Lucigenin chemiluminesence

A new approach to study the redox activity of Ehrlich
ascetic tumor cells
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ABSTRACT

Objective: To study the mechanism and to measure the
oxygenation/reduction activity of Ehrlich ascetic tumor
cells in an isotonic solution by means of lucigenin
dependent chemiluminesence.

Methods: All the measurements of the chemiluminesence
redox activity of Ehrlich ascetic tumor cell samples in
suspension medium, were carried out using a photon
counting system especially designed to the purpose. The
areas under the chemiluminesence Kinetic curves were
measured at different cell physiological conditions and at
different agents concentrations effect.

Results: The rates of lucigenin chemiluminesence redox
functional activity of Ehrlich ascetic tumor cells were
significantly different from normal oxygenation/reduction

activity at different physiological environments of Ehrlich
ascetic tumor cells suspension conditions (i.e. cell
membrane permeability changes, presence and absence of
oxidative or reductive agents at different concentrations
and oxy/hydroxy free radical protective agents).

Conclusions:  The results explain more fully the
mechanism and the value of a lucigenin dependent
chemiluminesence probe of the redox functional activity
of Ehrlich ascetic tumor cells (at different physiological
conditions of suspension).

Keywords: Chemiluminesence-lucigenin probe, Ehrlich ascetic
tumor cell function.
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he activation of metabolism or a respiratory burst

that follows stimulation of cells is characterized
by an increase in consumption of oxygen (non-
metochondrial) and by glucose utilization via
dehydrogenases of the hexose monophosphate
shunt.'? In the present study, the oxygenation
activities of Ehrlich ascetic tumor (EAT) cells were
investigated by chemiluminesence (CL) probing. A
chemiluminesence probe (CLP) is defined as a
substrate whose oxygenation is associated with a
high yield of luminesence. These substrate probes
are exogenous organic molecules, which are
introduced to a biological system and serve as
substrates in oxygenation reactions producing

electronically excited products with a high yield.
The CLP substrate provides a continuous non-
distractive and quantitative method for indication of
oxygenation activity in cells and must satisfy certain
criteria. These include: high CL yield, soluble in
water at neutral pH, chemical reactivity suitable for
the type of oxygenation measurement and non-toxic
to the biological system at the concentration
employed. The physical and chemical properties of
lucigenin make it ideally suited for a CLP3 The
knowledge of the emitted wavelength can be used in
the selection of the photo multiplier tube with high
photo cathode quantum efficiency. Furthermore, the
use of band-pass filters may eventually allow for the
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simultaneous  measurement of 2  different
oxygenation activities with 2 CLP’s. The emission
of photons during the relaxation of electronically
excited oxygen derivatives is, generally, of low
intensity; it can, however, be enhanced when CL
substrates like lucigenin are present. The sensitivity
of the measurement of redox activity of EAT cells by
CL can be increased and amplified through
introduction of a CL substrate whose oxidation gives
a high yield of electronically excited products.
lucigenin is introduced in this work as an additional
reactant, since lucigenin will emit light upon
dioxygenation and serve as an amplifier to detect low
levels of various oxidative species. This CLP of
Lucigenin is essentially independent of the medium
and therefore eliminates possible variation in CL
response due to various compositions of the
suspension.’ Also lucigenin CL appears to indicate
the presence of oxidized species throughout the
duration of EAT cell survival (a dead cell has no CL
in the presence of lucigenin).

Methods. Two suspension media have been used
in this study, at pH=7.4 Medium A: consists of
Hank’s Balance salt (BBS) from Sigma Chemical
Co, (containing sodium bicarbonate and D-glucose)
with 10% added calf serum. Medium B: consists of
a simple ionic medium (simple salt solution) with
10% added calf serum. The sustained of EAT cells
was carried out and maintained in (Foresterhill
Animal House, Aberdeen, Royal infirmary,
University of Aberdeen, UK) adult MF1-Swiss mice
by weekly intraperitoneal inoculation of 0.1 ml of
cells into the peritoneal cavity. Seven days later,
EAT cells were withdrawn through an intact
peritoneum with a sterile syringe and used directly.
Grossly hemorrhagic tumor was discarded. Tumor
cells were removed to either BBS medium with
added 10% calf serum (medium A) or to simple salt
solution with 10% added calf serum (medium B).
Both media A and B were at pH 74 and at a
temperature of 37°C.

Removed tumor cells were washed twice with
medium B. This effectively removed any
contaminating red cells, which might have been
present. Red blood cells inhibit the CL signal in a
dose dependent manner.* Following that, the ascites
cells was resuspended with new fresh medium A, at
pH 7.4 and temperature of 37°C. The cells were
shaken every 5 minutes to prevent aggregation. Cell
survival was measured in triplicate by means of
erythrosine B dye. In each experiment conducted in
this study, the number of cells kept were constant at
3x10¢ cells, pH 7.4 and temperature 37°C, unless
mentioned to the contrary. A solution of lucigenin
(10, 10" -dimethyl-9-9'-biacridinium  dinitrate)
DBA++ was prepared with either BBS medium or
simple ionic salt solution (medium B). The molar
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Figure 1 - Schematic diagram of the photon counting system.

concentration of lucigenin used was (102 m). Other
reagent solutions (Ouabain, Superoxide dismutase
(SOD), GSH, Adenosine triphosphate (ATP) and CL
inhibitors solutions) were made in the individual
experiment at the concentration employed there. The
BBS medium containing D-glucose of 1g/ml plus
10% calf serum was used. Detailed information and
experimental  conditions of each designed
experiments used are shown under the caption of the
experimental figures.

The CL light output from the biological system of
EAT cells plus lucigenin was measured using a
photon counting system, this system was designed
and built to be used in this study, Figure 1. The
system consists of single photomultiplier (PM) (50
mm diameter, type 9635QB from EMI Electronic
Limited, UK), with window passed light to 13-stage
bialkali K-Cs photocathod, with spectral response
from nearly 300 to 660 nm. The PM tube was
mounted inside a box, which was attached by means
of coupling to the light tight chamber; the output
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Figure 2 - Typical intensity waveform of EAT cells + lucigenin in the
presence of Glucose (Img/ml) at different lucigenin

concentrations and at pH = 7.4 and temperature of 37°C.

Lucigenin molar concentration was 102M. The arrow shows
the moment of lucigenin injection.

Saudi Medical Journal 2001; Vol. 22 (2) 165



Redox activity of Ehrlich ascetic tumor cells ...

Al-Hashimi & Ettinger

CL of EATcells/10'tels (Arb.Uait)

L s
o 60 120 180

Time(min)

CLIntegral of EAT cells- Lucigenin/10 cells

L 1 1 1
5 10 50 - 100

UNITS OF SOD ACTIVITY

Figure 3 - Chemiluminesence of EAT cells + lucigenin plotted against
time (Kinetic plot) in the presence and absence of Ouabain

final concentration 102M. EAT cells were suspended in BBS
medium containing D-glucose (lug/ml) + 10% calf serum at

pH = 7.4 and temperature of 37°C. The lucigenin was added
at zero time indicated by the arrow, inital concentration 100 ul

(102M).  Each point represents the mean + SD of 3
measurements.

from the anode of the PM tube was monitored by
electronic chart recorder through a preamplifier.

It has noted that EAT cells in suspension medium
plus lucigenin exhibited CL. This CL at different
lucigenin concentrations does not begin immediately
but after a certain time. In order to quantify the
effect of lucigenin concentration on the CL, the
number of EAT cells, the volume and the type of
medium suspension were all held constant and the
concentration of lucigenin varied. Cell membrane
permeability changes using a solution of Ouabain
was used to study the effect of a K+, Na* dependent
ATPase pumping system on the CL redox activity of
EAT cells. Inhibition of CL redox activity with
different types and concentrations of the inhibitor
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Figure 4 - The chemiluminesence of EAT cells + lucigenin plotted
against lucigenin concentration at pH = 7.4 and temperature

37°C. Upper graph: Ouabain presents (initial concentration

102M). Lower graph: no ouabain in solution. Each point
represents the mean of 3 replicates (integral CL for 2 hours
time interval).
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Figure 5 - Chemiluminesence of 2 hours (kinetics) time integral of EAT

cells (CL/10° cells plotted against the unit of SOD activity
(log-scale) at 1 mg SOD = 750 units activity. Lucigenin

initial concentration 100 ul of 102M solution. EAT cells
suspended in BBS medium plus 10% calf serum at pH = 7.4

and temperature of 37°C. Each point represents the mean of 3
replicate measurements, SD not shown. (Too small to be
shown on the scale of the graph.

was studied. Also the protective effect of GSH in the
reduced form was investigated. This was carried out
after 60 minutes incubation with the inhibitor or the
protector, the cells were then washed twice with BBS
solution and resuspended with a fresh medium and
incubated at 37°C for survival to be determined using
erythrosine B dye. The effect of glucose or the ATP
level in the medium was investigated, in this case a
simple salt solution with 10% calf serum was used
for the control. The concentration of both glucose or
ATP was 1 mg/ml in the test sample.

Results. The CL of EAT cells plus lucigenin
shows significant increases of up to 60 minutes
duration followed by gradual decreases in the
presence of glucose, Figure 2. However, heat - killed
EAT cells (i.e. 60°C for 20 minutes) yield no CL
when lucigenin was added. Also no CL above
background was detected from EAT cells alone at
37°C. Figure 3 shows the plot of kinetic CL activity
from EAT cells plus lucigenin with and without
addition of ouabain, the CL redox activity was
affected significantly. Also the plot of the integral
CL redox activity for 2 hours time interval against
the different concentrations of lucigenin was
different in the presence and absence of ouabain,
Figure 4. Inhabitations of CL redox activity were
different using different inhibitors. Figure 5 shows
CL, of EAT cells plus lucigenin at different
concentrations of SOD (EAT cells were suspended in
BBS medium containing 1 mg/ml D-glucose plus
10% added calf serum). An inhibition of the CL
kinetic redox activity of EAT cells plus lucigenin
was shown in a solution of: glutathione in a reduced
form, SOD, 2-mercapto-lmethyl imidazole or L-
histidine. The degree of the inhibition of CL kinetic
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Figure 6 - The integral CL of EAT cells + lucigenin as a function of Figure 8 - The plot of integral CL of EAT cells + lucigenin at pH = 7.4
concentration of different inhibitors used. Condition of and temperature of 37°C in glucose containing medium (1
experiments: pH = 7.4 and temperature 37°C , medium of mg/ml). Each point represents the mean + SD of 3 replicates.
suspension is BBS (sigma) containing 1 mg/ml glucose plus
10% calf serum. Lucigenin concentration in injected solution

100 ul of 102M. Each point represents the mean of 3
replicates. SD is too small to be shown on the graph scale. a.
L-Histidine. b. SOD, 1 mg/ml (750 units of activity, bovine).
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Figure 9 - The CL response of EAT cells + lucigenin in the presence and
absence of ATP of final concentration of 1 mg/ml. The
suspension medium was a simple salt solution plus 10% calf
serum (no glucose). ATP concentration 1 mg/ml. Each point
represents the mean + SD of 3 replicate measurements. a.
Without glucose (ATP 1 mg/ml). b. Without glucose (no

é ATP). The arrow shows the moment when 100 ul of 102 of
8 lucigenin solution was injected.
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Figure 7 - Effect of glutathione (GSH) concentration on the cytotoxicity
of lucigenin (100 ul of 10"2 M) towards EAT cells at pH = 7.4 L 1 1 . 1
and temperature of 37°C. Each point represents the mean + ee e oy A
SD of at least 3 replicates.

Figure 10 - The toxic effect of various concentration of lucigenin
(102M) solution on EAT cells for various times of
incubation at pH = 7.4 and temperature of 37°C. Each point
represents the mean of triplicate measurements + SD.
(Points without bars, with SD too small to be shown on the
graph scale).
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redox activity depends on the type and concentration
of the inhibitor employed, Figure 6.

GSH in the reduced form shows a protective effect
when added to the medium of EAT cells suspension
just prior the addition of lucigenin, Figure 7 (the cells
were incubated in a suspension medium of BBS
containing 1 mg/ml initial concentration of d- glucose
plus 10% calf serum). The integral CL for 2 hours
time interval were linear function of lucigenin
concentration. It is suggested that integral CL can be
considered when comparing CL data. The CL redox
activity as a function of time of EAT cells plus
lucigenin in the presence and absence of ATP,
indicated that the addition of ATP instead of D-
glucose, restored the level of the CL and acted
similarly as glucose, Figure 9.

Discussion. A treatment of EAT cells in
suspension with lucigenin at different concentrations
(under condition of pH 7.4 in glucose medium at
temperature of 37°C) results in a decrease in the
shoulder of the cytotoxicity survival curves and
indicates little effect on the exponential slopes,
Figure 10. Addition of GSH to the medium extends
the shoulder of the lucigenin cytotoxicity curve.
There is little or no killing after 60 minutes exposure
to 100 ul (102 M) lucigenin, or 240 minutes exposure
to 50 ul of 102 M lucigenin. The Kinetic of cell
inactivating by lucigenin may involve some sublethal
process and contributing to the ultimate lethal event.
It has been noticed that addition of reduced GSH
removed the superoxide oxy-radical 02- and lead to
suppression of CL of EAT cells plus lucigenin. (The
significant protection by GSH against the toxic effect
of lucigenin from the exogenous superoxide is shown
in Figure 7). The cytotoxicity of lucigenin towards
the EAT cells in vitro may be as a result of electron
abstraction from the target molecules and the action
of free radicals formed in the reduction of the
lucigenin.  The cytotoxic action may involve
irreversible binding of lucigenin radical to the target
molecules which leads to a CL rise with time,
followed by decaying within 2 hours to about 10% of
maximum level. This is evidence that metabolic
reduction of lucigenin might involve oxygen of the
medium. Lucigenin has been shown in this work to
produce CL upon addition to EAT cells in a glucose
medium. This CL does not begin immediately with
different concentrations of lucigenin (Figure 2),
therefore, there must be a triggering mechanism,
which eventually turns on the metabolic process and
produced light. The possible mechanism for the CL
of EAT cells plus lucigenin system, may be
categorized in the following ways.

Membrane potential difference and permeability
changes. The first event that may occur is the
binding of lucigenin to its receptor on the external
surface of the EAT cells. Indirect evidence for
receptor mediation could come from an early
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perturbation of the membrane, i.e. depolarization by
activators, if a change in membrane potential
difference (transmembrane potential) occurs before
the generation of superoxide (02-), these changes in
electrical potential could be a link between the
binding of the stimulant ligament (or perturbance)
and the metabolic events and CL.

The linkage between ionic electrical events and
metabolic events in the membrane can be traced
using oubain as an inhibitor of K+-Na* dependent
ATPase, Figures 34. In the presence of glucose,
lucigenin is believed to stimulate oxygen uptake by
EAT cells implying that oxygen is an ultimate
electron acceptor leading eventually to CL, which
increases with time. The route is via lipooxygenase
producing a variety of products as a result of a rapid
depolarization followed by a prolonged hyper-
polarization of the transmembrane potential.> Valid
evidence indicates that these shifts in transmembrane
potential proceeded the release of superoxide anion
or the generation of CL induced by these stimulants.’
Therefore, it has been suggested that depolarization
of the membrane potential acts to trigger the
respiratory burst leading to the generation of CL. A
hyper polarization occurs, which can be inhibited by
the addition of 100 ul of 102M solution of ouabain,
(Na*, K* pump inhibitor), leading to an increase in
the rate of CL of the EAT cells plus lucigenin.
Briefly, the addition of the lucigenin may have 2
effects on EAT cells: (i) change in the ionic
permeability, which leads to a change in membrane
potential. (ii) Depolarization of the cell membrane,
which may trigger release of superoxide into the
extra cellular fluid that subsequently reacts with
lucigenin and gives light.

Non-enzymatic reaction of lucigenin. The
dependent-lucigenin CL of EAT cells is found to be
inhibited by SOD as shown in Figures 5 and 6.
These observation may implicate the product of
oxygen metabolism formed during the respiratory
burst as mediators of CL in EAT cells. The
luminesence may be an indication that EAT cells
form singled oxygen ('0:) during the respiratory
burst. This interpretation is based on the relaxation
of singled oxygen '0: to triplet states and the
formation of dioxetane by the addition of singled
oxygen 'O across carbon bonds (electron-rich
doubled bond) which leads to light emission. The
spontaneous cleavage of the dioxetane into 2
carbonyl compounds, one of which is an
electronically excited state and emits a photon as it
decays to the ground state.® The source of singled
oxygen '0. was postulated to be a superoxide oxy
radical 02-, which reacts with itself to form hydrogen
peroxide (H20:) and can subsequently react with H20-
to generate singled oxygen ('02) plus a hydroxyl
radical OH.

The addition of histidine (an amino acid known to
scavenge singled oxygen) depressed CL emission by
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10%, which indicates that a little of the light can be
attributed to the oxygen relaxation of single-triplet,
Figure 6. Since maximum intensity of CL is reached
after about 60 minutes following addition of
lucigenin, (Figure 2), this can possibly be explained
by the slow accumulation of H20. and spontaneous
dismutation of the superoxide oxy-radical 02-
produced in this system at very low steady state
concentration. The light emission from EAT cells
plus lucigenin are inhibited by relatively high
concentrations of the SOD enzyme for the same
degree of inhibition using the reduced GSH in the
low concentration, Figures 5 and 6. Glutathion in the
reduced form (GSH) is know to serve as a free radical
inhibitor and as a substrate for glutathione
peroxidase, keeping the cellular concentration of H20:
and hydroperoxidase low, together with radicals such
as superoxide oxy-radical 02-. Nicotinamide adenine
dinucleotide phosphate (NADPH) acts to maintain
GSH in the reduced form, due to its greater affinity
for superoxide oxy-radical 02- compared with
lucigenin.” The rapid inhibitory action of GSH on the
CL in this system, favors the assumption of extra
cellular scavenging of oxy-radicals in a non-
enzymatic process.® The thiol group (GSH) does not
react rapidly enough with the hydroxy radical OH.

Enzymatic reaction of lucigenin. The enzyme
responsible for the manifestation of respiratory burst
in the cells is NADPH which catalyses the following
reaction.!o!!

NADPH + 20; ------- NADP+ + 20>~
The oxy-radical 0:- reacts with itself to give singled
oxygen.”? The singled oxygen quencher (histidine)
used in relatively high concentrations, does not
inhibit completely the CL of EAT cells plus
lucigenin, Figure 6. As described earlier, the CL was
inhibited by SOD and diminished by GSH. These
experiments implicate the superoxide anion rather
than the singled oxygen as a reaction intermediate.
However this conclusion is somehow complicated by
2 facts. Firstly, the superoxide ion can be apparently
oxidized to give singled oxygen.*“ Secondly;
superoxide dismutase can remove the superoxide by
catalyzing the reaction:
202+ 2H H:0: + 02

No attempt has been made to analyze the spectrum of
the emitted light and hence to indicate the extent of
possible involvement of singled oxygen in EAT plus
lucigenin CL.
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