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Abstract. In recent years, a new cell-based high throughput
paradigm has emerged, which seeks to identify novel, pharma-
cologically active cytoprotective compounds. The essence of
this approach is to create experimental models of cell injury
relevant for a particular disease by establishing in vitro cell-
based models, followed by high-throughput testing of
compounds that affect the cellular response in a desired
manner. Prior approaches typically used simple end-point
analyses. To assess the cytoprotective effects of novel drug
candidates in real-time, we have applied a cell-microelectronic
sensing technique (RT-CES), which measures changes in the
impedance of individual microelectronic wells that correlates
linearly with cell index (reflecting cell number, adherence and
cell growth), thereby allowing the continuous determination
of cell viability during oxidative stress. In vitro cytotoxicity
was elicited by hydrogen peroxide in myocytes (H9c2) and
hepatocytes (Hep3B). Cells were post-treated at 30 min with
various reference molecules and novel cytoprotective
compounds. Cytoprotection detected in the RT-CES system
correlated well with the results of two classical end-point-
based methods (improvement in MTT and reduction of LDH
release). The RT-CES method, when used as described in the
current report, is suitable for the screening of molecular
libraries to identify molecules or molecule combinations that
attenuate oxidative stress-induced cell damage.

Introduction

Oxidative stress is an important contributing factor to the
progression of various cardiovascular and neurological diseases
including myocardial infarction, hypertension, cerebral
ischemia, hypoxia, as well as to the progression of age-related
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neurodegenerative disorders such as Alzheimer's disease and
Huntington's (1,2). Multiple groups of investigators, working
at pharmaceutical companies or academic laboratories have
conducted many studies aimed at the identification of cyto-
protective drugs, in order to protect various vital organs from
irreversible oxidative injuries (3-9). The identification of such
molecules generally involves a high-throughput screening of
molecular libraries. Potential cytoprotective drug candidates
emerging from such screening can be further tested in vivo.

Current in vitro methods to investigate cytotoxic or cyto-
protective effects of molecules in cells exposed to oxidative
stress usually involve labeled tracers for the detection of
cellular functions. Classic detection techniques include
fluorescence and luminescence assays, radioisotope-based
methods or optical absorbance measurements, which usually
require a labeled ligand, an enzyme substrate or a tracer
molecule (3-9). These methods can be costly, time-consuming,
and rather complex due to washing steps, interference of
detection by certain compounds, and potential interference
with physiological conditions by the labeled molecule.

In recent years, new technological approaches have emerged
enabling label-free detection methods for cell-based assays.
One of the most sophisticated new techniques is the real-time
cell electronic sensing technology, based on a special micro-
electronic sensor-based platform. This real-time electronic
sensing system (RT-CES) provides a label-free detection of
cell viability status in a simple homogeneous assay format,
noninvasive measurement, reduced interference with normal
cell function, kinetic measurement, and reduced time for
assay development (10,11). Here we apply this method to
enable the screening for cytoprotective compounds in real-
time. This screening enables the investigator to detect cell
viability in a real-time fashion and with high sensitivity, while
providing a noninvasive cellular environment during the
measurement over a broad time frame (minutes to several days).

Materials and methods
Cell culture media and fetal bovine serum were purchased from

Invitrogen (Carlsbad, CA, USA). Penicillin was obtained from
Biogal Inc. (Debrecen, Hungary), streptomycin, hydrogen
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peroxide and gelatin solution was from Sigma-Aldrich
(Hungary).

Cell lines and culture conditions. H9c2 rat embryonal cardiac
muscle cells (from ATCC, Rockville, MD, USA) were cultured
in Dulbecco's Modified Eagle's Medium, containing 10% fetal
bovine serum, 4 mM L-glutamine (Sigma-Aldrich, Hungary),
100 U/ml penicillin and 100 pg/ml streptomycin. Hep3B
human hepatoma cells (from ATCC, Rockville, MD, USA)
were cultured in Dulbecco's Modified Eagle's Medium,
containing 10% fetal bovine serum, 100 U/ml penicillin and
100 ug/ml streptomycin. Each cell type was maintained in
100 mm TC dishes (Orange Scientific, Belgium) in an incubator
with humidified air at 37°C and 5% CO,. Primary co-culture of
cerebral neuron and astrocyte cells was prepared according to
Griffin S and colleagues (12). Cell cultures were kept in Eagle's
Minimum Essential Medium, 10% fetal bovine serum and 1%
non-essential amino acid solution (Sigma-Aldrich).

Real-time cell electronic sensing (RT-CES) cytoprotection
assay. RT-CES 96-well E-plate (Roche, Hungary) was coated
with gelatin solution (0.2% in PBS) for 20 min at 37°C, then
gelatin was washed twice with PBS solution. Growth media
(80 ul) (respective to cell types) were then gently dispensed
into each well of the 96-well E-plate for background readings
by the RT-CES system prior to addition of 80 ul of cell
suspension at a density of 10* cells/well. Devices containing
the cell suspension were kept at room temperature in a tissue
culture hood for 30 min prior to insertion into the RT-CES
device in the incubator to allow cells to settle. Cell growth was
monitored overnight by measurements of electrical impedance
every 5 min. Continuous recording of impedance in cells was
reflected by cell index value (13). Next day, the medium was
changed and cells were post-treated (30 min after H,O,
treatment, respectively) with reference compounds as well as
with test compounds (novel compounds with cytoprotective
properties). Reference chemicals were the poly(ADP-ribose)
polymerase (PARP) inhibitor PJ34 (10 M) (14), the cyto-
protective NMDA antagonist MK-801 (5 xM) and the calcium
channel blocker verapamil (20 #M). The novel cytoprotective
drug candidates were (a) 9790, a fatty acid derivative (5 M)
and (b) several hydroxyquinoline derivatives (molecules with
Q code; 0.5-1 uM), all synthesized by Avidin Ltd. The H,0O,
concentration to elicit cell injury was optimized for the various
cell types according to their sensitivity to oxidative stress as
follows, 100 M for H9c2 rat embryonal cardiac muscle cells
and 250 M for Hep3B cells. Cells exposed to H,0, and
post-treated with the various test compounds were dynamically
monitored over 24 h by measurements of electrical impedance
every 5 min. The raw plate reads for each titration point were
normalized relative to the cell index status right before addition
of H,0,. Each treatment was repeated in at least 2 wells per
plate during the experiments.

MTT cell viability assay. The assay was performed as
previously described (6). To estimate the number of viable cells
3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT, Serva) was added to the cells at a final
concentration of 0.5 mg/ml and cultured at 37°C for 1 h. Cells
were washed with PBS and the formazan dye was dissolved in
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Figure 1. Multicolor fluorescent image of rat primary neuronal culture grown
in a 96-well E-plate. Dark blue areas cover the gold microelectrodes at the
bottom of a well. Before DAPI staining of the culture, cells were previously
stained either with red or green fluorescent dyes to yield a more colorful image.

isopropanol. The amount of converted formazan dye was
measured at 570 nm with background measurement at 690 nm
on a Powerwave reader (Biotek, Winooski, VT). A calibration
curve was created by measuring the MTT converting capacity
of serial dilutions of cells, and viable cell count was calculated
using Gen5 data reduction software. Measurements were
performed at 3 and 24 h after H,O, exposure in separate series

of experiments.

LDH cytotoxicity assay. The assay was performed as previously
described (6). Cell culture supernatant (30 u1) was mixed with
100 pl freshly prepared LDH assay reagent to reach final
concentrations of 85 mM lactic acid, 1,040 mM nicotinamide
adenine dinucleotide (NAD*), 224 mM N-Methylphenazonium
methyl sulfate (PMS), 528 mM 2-(4-Iodophenyl)-3-(4-
nitrophenyl)-5-phenyl-2H-tetrazolium chloride (INT) and
200 mM Tris (pH 8.2). The changes in absorbance were read
kinetically at 492 nm for 15 min on a monochromator-based
reader (Powerwave HT, Biotek). LDH activity is expressed as
Vmax in mOD/min. Supernatant was sampled at 3 and 24 h
after H,0, exposure and LDH activity was measured.

Results

Continuous determination of cell viability during oxidative
stress by the RT-CES system on H9c2 cells. In the first
experiment H9¢2 rat embryonic cardiac muscle cells were
cultured in a gelatin pre-treated 96-well E-plate and cell index
was registered every 5 min with the RT-CES system during
cell growth and was set to measure data before addition of
H,0,. Cells were attached to the bottom of the wells as
indicated by the rapid increase of the lines (Fig. 1) and were
grown for 24 h. Over this time, cell index was continuously
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Figure 2. Determination of the effects of various test compounds on the cell index, measured by RT-CES method in cultured rat cardiomyocytes. H9c2 rat
embryonal cardiac muscle cells were cultured in a gelatin pre-treated 96-well E-plate. Cells were attached and grown overnight and subjected to oxidative stress
(100 uM H,0,; arrow 1). After 30 min, test compounds (Q3, 9790) were added to the wells (arrow 2). Positive controls were PJ34, MK-801 and verapamil. Curves
in the figure are measurements of single wells. Normalized cell index shows the relative viability of cells per well. The black vertical line in the middle of the graph
indicates time of normalization of cell index, which is the time of H,O, application.

increasing as a function of cell proliferation, maturation and
increased confluence. The cytotoxic insult was elicited by the
addition of H,0, to cells (Fig. 2, arrow 1). Consistent with the
fact that cardiac myocytes have greater vulnerability to
oxidative stress compared with other cell types (15), exposure
to 100 xM H,0, already resulted in a rapid decrease of the cell
index. We optimized the concentration of H,O, to decrease the
actual cell index by 25%;, so that the index of negative controls
(untreated wells) would be zero after ~3-4 h of the insult.
Compounds were applied in a 30-min post-treatment
protocol after hydrogen peroxide. Previous studies
demonstrated that transient oxidative stress (even for 5 min at
400 M) triggers an intrinsic program leading to self-sustained
apoptosis in H9c2 cells via the secondary production of
reactive oxygen species (ROS) and subsequent, delayed
activation of the mitochondrial death pathway (16). We
hypothesized that 30 min of untreated injury is sufficient to
trigger the main effector pathways of cell death. Delayed
treatment with test compounds would therefore be expected
to identify molecules that do not merely prevent the onset of
cell dysfunction, but, rather arrest it or activate pathways of
cellular recovery. Compounds capable of such delayed cyto-
protective effects would be expected to be more valuable
than compounds that are only effective in the prolonged pre-
treatment protocols. In the current experiments, after 30 min,
various cytoprotective compounds (Q3 and 9790) were added
to wells (Fig. 2, arrow 2). Positive controls were PJ34, MK-801
and verapamil. PJ34 is a PARP inhibitor (14,17), which has a
well-established function as a cardioprotective agent in vitro
and in vivo (18,19). Cell index of the absolute control cells
that did not receive H,O, treatment remained constant for
~20 h, but began to decline thereafter, probably due to the
overgrowth of culture in the well. Vehicle-control cells (which
received H,O, and vehicle, but no treatment with cytoprotective
compounds), showed a rapid decline of cell index, presumably

as a consequence of cell shrinkage after oxidative stress (20)
that is detected by the real-time cell microelectronic sensing
system. At later time points, inhibition of cell viability,
proliferation and death are also likely to contribute to the
decline in cell index. The latter response is evidenced by the
release of LDH into the culture medium (Fig. 4). Post-
treatment of ischemic cardiac cells with PJ34 (10 xM) resulted
in a maintenance of the cell index for 3 h, followed by a
decline by 24 h. MK-801, a non-competitive antagonist of the
N-methyl-D-aspartate (NMDA) receptor, exerts partial
protection against H,O, toxicity in cardiomyocytes (21). In our
experiment, MK-801 (5 M) slightly protected against the
loss of cell viability of H9¢2 cells during the first few hours
and delayed the progressive decline of cell index over the
next 24 h compared to vehicle control. The third positive
control agent was verapamil, an L-type calcium channel
inhibitor and a widely used anti-arrhythmic agent. This agent,
which was included in our testing because of the known role of
cellular calcium overload in myocyte death (22,23) provided
only a slight cytoprotective effect. Post-treatment of cells with
the fatty acid derivative 9790 at 5 uM prevented cells from
the toxic effects of oxidative stress. Q3 at concentrations as
low as 0.5 M maintained the cell index near absolute control
levels for the initial 3 h of the experiments. Cell index remained
markedly elevated high during the course of the entire
experiment (Fig. 2).

We strongly recommend to avoid placing the E-plate on
the cold surface of the cell culture hood as we experienced
that cell index usually decreased with 5-10% even after media
change (data not shown). The bottom of an E-plate is covered
with electrode arrays made of metal, so E-plate promotes heat
conductance and changes faster than standard plastic plates.
This phenomenon was probably due to cold stress, that was
found in previous studies to trigger cell adaptive response and
enhance intracellular generation of ROS, including H,O, (24).
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Figure 3. Determination of the effects of various test compounds on the cell index, measured by RT-CES method in cultured Hep3B human hepatoma cells.
Hep3B cells were cultured in a gelatin pre-treated 96-well E-plate and were grown overnight. Arrow 1 shows the start of hydrogen peroxide application (250 xM).
After 30 min, compounds from the Q series were applied (arrow 2). PJ34 was used as a positive control. Normalization of cell index was calculated at the

time point of start of H,O, application.
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Figure 4. Comparison of cytoprotective effects measured by the RT-CES system, MTT assay and LDH release. H9¢2 cells exposed to H,O, were treated with
test compounds at the indicated concentrations 30 min later. All data were calculated after 3 h of post-treatment. Cell index data were normalized to negative
control, which was considered zero, absolute control data (without H,O, treatment) were calculated as 100% increase. LDH activity was measured in the
supernatant collected 3 h later. Please note that scale of MTT viability increase is displayed on the right side of the diagram. Data represent mean values of

three determinations.

When we placed the E-plate on a metal block, preheated to
37°C, the shift did not occur.

Screening of candidates of a molecule library for cytoprotection
on Hep3B cells. In the next experiment we tested several Q
compounds (Q2, Q3, Q9, Q21, Q31, Q33 and Q44) to assess
their cytoprotective effects on Hep3B human hepatoma cells

after 30 min of H,0, treatment. In these cells a higher
concentration of hydrogen peroxide (250 yM) was used,
consistent with the higher oxidant stress resistance of this
hepatocyte line, as compared to the cardiac cell line used. Cell
growth was linear until the application of hydrogen peroxide
(Fig. 3). Post-treatment (30 min) with various compounds
from the Q series markedly altered the slope of the cell index
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: various degrees of cytoprotection. This experiment
further demonstrates that RT-CES real-time measurement
platform is an enabling tool for profiling the cytoprotective
effect of compounds in a real-time measurement after H,O,
triggered oxidative stress.

Comparison of cytoprotective effects measured by the cell-
microelectronic sensing technique to standard cell viability
assays. In H9c2 cells, we have also performed a series of
parallel studies measuring LDH release and mitochondrial
respiration (using the MTT assay) after H,0, exposure, in the
presence or absence of the same selection of compounds that
were tested using the RT-CES assay. The degree of cyto-
protection (Fig. 4) showed a good correlation between the
MTT and the LDH assay, as expected from previous studies
screening the potential cytoprotective effects of compounds
from the LOPAC library (6). Importantly, the rank-order of the
cytoprotective effects of the various compounds, as determined
from the MTT and LDH assays was identical to the rank-order
of the protection seen with the RT-CES method, verapamil
provided no protection; the compound 9790 as well as PJ34
provided significant protection, and the Q series of compounds
provided protective effects that had a comparable rank-order
as seen in the RT-CES screen (Fig. 4).

Discussion

Recently, drug discovery assays have been developed that are
more physiologically relevant and are aimed at a more reliable
and faster screening. Label-free cell-based assays are often
preferred as they tend to generate fewer false positive results
and reduce nonspecific effects that may occur in the label-
based assays. In this study, the RT-CES system was used as a
sensing technique for measuring cytoprotection of different
compounds based on changes in cell index. This change in
cell index after the H,O, challenge is the result of changes in
several factors related to cell viability, including changes in
cell proliferation, cell morphology, and/or cell detachment
from the microelectrodes due to cell death.

The xCELLigence System (co-developed by Roche and
ACEA Biosciences) monitors cellular events in real-time
without the incorporation of labels. It is based on proprietary
microelectronic cell sensor arrays that are integrated in the
bottom of the microtiter plates (96-well E-plate). When cells
are cultured in a well, impedance is measured between sensor
electrodes and the attached cells that act as insulators, leading
to an increase in impedance. The relative electrical changes
during a measurement are displayed by xCELLigence software
as a unitless parameter termed Cell Index, which is calculated
as a relative change in actual impedance divided by a
previously registered background value. Thus, real-time
measurement of cell index can give information on the actual
cell viability status, and has been used in a number of cell
morphology, adhesion, cell proliferation and receptor activity
studies (11,25-27).

We have set up a real-time cytoprotection assay based on
the cell-microelectronic sensing technique and verified its
results with standard cell viability assays. We propose that
molecular libraries can be readily screened with this micro-

529

electronic system in a high-throughput manner, in order to save
time and expense. The resulting data are biologically relevant,
because the elimination of labels brings the cells closer to
physiological conditions. The microelectronic readout of the
system is noninvasive and can be continuously monitored,
and the kinetic profile of the experiment gives additional
information about the state of the cells, with a time-resolution
that cannot be achieved by standard endpoint assays. In the
current report, we show the results of studies in two different
cell lines. We have also conducted studies using this
methodology in rat primary neuronal cells, and have made
similar observations (data not shown). The present conclusions
are also strengthened by recent data from an independent
laboratory using keratinocytes and fibroblast cells on a cell
proliferation monitoring model (28). In the light of increased
demands for in vitro testing of cytoprotective drugs, the
current method offers a novel cell-based high throughput
approach for the effective and reliable screening of molecular
libraries in order to screen for potential drug candidates for
the experimental therapy of various diseases where the
pathophysiology involves reactive species generation and
associated cell injury.
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