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Abstract�NADPH oxidation and cytochrome c reduction with and without lucigenin as well as NAD(P)H/
lucigenin-dependent chemiluminescence of rat liver microsomes were studied. An increased rate of NADPH
oxidation and cytochrome c reduction in the presence of lucigenin was related to one-electron lucigenin reduction
by microsomal NADPH reductases. The apparent Michaelis constant values for lucigenin (Km

Luc
 app) were 3.6

and 5.0 µM in normoxygenic (pO2
 = 150 ± 5 mm Hg) and 8.7 and 8.3 µM in hypoxygenic (pO2

 = 45 ±
4 mm Hg) media in the reactions of lucigenin-dependent NADPH oxidation and cytochrome c reduction,
respectively. The maximal level of NADPH/lucigenin-dependent chemiluminescence was registered at lucigenin
concentration close to the mean K

m
Luc

 app
 in the lucigenin-reductase reaction. Increasing the lucigenin concen-

tration from 5 to 100 µM was associated with a decrease in the chemiluminescence intensity; this could be
due to the inactivation of cytochrome P450. In the presence of superoxide dismutase (SOD), the rate of
lucigenin-dependent cytochrome c reduction and NADPH/lucigenin-dependent chemiluminescence were de-
creased by 10 and 30%, respectively. The addition of lucigenin to microsomes which contain the reduced
hemoprotein�CO complex was followed by the disappearance of the differential absorption spectrum specific
for the carboxy complex and by increase in chemiluminescence intensity versus the control (without carboxy
complex). Thus, lucigenin-dependent chemiluminescence of microsomes may be due to some enzymes including
lucigenin reductase (NADPH-cytochrome P450 reductase, NADH-cytochrome b

5
 reductase), generation of O

2
��

in the redox cycle of lucigenin radicals, dioxetane formation by (di)oxygenases, and catalytic action of the
cytochrome P450 heme on dioxetane decomposition followed by light quantum emission. Thus, lucigenin
cannot be used to measure the basal O

2
�� formation in tissue homogenates with high levels of NAD(P)H-

oxidoreductases.

Key words: chemiluminescence, lucigenin, cytochrome P450 reductase, cytochrome b
5
 reductase, cytochrome

P450

Luminophore-dependent (luminol, lucigenin, ana-
logs of luciferin, etc.) chemiluminescence is widely used
to monitor the formation of reactive oxygen species
in biological and other systems. Recently the method
was adapted for monitoring reactive oxygen species
produced by subcellular fractions [1-9], whole cells of
non-leukocyte origin (cardiomyocytes, hepatocytes) [7,
10], and surface fragments of tissues and organs (pul-
monary artery, heart lobes) [9, 11] or even whole
perfused organs (lung, liver) [12, 13]. In these studies
the lucigenin-dependent chemiluminescence was con-
sidered adequate to determine O2

��  in the tested bio-
logical systems�in microsomes in particular. The
method is based on the classical reaction scheme of
lucigenin interaction with O2

��  resulting in the forma-
tion of unstable dioxetane which decomposes forming
two molecules of methylacridone and emitting light
quanta [14]:

                                              (1)

On the other hand, some data suggest that
NAD(P)H/lucigenin-dependent chemiluminescence does
not necessarily correspond to the level of basal O2

��

production by microsomes, i.e., the level that was
present in the system before the addition of this
luminophore. These data include relatively low inhibi-
tion of chemiluminescence by superoxide dismutase
(SOD) and catalase, activation of chemiluminescence
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by certain compounds concomitant to lowered genera-
tion of lipid peroxidation products, dramatic increase
in oxygen consumption after the addition of lucigenin
to the medium, and the fact that the intensity of
lucigenin-independent chemiluminescence is 100-1000-
fold higher than the luminol-dependent one [2, 4, 9].
In the present study experimental and literature data
are presented suggesting that NAD(P)H/lucigenin-de-
pendent chemiluminescence of microsomes is due to the
reductase and (di)oxygenase activities of the enzymes
of this subcellular fraction towards lucigenin.

MATERIALS AND METHODS

Superoxide dismutase, bovine milk xanthine oxi-
dase, horse heart cytochrome c, and salts for the buffer
solution were from Sigma (USA); bovine heart cyto-
chrome oxidase, catalase, luminol (5-amino-2,3-dihydro-
1,4-phthalazinedione), lucigenin (2-N-methylacridinium
nitrate), NADPH, xanthine, dimethylsulfoxide, and
glycerol were from Serva (Germany); sodium azide
(NaN3) and sodium phenobarbital were from Merck
(Germany); NADH was from Reanal (Hungary). So-
dium phosphate buffer (0.1 M, pH 7.4) was prepared
using double-distilled water. All solutions were prepared
using this buffer. Stock solutions of luminol (250 mM)
and lucigenin (650 mM) contained dimethylsulfoxide
(2.3 vol. %). Carbon monoxide (CO) was prepared by
reaction of formic acid with concentrated sulfuric acid
at 100°C; ultrapure helium was a product of the In-
stitute of Nuclear Physics (Tomsk Polytechnical Insti-
tute).

Male Wistar rats (180-230 g) were used. The ani-
mals were intraperitoneally injected with 10% aqueous
solution of sodium phenobarbital (80 mg/kg body
weight; 3 injections at 24 h intervals) to induce cyto-
chrome P450 activity in hepatic microsomes; 24 h after
the last injection the animals were decapitated.
Microsomes were isolated from the perfused liver
homogenate by differential centrifugation; the homoge-
nate was centrifuged for 30 min at 9,000g, and the
supernatant was recentrifuged on a Beckman L8-70M
centrifuge (USA) at 105,000g for 1 h at 4°C. The pellet
was resuspended in the phosphate buffer containing 20%
glycerol, divided into aliquots, and stored at �50°C until
use (not exceeding 2 months). Prior to experiments the
microsomes were diluted with the buffer to make the
protein concentration 4.4 mg/ml and stored at 4°C
during the assays (not exceeding 3 h).

The rates of oxidation of NADPH and NADH and
cytochrome c reductase activity of the microsomes were
assayed by spectrophotometry (molar extinction coef-
ficients for NADPH ε340 = 6.22⋅103 M�1⋅cm�1 and for
reduced cytochrome c ε550 = 1.85⋅104 M�1⋅cm�1) using
a Specord M-40 apparatus (Carl Zeiss, Germany) at

25°C. The values of Km and Vmax of the reactions were
calculated using the Hofstee plots (dependence of v on
v/[S]) at lucigenin concentrations from 1.5 to 200 µM.

Microsomal protein was assayed by the biuret
method.

Chemiluminescence was determined using a model
1251 luminometer (LKB, Sweden) in its automated
regimen [15]. In standard assays 750 µl of the buffer,
50 µl of microsome suspension (to make final protein
concentration 220 µg/ml), 100 µl of lucigenin solution,
and 100 µl of luminol solution were added to the
luminometer cell. After the cyclic program of measure-
ments and sample flow into the cell were started, 100 µl
of NADPH or NADH solution were added by a
microsyringe through the tubing. Monitoring was
performed at 25°C under constant mixing (light gath-
ering time was 2-5 sec in a single cycle). The integral
and peak values of chemiluminescence were used for
calculations.

Partial oxygen pressure (pO2) in the buffer was
determined using a microanalyzer from Radelkis (Hun-
gary). The medium was hypoxygenated by bubbling the
buffer solution with pure helium until the pO2 value in
the buffer was 45 ± 4 mm Hg (6.0 ± 0.7 kPa).

Each effect was tested in at least three independent
experiments. Results were statistically evaluated by the
Wilcoxon�Mann�Whitney non-parametric test.

To evaluate the ratio of intensities of lucigenin-
and luminol-dependent chemiluminescence in other
systems generating reactive oxygen species, neutrophils
and monocytes of whole blood were used (1:25 dilution
of heparinized blood by Hanks solution) as well as
enriched suspension of the cells as described in [16, 17].

RESULTS AND DISCUSSION

One-electron reduction of lucigenin by microsomal
NADPH reductases. Addition of lucigenin to medium
containing microsomes and NADPH significantly en-
hanced the rate of NADPH oxidation (Fig. 1). NADPH
was not oxidized in medium containing only lucigenin.
The rate of lucigenin-dependent NADPH oxidation can
be calculated as the difference between the initial rates
of NADPH oxidation with and without lucigenin. The
kinetic characteristics of the lucigenin-dependent oxi-
dation of NADPH are listed in Table 1.

Reduction of cytochrome c by microsomal NADPH
reductases in the absence of lucigenin was not inhibited
by SOD (15 units/ml), thus indicating that electrons
are not directly transferred to cytochrome c (without
generation of O2

��). Lucigenin increased the rate of
cytochrome c reduction, and SOD (15 units/ml) low-
ered this activation by 10% (Fig. 2). The rate of cy-
tochrome c reduction was significantly increased (p <
0.05) at high (>40 µM) and low (1.5 µM) concentra-
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tions of lucigenin. When the spectra of incubation
medium (containing lucigenin, microsomes, and
NADPH without cytochrome c) were recorded every
5 min, the absorption at 500-600 nm did not change
(data not shown). Thus, enhanced rate of cytochrome
c reduction in the presence of lucigenin apparently cor-
responds to the first stage of one-electron reduction of
the luminophore by microsomal NADPH reductases.
The rate of this reaction corresponds to the difference
between the rates of cytochrome c reduction with and
without lucigenin (Fig. 2, curve 5). The ratio of Vmax

of lucigenin-dependent cytochrome c reduction and Vmax

of lucigenin-dependent NADPH oxidation equals 2
(Table 1), i.e., it corresponds to the stoichiometry of
one-electron reduction of lucigenin (Luc2+) catalyzed
by NADPH reductases:

                       NADPH reductase
2Luc2+ + NADPH → 2LucH+

� + NADP+. (2)

Generated radicals of lucigenin cation (LucH+
�) can

immediately reduce cytochrome c:

LucH+
� + cytochrome c3+ → Luc2+ + cytochrome c2+, (3)

or first donate electrons to molecular oxygen:

      LucH+
� + O2 → Luc2+ + O2

�� ;            (4)

then, O2
�� reduces cytochrome c:

O2
�� + cytochrome c3+ → O2 + cytochrome c2+.    (5)

Generation of O2
�� in anaerobic medium in the pres-

ence of lucigenin according to reaction (4) was con-
firmed by other studies [18, 19]. This redox cycle under
anaerobic conditions is a common feature of com-
pounds that are reduced by microsomal NAD(P)H
reductases during one-electron processes [20]. The rate
of O2

�� production can be evaluated as SOD-inhibited
lucigenin-dependent reduction of cytochrome c. Al-
most all O2

�� detected by chemiluminescence (SOD-in-
hibited chemiluminescence) can be formed due to
lucigenin and this redox cycle. Under the conditions
of the experiments shown in Fig. 2, the rate of O2

��

Fig. 1. Oxidation of NADPH by microsomes in the presence
of lucigenin (1) and NADPH/lucigenin-dependent chemilu-
minescence of microsomes (2). The arrows correspond to
addition of lucigenin (40 µM) to the medium containing
microsomes (220 µg protein per ml) and NADPH (115 µM).
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Table 1. Kinetic characteristics of NADPH-lucigenin
reductase activity of rat liver microsomes
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Fig. 2. Cytochrome c and lucigenin reductase activities of microsomes.
1) Rate of NADPH-dependent reduction of cytochrome c by
microsomes; 2-4) same as (1) but in the presence of SOD (15 units/
ml) (2), lucigenin (3), and SOD (15 units/ml) + lucigenin (4); 5)
rate of lucigenin reductase activity of microsomes calculated as
difference between the initial rates of reductase activity of samples
(3) and (1). Concentrations of lucigenin, NADPH, and microsomal
protein correspond to the values indicated in the legend of Fig. 1.
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generation was 5 nmoles/min per mg of microsomal
protein. Oxygen depletion of the medium to pO2 = 45 ±
4 mm Hg had no effect on the rate of lucigenin-de-
pendent oxidation of NADPH and cytochrome c re-
duction at 40-200 µM lucigenin but significantly low-
ered these values at lucigenin concentrations below
20 µM and increased Km

Luc
 app (Table 1). This suggests

that oxidation of NADPH can be coupled to oxygen
consumption at low concentrations of lucigenin; also,
the impact of reactions (4) and (5) to the redox cycle
of lucigenin radicals is apparently lowered under
hypoxygenic conditions versus reaction (3). Higher
values of Km

Luc
 app determined under hypoxygenic condi-

tions for the rates of lucigenin-dependent NADPH
oxidation and cytochrome c reduction indicate that
either two-electron reduction of lucigenin or dioxetane
formation occur. Indeed, the possibility of two-elec-
tron reduction of some other known electron acceptors
(e.g., nitro compounds and quinones) is significantly
increased under hypoxic conditions [21].

Lucigenin reductase activity of xanthine oxidase and
electron-transfer properties of lucigenin were demon-
strated in another enzyme system, xanthine�xanthine
oxidase [22]. Cytochrome c reduction by this system
was completely blocked by SOD. Addition of lucigenin
to the reaction medium restored the reduction of cy-
tochrome c. Thus, reduced cytochrome c was oxidized
by cytochrome oxidase (Fig. 3).

The data indicate that addition of lucigenin to
microsomes even at low concentrations (1.5 µM) re-
sults in generation of O2

��. Other authors have shown
that 1-5 µM lucigenin does not stimulate oxygen con-

sumption and additional formation of O2
�� in the fol-

lowing systems: xanthine�xanthine oxidase, NADH�
lipoamide dehydrogenase, isolated mitochondria, mi-
tochondria in intact cells, and NADPH oxidase of
phagocytes [23].

NADPH/lucigenin-dependent chemiluminescence of
microsomes. Chemiluminescence was detected only in
the presence of three components including microsomes,
NADPH, and lucigenin; it was maximal 3 ± 1 min after
the onset of the reaction (Fig. 1, curve 2). Increasing
the concentration of NADPH from 60 to 1000 µM dose-
dependently enhanced the chemiluminescence but had
no effect on the peak of the curve. At constant con-
centrations of NADPH (200 µM) and microsomal
protein (220 µg/ml), maximal intensity of chemilumi-
nescence was observed at 4.3 µM lucigenin, in agree-
ment with the data of Klinger et al. [4]. Addition of
catalase (1000 units/ml), NaN3 (10 mM), and SOD
(20 units/ml) inhibited the chemiluminescence by 7, 20,
and 30%, respectively.

Preincubation of microsomes with NADPH (150 µM)
for 2 min and subsequent bubbling of the suspension
with CO for 1 min resulted in the appearance of the
differential absorption spectrum specific for the com-
plex of CO�reduced cytochrome P450. Subsequent
addition of lucigenin induced decomposition of the
carboxy complex (Fig. 4). When chemiluminescence was
determined under the same conditions, addition of
lucigenin to microsomes containing the carboxy com-
plex enhanced the chemiluminescence by 20-80% (de-
pending on the time of CO bubbling of the microsome
suspension which varied from 20 to 60 sec). The chemi-

Fig. 3. Lucigenin reductase activity of xanthine oxidase.
Arrows correspond to the addition of lucigenin (1) to make
the final concentration 65 µM in the reaction medium con-
taining xanthine oxidase (0.2 IU/ml), xanthine (95 µM), SOD
(20 units/ml), and cytochrome c (20 µM) and to addition
of cytochrome oxidase (2) (4 IU/ml).
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Fig. 4. Differential spectra of the complex CO�reduced
hemoprotein before (1) and after the addition of 65 µM
lucigenin (2). Microsomal hemoprotein was reduced with
NADPH (150 µM, 2 min) and the suspension was bubbled
with CO for 1 min. The concentration of microsomes was
300 µg protein per ml.
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luminescence intensity increased by more than twofold
in the presence of the carboxy complex when the re-
action was performed in hypoxygenic medium in the
control and samples (pO2 = 45 ± 4 mm Hg).

NADH/lucigenin-dependent chemiluminescence of
microsomes. Chemiluminescence was maximal after 20 ±
5 min, and this level was constant for variable time
intervals until all NADH in the medium was oxidized
(over 1 h at 220 µg/ml of microsomal protein, 65 µM
lucigenin, and >200 µM NADH) (Fig. 5). Increasing
the concentration of microsomal protein from 330 to
880 µg/ml enhanced the maximal chemiluminescence and
rapid oxidation of NADH; however, the integral val-
ues were similar (from addition of NADH to the
beginning of chemiluminescence decrease in samples
with minimal protein content). Similar data were ob-
tained when the lucigenin concentration was increased
from 80 to 320 µM (at constant concentration of
microsomal protein). A second addition of NADH
induced chemiluminescence with somewhat lower maxi-
mal values. Catalase (1000 units/ml) did not inhibit
chemiluminescence, and NaN3 (10 mM) lowered the
integral values by 12%. SOD (20 units/ml) lowered the
integral chemiluminescence by 20% (from addition of
the enzyme to beginning of chemiluminescence lower-
ing in samples with SOD). However, in the presence
of SOD chemiluminescence lasted for a longer time,
and the integral chemiluminescence was decreased by
only 6% if calculated from addition of the enzyme to
oxidation of all the NADH in samples without SOD
(Fig. 5, curves 2 and 5). Thus, the rate of NADH
oxidation in the presence of SOD is apparently low-
ered. Bubbling of the samples with CO 2 min after
preincubation with NADH (500 µM) and subsequent
addition of lucigenin did not significantly influence the
chemiluminescence parameters versus the control (with-
out CO).

The sensitivity of the 1251 luminometer was not
sufficient to register the luminol-dependent chemilumi-
nescence of microsomes in the presence of either
NADPH or NADH. The results of Klinger et al. [4]
indicate that the luminol-dependent chemiluminescence
of rat liver microsomes is 100-1000-fold lower (depend-
ing on the concentrations of the reagents) than
lucigenin-dependent chemiluminescence when recalcu-
lated per mg protein. In the present work, luminol-
dependent chemiluminescence was not measured because
the study was performed using the 1251 luminometer
whose sensitivity is significantly lower than the sensi-
tivity of the scintillation counter used in most of the
cited studies. Comparison of ratios of intensities of
lucigenin- versus luminol-dependent chemiluminescence
in various systems during generation of reactive oxy-
gen species [1, 4, 24-28] indicates that the values are
unexpectedly high in microsomes (Table 2). In systems
containing luminol and phagocytes, degranulation of

the cells is important for the development of chemilu-
minescence; this is associated with the appearance of
peroxidases which catalyze oxidation of luminol in the
presence of H2O2. In the case of lucigenin, this path-
way is not important. For example, in patients with
myeloperoxidase deficiency (chronic granulomatosis),
luminol-dependent chemiluminescence of neutrophils is
virtually absent, whereas lucigenin-dependent chemilu-
minescence of these cells is similar to that of healthy
controls [24]. Studies on the effect of SOD on lucigenin-
dependent chemiluminescence of microsomes indicate
that luminescence cannot be explained only by genera-
tion of O2

�� and its subsequent interaction with the
luminophore (reaction (1)). Klinger et al. demonstrated
weak inhibition of SOD and catalase in liver
microsomes and suggested that the process is due to
interaction of hydroxyl radicals (OH�) generated with
lucigenin [4]. However, generation of OH�  in the mi-
crosomal fraction implies that at first, O2

�� and H2O2

should appear in the medium. Also, luminol better
permeates through biomembranes than lucigenin [24].
On the other hand, luminol-dependent chemilumines-
cence of liver microsomes is almost completely blocked
by SOD [4, 29]. Thus, weak inhibition of NAD(P)H/
lucigenin-dependent chemiluminescence of liver
microsomes by SOD and catalase cannot be determined
only by the inability of the enzymes to penetrate to the
regions of microsomes where O2

�� interacts with the
luminophores. Apparently, luminol-dependent chemi-
luminescence better corresponds to the baseline pro-
duction of reactive oxygen species in microsomes,
whereas lucigenin-dependent chemiluminescence is due
to enzymatic reduction of lucigenin and generation of
O2

�� during the redox cycle of lucigenin radicals and
subsequent enzymatic and/or spontaneous (via peroxy

Fig. 5. NADH/lucigenin-dependent chemiluminescence of
microsomes. NADH was added at the 10th min of incuba-
tion to make the final concentration 15 (1), 60 (2), 250 (3),
or 500 µM (4); 5) same as (2) but at the 16th min SOD was
added (20 units/ml). Concentrations of lucigenin and
microsomes correspond to the values indicated in the legend
to Fig. 1.
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radicals) formation and decomposition of dioxetane
(Luc = O2) emitting light quanta. This pathway can
take place independently of generation of free O2

��:

          NAD(P)H reductase               oxygenases/spontaneously
    Luc2+ → LucH+� →

                   e�                                     O2

              Fe-heme/spontaneously
→ Luc = O2 → 2 methylacridone + hv. (6)

The time characteristics of the process are evident
from the comparison of the plots of chemiluminescence
and rates of oxidation of NADPH and NADH; the
rate of NADPH consumption in a microsome suspen-
sion with lucigenin was maximal during the first minute
of the reaction, whereas the peak of chemiluminescence
was observed in 3 ± 1 min (Fig. 1); the rate of NADH
consumption was almost linear during the whole pe-
riod of observation (about 30 min), whereas chemilu-
minescence was maximal only in 20 ± 5 min (Fig. 5).

Fourfold increase in NADH-dependent oxygen
consumption after the addition of lucigenin (250 µM)
to smooth muscle microsomes from calf pulmonary
artery [9] suggests that lucigenin is a substrate of

NAD(P)H oxidoreductases. Also, lucigenin is reduced
by endothelial NO-synthase [19]; the C-terminal do-
main of this enzyme is homologous to NADPH reduct-
ase and has cytochrome c reductase and ferricyanide
reductase activities [30]. The values of NADH/lucigenin-
dependent chemiluminescence and NADH-cytochrome
c reductase activity are tightly associated in the smooth
muscle fraction from pulmonary artery [8].

Decrease in chemiluminescence intensity at in-
creased concentrations of lucigenin (5-100 µM) at
constant concentrations of microsomal protein and
NADPH may be due to inactivation of cytochrome
P450 by an increased fraction of uncoupled redox
cycles on the components of cytochrome P450 and
generation of high amounts of the radicals and H2O2

[31]. Peak-shaped curves of NADPH-dependent chemi-
luminescence at increased concentration of NADPH
may be due to high lucigenin reductase activity of
NADPH-cytochrome P450 reductase and participation
of reduced heme of cytochrome P450 in decomposi-
tion of dioxetane even if oxygenase activity of the
enzyme is suppressed. On the other hand, a prolonged
plateau on the plot of NADH/lucigenin-dependent
chemiluminescence and weak enhancement of the peak
chemiluminescence values at high concentrations of

Table 2. Ratio of intensities of lucigenin- and luminol-dependent chemiluminescence (CL) in various biological
systems

Biological system
Stimulation

(concentration) Lucigenin, µM Luminol, µM CLlucigenin/CLluminol Reference

Human neutrophils

Mouse neutrophils

Human monocytes

Mouse macrophages

Human blood

Xanthine�XO

Rat liver microsomes
     intact rats
     intact rats + Fe
     phenobarbital-treated rats

PMA (200 nM)
� " �

fMLP (1 µM)
OZ (1.3 mg/ml)
OZ (0.1 mg/ml)
PMA (100 nM)

OZ (0.3 mg/ml)

OZ (0.1 mg/ml)
PMA (100 nM)
OZ (0.3 mg/ml)

OZ (0.6 mg/ml)

OZ (0.1 mg/ml)
PMA (100 nM)

10
100

25
65
65
65

154

65
65

154

150

65
65

200

154
154
154

10
5

10
47
25
25

154

25
25

154

870

25
25

200

154
154
154

      0.08
      1
      0.14
      0.22
 0.07 ± 0.02 (7)
 0.05 ± 0.02 (8)

      0.33

 0.08 ± 0.04 (15)
 0.44 ± 0.3 (15)
      1

      1

 0.11 ± 0.08 (7)
 0.06 ± 0.03 (7)

      0.36

      555
    25�:�50
      588

[24]
[24]
[25]
[27]

present work
present work

[26]

present work
present work

[26]

[27]

present work
present work

[28]

[4]
[1]
[4]

OZ, opsonized zymosan; PMA, phorbol-12-myristate-13-acetate; fMLP, N-formyl-Met-Leu-Phe; XO, xanthine oxidase. The suspen-
sion of microsomes contained 50 µM NADH and 50 µM NADPH.

Note:
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NADH suggest that microsomal NADH reductases are
less important for generation of dioxetane and/or its
decomposition. Under aerobic conditions, NADH
cannot reduce cytochrome P450 due to the high rate
of its autoxidation [32].

Enhanced chemiluminescence intensity after bub-
bling of a microsome suspension with CO can be
explained by preservation of the reduced form of P450
which is released from the CO�P450 complex after
addition of lucigenin and participates in enzymatic
generation of dioxetane and by decomposition of
unstable dioxetane catalyzed by the carboxy complex.
At low CO concentrations, CO is competitively expelled
from the CO�P450 complex by the substrate [33]. This
apparently results in formation of new intermediate
states of cytochrome P450 with modified reactivity
including the triple complexes lucigenin�P450�CO and
dioxetane�P450�CO.

The rate of electron transfer in the microsomal
oxygenase system is significantly determined by the lipid
phase [32]. Addition of lipids to the purified fractions
of cytochrome P450 reductase and cytochrome P450
mixed at equimolar ratios did not enhance lucigenin-
dependent chemiluminescence [4]. However, these data
may confirm the suggestion that microsomal
(di)oxygenases do not participate in the reaction of
oxygen with lucigenin, because the experiment was
performed at high concentrations of lucigenin (154 µM)
which can inactivate the hemoprotein.

Incorporation of molecular oxygen into lucigenin
on cytochrome P450 can be similar to other substrates
of P450 [32]. Light quanta are generated during de-
composition of unstable dioxetane directly on cyto-
chrome P450 or after dissociation of the dioxetane.
Evidently, in the latter case the quantum yield of
chemiluminescence would be significantly higher because
of lowered probability of non-radiative energy transfer
on the heme of cytochrome P450.

Spontaneous (i.e., without exogenous luminophores)
NAD(P)H-dependent luminescence of eukaryotic
microsomes is determined by NADH-cytochrome b5

reductase and NADPH-cytochrome P450 reductase as
well as cytochrome P450 [34-36]. Also, soluble
multicomponent bacterial cytochromes P450 are impor-
tant for bacterial chemiluminescence [36]. The reaction
of cytochrome P450 with a hydrophobic substrate is
exothermic and its total free energy is enough for
emission excitation and emission of light quanta [36].
According to EPR studies, generation of reactive oxy-
gen species in a suspension of liver microsomes pre-
dominantly occurs on the initial component of cyto-
chrome P450, NADPH-cytochrome P450 reductase [37].
However, formation of O2

��, H2O2, and OH�  in a sus-
pension of microsomes is not very important for spon-
taneous chemiluminescence; the main role is played by
endogenous aliphatic aldehydes and ketones that are

oxidized directly by cytochrome P450 [34, 35]. Addi-
tion of an exogenous substrate, lucigenin, to a suspen-
sion of microsomes dramatically enhances luminescence
intensity; emission of light quanta still occurs as the
result of redox-dependent generation of an excited
substrate on the components of cytochrome P450.
Metabolism of lucigenin on the enzyme complex
NAD(P)H-cytochrome P450 reductase�cytochrome
P450 is apparently similar to the well-described biolu-
minescence reactions resulting from lucigenin conver-
sion by the bacterial complex NAD(P)H�FMN oxidore-
ductase�luciferase. The possible activation of
luminophores including analogs of luciferin and laser
dyes [38] by the components of cytochrome P450 and
oxidoreductases with wide substrate specificity should
be considered during the development of new probes
for registration of lipid peroxidation and production
of reactive oxygen species.

Thus, lucigenin-dependent chemiluminescence of
microsomes may be due to several factors including
enzymes with lucigenin reductase activity (NADPH-
cytochrome P450 reductase, NADH-cytochrome b5

reductase), formation of O2
�� during the redox cycle

of lucigenin radicals, generation of dioxetane by
(di)oxygenases, and catalysis of dioxetane decompo-
sition by the heme of cytochrome P450 associated
with emission of light quanta. The data of the present
work suggest that lucigenin should not be used to
measure reactive oxygen species by chemiluminescence
in tissue homogenates with high content of NAD(P)H
oxidoreductases and in particular, in suspensions of
microsomes. Addition of lucigenin to microsomes in-
creases the yield of O2

�� by several orders of magni-
tude versus the baseline. This also suggests that
calibration plots of intensity of lucigenin-dependent
chemiluminescence versus O2

�� concentration are not
valid as well as plots of lucigenin-dependent chemi-
luminescence versus lucigenin concentration based on
the data obtained in an experimental system (for
example, xanthine�xanthine oxidase) and they can-
not be used for assay of O2

�� in another system; also,
addition of SOD is not enough to justify the
specificity of the method (considering evaluation of
baseline production of O2

�� by a biological system).
Lowering of lucigenin concentration to 1-5 µM is
recommended by certain studies [28]; this can result
in registration of di(oxygenase) activity of micro-
somes by chemiluminescence. Addition of Fe ions sig-
nificantly increases the formation of reactive oxygen
species in the system [1] but does not eliminate
lucigenin reductase activity of NAD(P)H oxidoreduc-
tases by the subcellular fraction. On the other hand,
lucigenin can be used as an artificial substrate for
chemiluminescence studies of activity of the enzyme
complex NAD(P)H-cytochrome P450 reductase�cy-
tochrome P450 in various model systems.
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