of the total
fluorescence intensities of Ho342 (mtFly,34,) Ob-
tained for different phases of the cell cycle. Control
cells presented similar mtFIg 34, values both under
hypoxic and normoxic conditions. These values
remained stable throughout the experiments. Cells
treated 2 h with ADR showed comparable mtFIy,34,
values to control values, both under 2% O, and 21%
O,. The mtFlIy,34, values decreased by ~ 20% at 6
h and continued to decrease at 18 h (~ 40%).
Afterwards mtFIy,34, values remained stables. The
observed decrease in mtFIy,34, affected in the same
way the cells incubated under 2% or 21% of oxygen
for the first 72 h.

Discussion

The aim of this study consists of investigating the link
between reactive oxygen species (ROS) generation
and cytotoxic/cytostatic activity due to the che-
motherapeutic agent adriamycin (ADR). The treated
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cells were incubated under simulated hypoxic tumour
condition (2% O,) and under normoxia (21% O,,
regarded as hyperoxygenated physiological condition
in tissues). We compared the efficiency of anti-
cancerous effect of ADR between the two oxygena-
tion conditions. First, we observed that untreated
CCRF-CEM cells normally proliferated under hy-
poxia since neither the cell growth (Figure 2) nor the
cell death (Table I) were affected after decreasing the
exogenous oxygen delivery compared to normoxic
condition. This is consistent with the analysis of the
cell cycle distribution showing similar classification
between untreated hypoxic and normoxic cells (Fig-
ure 4). We did not measure significant variations of
ROS concentrations in untreated CCRF-CEM cell
line, even if either an increase [28,29] or a decrease
[30,31] in the ROS production during hypoxia was
already reported in the literature for other cultured
cells. Our results suggest that under 2% of oxygen,
CCRF-CEM cells have at their disposal enough
oxygen to continue generating the same quantity of
ROS as normoxic cells and that oxygen is not a
limiting factor to this production.

It is widely accepted that ADR generates ROS
[1,2,4-6]. This generation is partly due to the quinone
structure of ADR which can be reductively activated
to semiquinone free radical intermediate in the
mitochondria. The semiquinone free radical can react
with O, which is converted to superoxide anion,
leading to an increase of intracellular ROS produc-
tion. Our experiments show that cultivating the ADR-
treated cells (1.7 pm) under normoxic condition
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Figure 4. Proportion of cells in the different phases of the cell cycle (Go/Gj, S, G2 +M, Gn; and Gn,). Cells were treated or not with ADR
1.7 um and incubated under hypoxic (2% O,) or normoxic (21% O,) conditions. We monitored cell-cycle distribution for various times as
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favours ROS generation compared to hypoxia. In-
deed, for treated cells incubated 24 h under 2% O,,
the increase of ROS production did not exceed 20%,
whereas ROS level increased two-fold for treated cells
cultivated under 21% O,. For longer time, ROS
production due to one-electron redox cycling of the
drug (i.e. direct effect) decreases and even stops after
metabolization of ADR. Thus, the observation of a
stable ROS production under 21% O, and an increase
under 2% O, after several days (Figure 1) cannot be
due to direct effect of ADR. This is consistent with
the proposal of two mechanisms reported in the
literature [1,2]. They suggest that ROS may not
only be generated in response to direct effect of
ADR but also in response to delayed perturbation of
cell metabolism and function resulting from the
treatment. Other argument in favour of a second
mechanism is that after 6 days of treatment, the cells
incubated under hypoxia showed ROS concentrations
with high standard deviation. Some of the values were
similar to those obtained in treated cells incubated
under 21% O,, others were close to ROS levels in
untreated cells. Here again, these differences are
unlikely to result from the direct effect of ADR.
Further experiments are necessary to elucidate the
mechanisms leading to the substantial delay of ROS
generation occurring in ADR-treated cells under
hypoxic condition. However, we can conclude that
ROS generation by the antibiotic drug ADR at 1.7 um
is promoted when treated cells are incubated under
normoxic conditions compared to hypoxic level both
via direct mechanism and cell functions perturbation.

We showed in Figure 2 that ADR at the dose
selected (1.7 pum) immediately stopped the cell
growth both under hypoxic and normoxic conditions.
This is consistent with results obtained with the
analysis of the cell cycle distribution presented in
Figure 4. Our data are similar to the results reported
in the literature under normoxia, for different cell
lines but with similar drug level [32,33]. During the
first hours, ADR treatment led to a delay of the G/
G;-S traverse compared to control. Then, ADR-
treated cells accumulated in S and G,+ M phases
and finally the cell cycle was completely stopped.
Here we showed that cell cycle distribution was
similar when treated cells were incubated under
hypoxic conditions. Therefore, changing the oxygen
level, and consequently the ROS production, did not
modify ADR effect on the cell cycle. On top of
information on the cell-cycle distribution, videomi-
crofluorimetry studies allowed to quantify Ho342
that binds to the nuclei by direct measure of the total
fluorescence intensity of the dye (tFlgg342). We can
question if the binding of ADR to DNA can exclude
the subsequent binding of Ho342. However, after 2
h, tFIgo34, Were similar in treated and control cells.
Since the uptake of ADR is fast (~ 60 min) [34], it
seems unlikely that the two molecules would compete

for the same binding sites. It is more probable that
we indirectly evaluated the DNA alteration result-
ing from the drug treatment. Later, we observed
(Table II) that the treatment led to a considerable
decrease of tFly,34> compared to control cells. This
decrease occurred at the same level both under
hypoxic and normoxic conditions. The maximum
decrease of tFIyy34, Wwas reached at 18 h. Similarly,
we had to wait 18 h to obtain a complete blocking of
the cell cycle distribution. At this point, we confirm
the connection between the DNA alteration and the
progression through the cell cycle. When tFlyggs342
becomes constant, there is no more progression
through the cell cycle. Several authors proposed
that those DNA alterations were due to alkylation
of DNA. The ADR-DNA adducts were described
and characterized [35]. Moreover, we suppose that
ROS production was not involved in cell cycle
blocking since the exogenous oxygen level used
during incubation of ADR-treated cells affected the
ROS production but not the cell cycle distribution.
Thus, the anti-proliferative effect of ADR, resulting
in the cell cycle blocking, seems mainly due to the
interference of the antibiotic drug with cellular DNA
rather than a change in the ROS production.

We investigated the effect of oxygen level changes
on cytotoxic effect of ADR through measurement of
cell viability using trypan blue exclusion assay. As
expected, ADR treatment led to a decrease of cell
viability as shown in Table I. The number of non-
viable cells was higher under normoxic condition
than under hypoxic condition. We also monitored the
amount of apoptotic cells since it has been reported
that apoptosis induction is involved in the cytotoxic
activity of ADR at pharmacologically relevant con-
centrations [36—38]. We identified apoptotic cells by a
substantial drop of the mitochondrial energetic state
(i.e. tFIgr23/Veen ratio) and a decrease of DNA
content resulting in high reduction of tFlygs4,. A
significant increase of the number of apoptotic cells
followed ADR treatment. The apoptosis phenom-
enon occurred equally in all the phases of the cell
cycle since the cell classification remained un-
changed. Even if modifying the oxygen level induced
no change for untreated cells, we observed after
treatment a greater increase of the quantity of
apoptotic cells under normoxic conditions. These
results are coherent with the variation of ROS
concentrations. Under hypoxia, we observed a de-
layed ROS generation compared with normoxic cells
in which a high intracellular ROS level is reached
earlier. Indeed, it has been reported that ROS can
serve as an intracellular signal in the apoptotic path-
way [39,40]. Our results imply that the lower amount
of apoptotic cells observed after ADR treatment
under hypoxia is due to the lower ROS concentration
and not to a change of the nuclear.
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In this paper, we show that efficiency of the
chemotherapeutic agent adriamycin is higher in
normoxic cells compared to hypoxic cells. This
confirms observations reported by other groups [7—
9]. We suggest that improvement of the cytotoxic
activity of ADR at the clinically relevant level of 1.7
pm likely results from higher intracellular ROS
generation in normoxic cells, leading to a greater
induction of apoptotic cell death. However, the
oxygen level seems to have no effect on the cell cycle
arrest. We are currently investigating the effects of
lower ADR concentrations on these mechanisms.
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