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Abstract
The formation of reactive oxygen species by the cytochrome P450 monoxygenase system is
thought to be due to autooxidation of NADPH-cytochrome P450 reductase and the non-productive
decay of oxygen-bound cytochrome P450 intermediates. To characterize this process in
recombinant microsomal enzymes, we used a highly sensitive hydrogen peroxide assay based on
Amplex-Red oxidation. This assay is 20 times more sensitive (LLD = 5.0 pmoles/assay, and LLQ
= 30 pmoles/assay) than the standard ferrous thiocyanate assay for detection of hydrogen
peroxide. We found low, but detectable spontaneous generation of hydrogen peroxide by
recombinant human NADPH-cytochrome P450 reductase complexes (0.034 nmoles hydrogen
peroxide/min/100 Units of NADPH-cytochrome P450 reductase). Significantly higher rates of
hydrogen peroxide production were observed when recombinant cytochrome P450 enzymes were
coexpressed with NADPH-cytochrome P450 reductase (0.31 nmoles of hydrogen peroxide/min/
100 Units of NADPH-cytochrome P450 reductase). This was independent of the addition of any
exogenous cytochrome P450 substrates. These data demonstrate that cytochrome P450’s are a
major source of hydrogen peroxide in the recombinant cytochrome P450 monooxygenase system.
Moreover, substrate binding is not required for the cytochrome P450’s to generate reactive oxygen
species.
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Introduction
Cytochrome P450-dependent monooxygenases are localized in the endoplasmic reticulum,
and are the primary intracellular enzymes mediating the metabolism of xenobiotics, as well
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as physiologically important endogenous compounds [1,2]. This system consists of
NADPH-cytochrome P450 reductase (EC 1.6.2.4), and various forms of cytochrome P450,
an important class of heme containing enzymes [3]. Metabolism involves electron transfer
from NADPH-cytochrome P450 reductase to the P450’s leading to the formation of reduced
P450’s which then bind oxygen and, in a multi-step process, generate iron oxygen
complexes or “active” oxygen species [4,5]. One of the unique attributes of this oxygen
activation process is a low efficiency, “uncoupling”, due to the non-productive decay of
some oxygen-bound cytochrome P450 intermediates [6,7]. During this process, superoxide
anion and/or H2O2 are formed as products of microsomal electron transport chain activity. It
is generally thought that the microsomal enzymes are one of largest sources of intracellular
H2O2 [7–9]; however, the mechanisms or factors and relative contribution of the different
members of the P450 system leading to “uncoupling” and H2O2 production are still poorly
understood.

The cytochrome P450 system is often studied using recombinant forms of the enzymes
expressed in insect cells [10, 11]. However, little is known about the ability of these
preparations to undergo “uncoupling” and generate H2O2. In the present studies we used an
ultra sensitive Amplex Red/Horseradish peroxidase (AR/HRP)-based fluorescence assay to
compare H2O2 formation by native microsomal preparations and microsomal preparations
containing recombinant cytochrome P450 isoenzymes and NADPH-cytochrome P450
reductase. Using this system, we found that in the absence of detectable cytochrome P450’s,
human NADPH-cytochrome P450 reductase was capable of generating H2O2, albeit at very
low rates. This activity increased significantly in mixtures of human cytochrome P450’s
coexpressed with NADPH-cytochrome P450 reductase. These data demonstrate that
cytochrome P450’s are a significant source of intracellular H2O2. Further studies using this
system will be useful for determining the relative activities and contributions of different
microsomal enzymes to intracellular H2O2 production.

Materials and Methods
Chemicals and reagents

Type 1 HRP (cat. no. P-8125), catalase (from Aspergillus niger as an ammonium sulfate
suspension, cat. No. C3515), superoxide dismutase (SOD) (from bovine liver, cat no
S2515), NADPH, sodium azide, dimethyl sulfoxide, diethylenetriaminepentaacetic acid
(DETAPAC), and 30% H2O2 were from Sigma-Aldrich (St. Louis, MO). AR was from
Molecular Probes (Eugene, OR) and was prepared in oxygen-free dimethyl sulfoxide as a 10
mM stock solution. Human liver microsomes and liver microsomes from male SD rats were
obtained from BD Gentest (Woburn, MA) and Xenotech (Lenexa, KS). Recombinant human
microsomal enzymes (Supersomes™) as microsomal fractions of insect cells infected with
baculovirus including control (cat no 456201), human NADPH-cytochrome P450 reductase
coexpressed with cytochrome b5 (cat. no. 456244), and Supermix™ (cat no 456406), which
consists of human NADPH-cytochrome P450 reductase and cytochrome b5 coexpressed
with human CYP1A2, CYP2C8, CYP2C9, CYP2C19, CYP2D6 and CYP3A4 were obtained
from BD Gentest (Woburn, MA). Activities of the components in the Supermix™ were
similar to their counterparts in human liver microsomes. The storage, preparation of stock
suspensions, handling, and general characteristics of the enzyme preparations were provided
by the manufacturer. All other chemicals and water used in this study were of the highest
available purity and were used without additional treatments.

AR/HRP method for analyzing H2O2

In this assay, HRP interacts with H2O2 forming Compound I. Oxidation of AR by
Compound I results in the formation of Compound II and an AR radical intermediate.
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Subsequent reaction of this radical with Compound II results in the formation of HRP and
resorufin, a highly fluorescent product that can readily be quantified using a fluorometer [12,
13]. Under conditions where the molar ratio of AR to H2O2 is greater than five, resorufin is
generated in a 1:1 stoichiometry with H2O2 [12–14]. Since the determination of H2O2 by the
AR/HRP method is not direct, relative fluorescence units (RFU) need to be extrapolated to
amounts of H2O2 produced using appropriate calibration standards. To prepare these
standards, H2O2 was diluted with water to a concentration of 1.6 mM. This solution was
further diluted to a 16 μM H2O2 solution with potassium phosphate buffer (50 mM, pH 7.7,
containing 0.5 mM diethylenetriaminepentaacetic acid). Serial two-fold dilutions of this
solution were used to prepare calibration standards. Samples without H2O2 were used as
blanks. Fifty μl of blank and each calibration standard were mixed with 50 μl of the
phosphate buffer supplemented with components required to maximize the enzymatic
generation of H2O2 including 50 mM potassium phosphate buffer, pH 7.7, 0.1 mM NADPH,
and an NADPH regenerating system consisting of 10 mM glucose-6-phosphate and 0.5
Units/ml glucose-6-phosphate dehydrogenase, 0.5 mM diethylenetriaminepentaacetic acid, 1
mM sodium azide, and 500 Units/ml SOD in a final reaction volume of 100 μl. The H2O2
concentrations in the calibration standards prior to the addition of the AR/HRP mix were 0
μM, 0.0625 μM, 0.125 μM, 0.25 μM, 0.5 μM, 1 μM, 2 μM, 4 μM, and 8 μM. The samples
were preincubated at 37°C for 5 min in black, flat bottom 96 well plates. Fifty μl of the AR/
HRP mix (25 μM AR, final concentration, and 0.1 units of HRP, in 50 mM potassium
phosphate buffer, pH 7.7) were then added to each well using a multichannel pipetter.
Fluorescence of resorufin (ex 530 nm/em 587 nm) was recorded after approximately 45 sec
and then every 1 min using a Molecular Devices SpectraMax M5/M5e microplate reader
controlled by PC SoftMax Pro 5 software (Sunnyvale, CA). Under these conditions, the
appearance of resorufin fluorescence related to H2O2 formation is very rapid; maximal
fluorescence was obtained in less than 45 sec at all standard concentrations of H2O2 tested
(Fig. 1A).

With the exception of NADPH, none of the components required for optimal activity
interfered with the H2O2 assay. NADPH increased background fluorescence, recorded as a
low, but detectable, time-dependent increase in fluorescence with no enzyme additions in
reaction mixes. This enzyme-independent oxidation of AR was not prevented by SOD, but
was abolished by the addition of exogenous catalase (not shown). Therefore, for
extrapolation of RFU into absolute amounts of H2O2, the NADPH-dependent background
fluorescence was subtracted.

It should be noted that microsomal preparations may also contain P450-related peroxidase or
monooxygenase activities which could potentially mediate the metabolism of AR into
resorufin in the absence of HRP. However, if HRP was omitted from reaction mixes, we
found only background fluorescence over a 30 min incubation period.

Ferrous-thiocyanate method for analyzing H2O2

In the ferrous thiocyanate assay, H2O2 oxidizes ferrous ion to ferric ion. Subsequent reaction
of ferric ion with thiocyanate ion under strongly acidic conditions results in a ferric iron-
thiocyanate red-colored complex which can be quantified spectrophotometrically [15, 16].
The ferrous thiocyanate assay for H2O2 was conducted as described by Hildebrandt et al.
[16] and modified for use in clear flat bottom 96 well plates. H2O2 standards in the range of
1.0 μM to 100 μM were prepared as described above. After loading of 100 μl of H2O2
standards and blank samples into each well of the plate, 50 μl of concentrated HCl was
added. This was followed by the additions of 20 μl ferrous ammonium sulfate (5 mM final
concentration) and 30 μl potassium thiocyanate (200 mM final concentration). After 10 min
incubation at room temperature, plates were analyzed using a microplate reader by
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monitoring changes in absorption at 483 nm. Since ferrous ammonium sulfate in solution
was found to be highly unstable, it was routinely prepared fresh ≈ 10 min prior to use.

Comparison of methods for assaying H2O2

In initial studies, we compared the AR/HRP and ferrous-thiocyanate methods for detection
of H2O2. In both assays, H2O2 could readily be detected (Fig. 1B–E). Components of
incubation mixes including diethylenetriaminepentaacetic acid, an iron chelator, sodium
azide, an inhibitor of catalase, and SOD, did not interfere with the assays. In contrast,
NADPH increased background fluorescence by approximately 2–5% in the AR/HRP assay,
but not in the ferrous thiocyanate assay. However, this effect did not alter analysis of the
calibration standards. The AR/HRP assay was found to be significantly more sensitive for
detecting H2O2. The LLD (mean of background values + 3 SD’s) of H2O2 with AR/HRP
was estimated to be 5 pmoles/assay, while the LLQ (mean of background values + 10 SD’s)
was 30 pmoles/assay. By comparison, the LLD and LLQ values using the ferrous
thiocyanate method were 80 and 600 pmoles of H2O2/assay, respectively.

H2O2 generated by enzymatic reactions
As indicated above, the incubation buffer for microsomal enzyme activities contained
components required to maximize the enzymatic generation of H2O2. In this assay, 90 μl of
this incubation mix was loaded into individual wells of a 96 well plate which was then
preheated at 37°C for 3 min. The H2O2 generating reaction was initiated by the addition of
10 μl microsomal proteins (0.5–20 μg/well). Changes in fluorescence were recorded in
either a “continuous” mode where AR/HRP was added to in the incubation mix prior to the
microsomes, or a “fixed” time point mode where AR/HRP was added at selected time points
after the addition of microsomes (see details in Figure legends). Only linear phases of the
reactions (typically between 4 and 15 min after the initiation of the reaction) were used to
calculate the absolute rates of H2O2 production.

Data collection and treatment
RFU or OD values for the H2O2 calibration standards were presented as the means ± SD.
Standard curves were fitted to a line by regression analysis using GraphPad Prism, Version
5.0 software (GraphPad, La Jolla, CA). For both the AR/HRP and the ferrous thiocyanate
assays, the lowest limit of detection (LLD) and lowest limit of quantification (LLQ) were
calculated as the amount of H2O2 (in pmoles/sample) equal to the mean + 3 SD’s and the
mean + 10 SD’s of background values, respectively (n=18) [17]. For the AR/HRP assay,
linearity was observed at concentrations of H2O2 ranging from 0.0 to 4.0 μM (at r2 = 0.995).
For the ferrous thiocyanate assay, changes in OD were linear for the entire range of H2O2
concentrations tested.

Results
Quantification of H2O2 generation by microsomal enzymes using the AR/HRP assay

The enzymatic generation of H2O2 in native rat and human liver microsomal enzymes was
quantified using the AR/HRP assay. In these studies, H2O2 generation was monitored by
recording changes in resorufin fluorescence continuously and at fixed time points after the
initiation of the assay (Fig. 2). The reaction kinetics of H2O2 formation was linear for at
least 10 min in both assay modes, and the rates of H2O2 generation were proportional to
amounts of microsomal protein. Moreover, as little as 2 μg/well of microsomal protein
generated H2O2 at a rate that was more than 10-fold above background (i.e., with no enzyme
present). Absolute rates of H2O2 generation calculated for microsomal preparations from rat
and human liver microsomes are shown in Table 1. These values are generally similar to
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those previously reported [15, 19, 20]. It should be noted that the generation of H2O2 by the
liver microsomal preparations was inhibited by catalase (1000 Units/ml), and by DPI (20
μM), an inhibitor of flavin-containing enzymes (not shown).

Quantification of H2O2 generation by recombinant human microsomal enzymes
(Supersomes) using the AR/HRP assay

In our next series of experiments we assayed H2O2 using recombinant human NADPH-
cytochrome P450 reductase coexpressed with cytochrome P450 enzymes typically found in
native human liver microsomes. As observed with the liver microsomal enzymes, the
reaction kinetics for H2O2 production using the recombinant enzymes was linear for at least
10 min in both the “continuous” and “fixed” mode assay conditions; the rates of H2O2
generation were also proportional to amount of protein of recombinant microsomal enzymes
(Figs. 3A and B). The absolute rates (expressed as nmole/min/mg protein) of H2O2
generated by the recombinant enzymes containing cytochrome P450’s were generally
similar to the activity of human and rat liver microsomes (Table 1).

It is well established that NADPH-cytochrome P450 reductase by itself is a source of H2O2
formed via the production of superoxide anion [21–25]. This reaction is markedly increased
in the presence of redox cycling chemicals [24]. We next assayed H2O2 formation via
human recombinant NADPH-cytochrome P450 reductase in the absence of cytochrome
P450’s. Unexpectedly, in the “continuous” detection mode, increases in resorufin
fluorescence were found to be exponential, thus limiting our ability to calculate absolute
rates of H2O2 production (Fig. 4A). In contrast, when H2O2 formation was assayed at
“fixed” time points, amounts formed were linear with respect to time (Fig. 4B). In both
assay modes, increases in fluorescence were abolished by the inclusion of catalase in the
incubation mixes (not shown). Previous studies have shown that resorufin can redox cycle
with NADPH-cytochrome P450 reductase [26, 27], a process that can generate H2O2, and
this is likely to occur in our “continuous” mode assay with recombinant NADPH-
cytochrome P450 reductase. To minimize resorufin redox cycling, we used paraquat (50
μM), which can compete with resorufin for redox cycling. Paraquat readily suppressed the
exponential increases in H2O2 production detected using the “continuous” mode AR/HRP
assay (Fig. 4C). In the absence of resorufin redox cycling, the reaction was linear and the
absolute rates of H2O2 generation measured in “continuous” and “fixed” time points modes
of the assay were nearly identical. As shown in Table 1, H2O2 production per Unit of
recombinant NADPH-cytochrome P450 reductase was markedly lower when compared with
preparations containing the same activity of NADPH-cytochrome P450 reductase
coexpressed with human cytochrome P450’s.

Discussion
In mammalian cells, the microsomal P450-related electron-transport system is not only a
major site of xenobiotic transformation, but also an important source of reactive oxygen
species, in particular, H2O2. The generation of ROS via microsomal P450 has been referred
to as “uncoupling” or nonproductive activation of oxygen [4–6, 28]. Although this activity is
well established, the relative contributions of cytochrome P450 enzymes and other
components of the microsomal electron transport system on ROS production are unknown.
Efforts at examining this have been hampered by a lack of sensitive methods available to
detect H2O2. In the present studies, we describe the use of a highly sensitive assay using
AR/HRP for analysis of H2O2 production by different components of the cytochrome P450
system. Previous studies have mainly used the ferrous-thiocyanate method to analyze H2O2
produced by microsomal enzymes [15,16,20]. However, this assay has low sensitivity for
H2O2 due to low molar absorbtivity of the final product, a ferric-thiocyanate complex. The
AR/HRP assay described in the present studies was at least 20 times more sensitive than the
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ferrous-thiocyanate method and could easily be modified for use in kinetic microplate
readers. Using H2O2 standards, we found that the appearance of fluorescence was rapid and
stable for at least 30 min under conditions that are optimal for many microsomal metabolic
reactions. This allowed for the continuous monitoring of H2O2 generated during enzyme
reactions, as well as detection of accumulated H2O2 at fixed time points. Another advantage
of the AR/HRP assay is that resorufin, the product of the assay, is intensely fluorescent at
physiological pH and thus, relatively easy to detect. This is in contrast to many other
aromatic substrates for HRP which have fluorescence optimums at pH 10–11, and require
strong alkaline buffers for detection of product [30,31]. Because the ferrous thiocyanate
assay requires the addition of strong acids to solubilize iron salts, this assay can also only be
used at fixed time points. Assays using “fixed time” points are required when there are
interfering components in the reaction mix [32,33]. For example, NADPH, which is required
for microsomal electron transport, can generate H2O2 non-enzymatically [18]. In this regard,
we found that the addition of NADPH alone, or in combination with an NADPH
regenerating system, in our AR/HRP assay resulted in increased fluorescence in the absence
of added microsomal enzymes. However, this increase was relatively slow and represented
less than 2–5% of the resorufin fluorescence detected in the presence microsomal enzymes.
Using our modified AR/HRP assay, we confirmed that native microsomes generate H2O2.
With relatively low amounts of microsomal proteins (2.0–15.0 μg/assay), we obtained
absolute rates of H2O2 production by rat liver microsomes of 4 nmoles H2O2/min/mg
protein, a value that is close to the rates previously reported for comparable microsomal
preparations [15,19,20]. Similar rates of H2O2 production were obtained when the assay was
performed in either a “continuous” or “fixed” time point mode, indicating that there was
little or no interference from components of the assay mix.

It is generally thought that there are two components of the microsomal cytochrome P450-
related electron transport system that generate reactive oxygen species: NADPH-cytochrome
P450 reductase and cytochrome P450 enzymes. NADPH-dependent superoxide anion
production by purified NADPH-cytochrome P450 reductase has been demonstrated using
several methods including oxidation of epinephrine to adrenochrome [22], SOD inhibitable
reduction of acetylated cytochrome c [28], and radical signals from spin-trapping probes
[23]. This superoxide anion generation has been attributed to the slow autooxidation of
semi-reduced flavins in NADPH-cytochrome P450 reductase, most likely FMN, and it has
been hypothesized that in microsomes, NADPH-cytochrome P450 reductase catalyses the
one electron reduction of oxygen if no other electron acceptors are present [34,35].

Although cytochrome P450 by itself cannot generate ROS, substantial amounts are produced
when cytochrome P450 is combined with NADPH-cytochrome P450 reductase. Under these
conditions, electrons flow from NADPH via NADPH-cytochrome P450 reductase to
cytochrome P450 as the terminal electron acceptor, and unique oxygen activation reactions
occur in the active centers of the cytochrome P450 enzymes. The mechanism mediating
ROS production by cytochrome P450 are not completely understood, but it has been shown
to occur at several distinct steps [4–6]. It was postulated that the process is initiated by
substrate binding to cytochrome P450 [36]. This substrate-cytochrome P450 complex then
receives electrons from NADPH-cytochrome P450 reductase. This is following by oxygen
binding leading to the formation of an oxyferrous intermediate. The non-productive decay of
this intermediate results in the generation of superoxide anion. Alternatively, reduction of
the oxyferrous intermediate by a second electron followed by protonation forms a
hydroperoxo intermediate; decay of this intermediate results in the generation of hydrogen
peroxide [4,6].

The present studies demonstrate that H2O2 is also generated by recombinant NADPH-
cytochrome P450 reductase in the presence of NADPH, albeit at relatively low rates.
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Significantly higher absolute rates of H2O2 production were noted when cytochrome P450
enzymes were coexpressed with NADPH-cytochrome P450 reductase. These data support
the idea that cytochrome P450’s are a major source of ROS. Of particular interest was our
observation that ROS production by the recombinant microsomal system did not require the
addition of a cytochrome P450 substrate. This suggests that in recombinant microsomal
enzymes, oxygen activation is not dependent on substrate binding, and that NADPH-
cytochrome P450 reductase binding to cytochrome P450’s is sufficient to induce NADPH-
mediated electron flow leading to H2O2 generation.

In summary, we have used a highly sensitive assay to quantify H2O2 production by
microsomal enzymes. Using this assay, we showed that recombinant NADPH-cytochrome
P450 reductase alone was capable of generating ROS in the presence of NADPH. This
activity was markedly increased when NADPH-cytochrome P450 reductase was
coexpressed with the cytochrome P450’s, a finding consistent with the fact that these
proteins are terminal electron acceptors in the uncoupling reaction. We also found that
substrate binding to cytochrome P450 is not required for initiation of oxygen binding and
electron flow through the microsomal P450-related electron transport system. Further
studies are needed to elucidate the precise mechanisms by which ROS are generated by each
component of the microsomal system. At the present time it is not known if NADPH
cytochrome P450 reductase itself, in fact, generates ROS following its interaction with
cytochrome P450’s. It is possible that in the combined NADPH-cytochrome P450 reductase-
cytochrome P450 system, all or only part of electron flow is diverted from NADPH-
cytochrome P450 reductase to cytochrome P450’s to generate ROS. It is also not clear if all
cytochrome P450’s are equally effective in generating ROS; the availability of recombinant
preparations containing individual cytochrome P450’s should allow a better characterization
of the source of ROS, and its control in the microsomal P450-related electron transport
system.
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Figure 1. Fluorescence analysis of H2O2 standards using the AR/HRP assay
Panel A. Reactions were initiated by the addition of AR/HRP (arrow). Fluorescence of
resorufin was recorded ≈45 sec later. In this calibration experiment, each point represents
the mean ± SD (n = 3). The lowest curve represents background and temporal fluorescence
changes of blank samples (in the absence of H2O2). In most cases, the error bars were less
than 5% and fell within the symbols.
Panel B. Comparison of the AR/HRP assay and ferrous-thiocyanate assay for analyzing
H2O2 standards. Upper panels. Analysis of H2O2 using the AR/HRP assay. The curve
represents the best fit of the average of relative fluorescence units (RFU) for each H2O2
standard obtained from three replicates assayed on 6 different days. Each point and error bar
on the curve represent the mean ± SD (n = 18). The inset shows the calibration curve at low
H2O2 concentrations (from 0.0 to 100 pmoles/well). The dashed line on the Y-axis indicates
the mean +10 SD’s of blank samples and the dashed line on the x-axis indicates the LLQ
value which is 12 pmoles of H2O2/well. Lower panels. Analysis of H2O2 in the ferrous
thiocyanate assay. Each point on the curve represents the mean ± SD of H2O2 standards
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obtained with three replicates assayed on 4 days. OD values were adjusted automatically to
1 cm on the microplate reader using the path check option. The inset shows the calibration
curve at low H2O2 concentrations (from 0.0 to 1500 pmoles/well). The dashed line on the Y-
axis indicates the mean +10 SD’s of blank samples and the dashed line on the x-axis
indicates the LLQ value which is 280 pmoles of H2O2/well.
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Figure 2. Kinetics of H2O2 generation by native microsomes
Panels A and C. Continuous recordings of H2O2 generation by rat and human liver
microsomes. Each well on a 96 well plate was loaded with 90 μl of incubation media
containing: potassium phosphate buffer, 50 mM, pH 7.7, 1 mM DETAPAC, 1 mM azide,
500 Units/ml SOD, 0.1 mM NADPH, and an NADPH regenerating system, (10.0 mM
glucose-6-phosphate and 0.5 Units/ml glucose-6- phosphate dehydrogenase). The plate was
preincubated at 37°C for 5 min in the plate reader chamber. The wells were then loaded with
50 μl of AR/HRP. The reactions were started by the addition of 10 μl microsomal
preparations using a multichannel pipette (as indicated by arrow). The lines represent time-
dependent changes of fluorescence generated with different amounts of microsomal protein
(as indicated). The data for rats are the mean ± SD of two experiments and humans, are the
mean ± SD of three experiments. Each microsomal protein concentration was done in
triplicate. Panel B. H2O2 generation by rat liver microsomes assayed at fixed time points.
Mixes were prepared as indicated above; reactions were initiated by the addition of 10 μg of
microsomal protein. In this mode of assay, the 50 μl of AR/HRP mixture were added to the
wells at the indicated time points. The bars reflect the fluorescence intensity recorded at
those time points. The dashed line connecting the top of the bars was generated by
GraphPad Prism and used for calculating the absolute rates of H2O2 production.
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Figure 3. Kinetics of H2O2 generation by recombinant human microsomal enzymes
Assays mixes were prepared as described in the legend to Figure 2. Experiments were
performed with a mixture of human drug metabolizing cytochrome P450’s coexpressed with
human NADPH-cytochrome P450 reductase. Panel A. Continuous recording of H2O2
generation by human microsomal enzymes. Each well contained 10 μg/well (12 Units of
NADPH-cytochrome P450 reductase, 1.5 pmol cytochrome P450) of protein. The data are
the mean ± SD of three separate experiments in duplicate. Panel B. H2O2 generation by
recombinant human microsomal enzymes at fixed time points. The data are the mean ± SD
of two experiments with each microsomal protein concentration analyzed in triplicate. The
dashed lines connecting the tops of the bars were generated by GraphPad Prism and were
used for calculation of absolute rates of H2O2 production.
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Figure 4. Kinetics of H2O2 generation by recombinant recombinant human NADPH-cytochrome
P450 reductase
Assay mixes were prepared as described in the legend to Figure 3. Panel A. Continuous
recording of H2O2 generation. The amounts of microsomal protein are indicated as Units of
NADPH-cytochrome P450 reductase activity in cytochrome c reduction. The data are the
mean ± SD of four experiments with each microsomal protein concentration analyzed in
duplicate. Panel B. H2O2 generation by human NADPH-cytochrome P450 reductase
assayed at fixed time points. The amounts of microsomal protein added were: open bars - 6
Units of NADPH-cytochrome P450 reductase/well; dotted bars - 12 Units of NADPH-
cytochrome P450 reductase/well. The data are the mean ± SD of four separate experiments
performed in duplicate. The dashed lines connected tops of the bars were generated by
GraphPad Prism and used for calculation of absolute rates of H2O2 production. Panel C.
Assay of H2O2 generation in the presence of 50 μM paraquat in continuous (circles) and
fixed time points mode (black bars) assays. The amounts of microsomal protein added to the
wells were 0.2 Units of NADPH-cytochrome P450 reductase/well. Bottom line (triangle)
indicates the level of background fluorescence in wells with no proteins added. The data are
the mean ± SD of two separate experiments performed in triplicate.
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Table 1

Rates of H2O2 generation in different microsomal preparations as determined by AR/HRP in the end point
mode assay.

Rate (nmoles of H2O2/min)1

per mg of protein

per 100 Units of NADPH
cytochrome P450 reductase

activity2 per nmole cytochrome P450

Liver microsomes from control rats 2.62 ± 0.19 0.99 ± 0.074 2.86 ± 0.21

Recombinant human NADPH cytochrome
P450 reductase

0.91 ± 0.22 0.04 ± 0.01 N/A3

Supermix (recombinant NADPH-cytochrome
P450 reductase plus mixture of recombinant
cytochrome P450’s)

3.78 ± 0.30 0.31 ± 0.13 12.67 ± 1.98

1
The rates of H2O2 generation by recombinant NADPH cytochrome P450 reductase are presented for 40 Units of the enzyme/sample. The rates

for the Supermix microsomal enzymes are presented for 15 pmoles of the cytochrome P450’s and 10 Units of NADPH cytochrome P450 reductase
activity/sample. The samples were incubated for 30 min at 37°C and AR/HRP mix was added every 5 min. The RFU values recorded after 45 sec
were taken for calculations. Data (n = 3 ± SD) were calculated using the calibration curves shown in Fig 1.

2
One unit of NADPH cytochrome P450 reductase activity is defined as the reduction of 1.0 nmole of cytochrome c per minute at pH 7.7 at 30°C.

3
not applicable.
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