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Various chemical probes for the detection of reactive oxygen species

have been developed to examine oxidative stress associated with different

pathologies. L-012, a luminol-based chemiluminescent probe, is widely used

to detect extracellular superoxide because of its high sensitivity. We herein

demonstrated that the co-application of the peptide boronic acid proteasome

inhibitor, bortezomib, with L-012 significantly increased its luminescence

without affecting the background. More than a 5-fold increase was detected

in the total luminescence of L-012 in both NADPH oxidase-expressing cells

and the xanthine oxidase-dependent cell-free superoxide generation system,

but not in their background. Therefore, bortezomib increased the signal-to-

background ratio and improved the detection of low levels of superoxide. The

application of MLN2238, another peptide boronic acid proteasome inhibitor,

also enhanced the luminescence of L-012. In contrast, carfilzomib, an

epoxyketone proteasome inhibitor, did not increase luminescence, suggesting

that the effects of bortezomib depend on the chemical structure of the

peptide boronic acid, but not on its pharmacological effects. Bortezomib-

induced enhancements appeared to be specific to the detection of superoxide

because the detection of H2O2 by Amplex Red/HRP was not affected by the

application of bortezomib. In the quantitative detection of the superoxide-

specific oxidative product 2-hydroxyethidium (2-OH-E+), the application of

bortezomib resulted in a 2-fold increase in the level of 2-OH-E+. Therefore,

bortezomib sensitizes the detection of superoxide in both cell-based and

cell-free systems, highlighting a novel feature of compounds containing the

peptide boronic acid as powerful enhancers for the detection of superoxide.
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1 Introduction

Reactive oxygen species (ROS) exert pleiotropic effects,
such as host defenses, cell proliferation, cellular senescence, cell
death, and disease progression (1). ROS, including superoxide
(O2·

−), hydrogen peroxide (H2O2), the hydroxyl radical,
hypochlorous acid, and peroxynitrite (ONOO−), are highly
reactive and short-lived; therefore, chemical probes, such as
luminol, L-012, H2DCFDA, and hydroethidine (HE, also known
as dihydroethidium), are used to detect these species. Although
the detection of intracellular ROS is relatively challenging due
to the presence of various oxidants, such as heme proteins,
cytochrome c, iron, and peroxidase, in cells (2), the detection
of extracellular ROS is relatively reliable due to the absence
of these contaminants. The neutrophil oxidative burst, the
typical generation of extracellular O2·

− by NOX2/NADPH
oxidase, is easily detected using chemical probes (3). Among
the various chemical probes used to detect ROS, L-012, a
luminol-based chemiluminescent probe (4), is widely used
for the real-time monitoring of extracellular O2·

− due to its
sensitivity (5–8). L-012 may also be employed for the in vivo
detection of O2·

− (9, 10). However, in many cells in which
the endogenous expression of NADPH oxidase is very low,
difficulties are associated with detecting ROS due to the low
output of O2·

−.
By using L-012 to screen for potential inhibitors of

NADPH oxidase, we unexpectedly found that bortezomib,
a peptide boronic acid proteasome inhibitor, significantly
increased luminescence without affecting the background.
We herein demonstrated that the enhancement induced
by bortezomib was specific to the O2·

− detection system
and dependent upon the chemical structure of the peptide
boronic acid. The present results suggest the potential of
bortezomib as an effective enhancer in the O2·

− detection
system.

2 Materials and methods

2.1 Plasmids, cells, and cell culture

Plasmid constructs encoding human NOX1, NOXA1, and
NOXO1 were previously established (11). HEK293 cells and
RAW264.7 cells were obtained from ATCC, and maintained
in Dulbecco’s modified Eagle’s medium containing 10%
fetal bovine serum, 100 units/ml penicillin, and 100 µg/ml
streptomycin at 37◦C under an atmosphere of 95% air and 5%
CO2. To measure the production of O2·

−, the NOX1, NOXA1,
and NOXO1 plasmids were cotransfected into HEK293 cells
using ScreenFectTM A (Wako, Osaka, Japan) and analyzed 24–
48 h after transfection.

2.2 Measurement of O2·
− production

using L-012

As previously described (7), NOX1-transfected cells or
RAW264.7 cells were suspended in Krebs-HEPES buffer and
then transferred to a 96-well white plate on ice at a density
of 1 × 105 cells/well or 1 × 104 cells/well, respectively.
Cells were pre-incubated with DMSO/bortezomib (Wako) at
a volume of 90 µl on ice for 10 min. In some experiments,
carfilzomib (Adipogen Life Sciences, CA, USA) or MLN2238
(Cayman Chemical, MI, USA) was used. Immediately after
the addition of 10 µl of L-012 (final concentration of
100 µM, Wako), chemiluminescence was measured at 37◦C for
30 min using a luminescent microplate reader (Centro LB960,
Berthold, Bad Wildbad, Germany). Phorbol 12-myristate 12-
acetate (PMA, 200 nM), which activates protein kinase C, was
added with L-012 to RAW267.4 cells in order to induce an
oxidative burst. The chemiluminescence of L-012 was expressed
as relative luminescence units (RLU) and measured every
1 min. Superoxide dismutase (SOD, 5 U/ml, sigma) was pre-
incubated with cells or the xanthine-xanthine oxidase (X/XO)
system for 10 min on ice and L-012-dependent luminescence
was then measured.

2.3 O2·
− generation in the X/XO

system

Xanthine oxidase (XO) (Wako, final 5 mU/ml)
dissolved in Krebs-HEPES buffer was pre-incubated with
DMSO/bortezomib at a volume of 80 µ l in a 96-well white
plate on ice for 10 min. Immediately after the addition of
10 µ l of L-012 (final concentration of 100 µ M) and 10 µ l
of xanthine (final concentration of 0.2 mM, Nacalai Tesque,
Japan), chemiluminescence was measured at 37◦C for 30 min.

2.4 Measurement of the O2·
−-specific

oxidation product 2-OH-E+ by
LC-MS/MS

As previously described (12, 13), cells or the X/XO
system was pre-incubated with Krebs-HEPES buffer containing
freshly prepared 10 µM HE (Cayman Chemical), the chelating
agent diethylenetriaminepentaacetic acid (0.1 mM, Sigma),
and DMSO/bortezomib at 37◦C for 60 min. Three hundred
microliters of the supernatant fraction was mixed with an equal
amount of ice-cold acetonitrile containing 0.1% formic acid
and 1 µM of 3,8-diamino-6-phenylphenanthridine (DAPP) as
an internal control. After centrifugation at 10,000 × g at 4◦C
for 5 min, the supernatant was analyzed using the LC-MS/MS
system (LCMS-8045, Shimadzu, Kyoto, Japan). Analytes were
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detected using the multiple-reaction monitoring mode with the
following transitions: 316.30 > 210.10 (HE), 329.90 > 300.00
(2-OH-E+), 314.30 > 284.05 (E+), and 286.25 > 208.10
(DAPP). The contents of HE, 2-OH-E+, and ethidium (E+) were
expressed as a peak area ratio to DAPP.

2.5 Measurement of H2O2 production
using Amplex Red/HRP

Cells or the X/XO system was pre-incubated with
DMSO/bortezomib at a volume of 50 µl of Krebs-HEPES
buffer for 10 min in a 96-well white plate on ice. After the
addition of 50 µl of reaction buffer containing Amplex Red
(final concentration of 50 µM, Thermo Fisher Scientific,
USA) and horseradish peroxidase (HRP, final concentration of
0.1 U/ml, Merck, Darmstadt, Germany), the microplate was
incubated at 37◦C for 30 min. Fluorescence (Ex. 540 nm/Em.
590 nm) was measured using a microplate reader (Spectra
Max R© M2, Molecular Devices, USA) and expressed as relative
fluorescence units.

2.6 Measurement of O2·
− production

using the cytochrome c reduction
assay

As previously described (3, 14), cells or the X/XO mixture
were pre-incubated with DMSO/bortezomib at a volume of
90 µl of Krebs-HEPES buffer containing 0.1 mM EDTA for
10 min in a 96-well plate on ice. To evaluate the superoxide-
dependent reaction, some reactions were performed in the
presence of SOD (5 U/ml). After the addition of 10 µl of
cytochrome c (1 mM, Nacalai Tesque, Japan), absorbance at 550
and 670 nm (reference) was continuously monitored at 37◦C

FIGURE 1

Chemical structures of drugs used in the present study.

for 30 min using a microplate reader kinetic mode (Spectra
Max R© M2). The optical density (OD) in the presence of SOD
was subtracted from each of reaction to show SOD-inhibitable
cytochrome c reduction. The rate of O2·

− production was
calculated from the linear part of the graph using an extinction
coefficient of 21.1 mM−1 cm−1.

2.7 Statistical analysis

Results are expressed as the mean ± standard error of
the mean (SEM). Statistical analyses were performed using a
one-way analysis of variance followed by the post hoc Tukey-
Kramer test.

3 Results

3.1 Bortezomib enhanced the
luminescence of L-012 in O2·

−

production systems

We performed screening using a library containing
more than 3,000 chemical compounds to identify potential
inhibitors of NADPH oxidase with the chemiluminescent
probe L-012. In this process, we unexpectedly found that
bortezomib (Figure 1), a peptide boronic acid proteasome
inhibitor, markedly increased the luminescence of L-012. In
cells expressing human NOX1/NADPH oxidase (1 × 105

cells/0.1 ml), L-012 luminescence was dose-dependently
increased by the application of bortezomib (Figures 2A,B).
Bortezomib did not amplify the luminescence of L-012 in
mock-transfected cells that did not produce O2·

− (Figure 2B).
Furthermore, a cotreatment with SOD completely attenuated
luminescence, suggesting that the L-012-dependent signal was
attributed to the production of O2·

− (Figure 2B).
The effects of bortezomib on the oxidative burst were

examined in phagocytic cells. The mouse macrophage cell line
RAW264.7 (1× 104 cells/0.1 ml), which endogenously expresses
NOX2/NADPH oxidase (15), produced an equivalent level
of O2·

− to 1 × 105 NOX1-overexpressing cells, under basal
conditions (Figure 2C). A significant level of O2·

− was detected
by L-012 chemiluminescence following the stimulation with
PMA (Figure 2D). Bortezomib dose-dependently enhanced
luminescence, which was suppressed by the application of SOD
(Figures 2C,D). At the higher luminescence signals produced
by 1 × 105 RAW264.7 cells, the enhancement induced by
bortezomib was less noticeable possibly due to the saturation of
the signals (data not shown).

Similarly, bortezomib-induced enhancements in
chemiluminescence were observed in the cell-free system
using X/XO. The addition of the substrate (X) to XO (5 mU/ml)
immediately initiated O2·

− production, as shown in Figure 2E.
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FIGURE 2

Bortezomib enhanced the luminescence of L-012 in superoxide production systems. (A) Time course of L-012 luminescence in HEK293 cells
overexpressing human NOX1/NADPH oxidase (NOX1, 1 × 105 cells/0.1 ml). The chemiluminescence of L-012 was expressed as relative
luminescence units (RLU). (B) Total counts of L-012 luminescence during the 30 min measurement. Superoxide dismutase (SOD, 5 U/ml) was
pre-incubated with bortezomib/DMSO for 10 min before measurements. Time course (C) and total counts (D) of L-012 luminescence in
RAW264.7 (1 × 104 cells/0.1 ml). PMA (200 nM) was added to induce an oxidative burst in (D). Time course (E) and total counts (F) of L-012
luminescence in the cell-free superoxide production system. X (0.2 mM) and XO (5 mU/ml) were used. N = 3. Data were from three
independent experiments and expressed as the mean ± SEM. ∗∗P < 0.01 versus the control (Mock, basal, or X). #<0.05 and ##P < 0.01 versus
0 µM. $$P < 0.01 versus the control without SOD.

The rapid decrease in L-012 luminescence after 15 min appears
to be attributed to inactivation of XO by H2O2 generated during
X/XO reaction (16), since the addition of fresh XO at 30 min
greatly improved luminescence (data not shown). Bortezomib
dose-dependently enhanced luminescence without any effects
on the XO-free negative control (Figures 2E,F). Luminescence
was again sensitive to SOD (Figure 2F). Simultaneously,
the X/XO reaction yields uric acid as a reaction product;
however, bortezomib did not affect the uric acid production

(Supplementary Figure 1). Thus, bortezomib sensitized the
detection of O2·

− without affecting the enzyme activity of XO.
Overall, the application of bortezomib with L-012 significantly
enhanced luminescence without affecting the background in
both the cell-based and cell-free systems of O2·

− production.
When higher concentrations of bortezomib (30 or 100 µM)

were applied, bortezomib enhanced the luminescence of
L-012 in NOX1-overexpressing cells and the X/XO system
(Supplementary Figure 2). However, the higher concentration
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FIGURE 3

Bortezomib improved the detection of lower levels of superoxide. (A) The ratio of total L-012 luminescence during 30 min in 300 - 3 × 105

NOX1-expressing cells to that in mock-transfected cells. (B) The ratio of total L-012 luminescence during 30 min in the X/XO system (0.001 –
10 mU/ml) to that in xanthine-containing medium (X, 0.2 mM). The total volume of each experiment was 0.1 ml. Representative data of two
independent experiments are shown.

of bortezomib increased the luminescence of L-012 in the
XO-free system (negative control) for an unknown reason
(Supplementary Figure 2B). Regarding cell toxicity, a 60 min
incubation with bortezomib in NOX1-expressing cells did not
deplete ATP, an indicator of the loss of viable cells, even at
100 µM (Supplementary Figure 3). Based on these results,
we applied 10 µM of bortezomib, which does not affect the
background, in subsequent experiments.

3.2 Bortezomib improved the
detection of lower levels of O2·

−

We examined the effects of bortezomib on the detection
of lower levels of O2·

− using a smaller number of NOX1-
overexpressing cells (<1 × 105) or lower concentration of XO
(<5 mU/ml). In the absence of bortezomib, more than 1 × 104

cells overexpressing NOX1 or 1 mU/ml XO was required
to clearly differentiate luminescence from the background
(Figure 3, See the DMSO control). On the other hand, only
∼3,000 NOX1-overexpressing cells or 0.1 mU/ml of XO was
required for the L-012-dependent detection of O2·

− in the
presence of bortezomib (Figure 3). Therefore, the application
of bortezomib appeared to be useful for detecting lower
levels of O2·

−.

3.3 Bortezomib-induced
enhancements in L-012 luminescence
were superior to HRP-induced
amplification

In previous studies, L-012 and isoluminol were used in
combination with HRP to enhance their luminescence (3, 17).
As shown in Table 1, the co-application of 0.1 U/ml HRP

with L-012 resulted in an approximately 100-fold increase in
the total luminescence of L-012 in NOX1-expressing cells.
However, it also induced an approximately 200-fold increase
in the luminescence of L-012 in mock-transfected cells. The
signal-to-background ratio (S/B) decreased from 201.4 to 80.4
(Table 1). On the other hand, the application of bortezomib
with L-012 increased S/B to 555.9 because it did not affect
luminescence in mock-transfected cells (Table 1). Similar
results were obtained in the X/XO system (Table 2). These
results demonstrated that the application of bortezomib was
superior to the existing HRP-induced L-012 amplification
method.

3.4 Bortezomib-induced
enhancements in L-012 luminescence
were dependent on the chemical
structure of the peptide boronic acid
and specific to the detection of O2·

−

Bortezomib is a peptide boronic acid proteasome inhibitor
that is used to treat multiple myeloma (18). We herein examined
carfilzomib (Figure 1), an epoxyketone proteasome inhibitor
that is also used to treat multiple myeloma (18, 19). As shown

TABLE 1 Effects of bortezomib (Bort, 10 µM) or HRP (0.1 U/ml) on
L-012 luminescence in NOX1-expressing cells (1 × 105 cells/0.1 ml).

DMSO Bort HRP

Mock 226± 3 267± 20 55,743± 732

NOX1 45,460± 189 148,428± 12,492 4,481,212± 27,469

NOX1/Mock 201.4 555.9 80.4

The total counts of L-012 luminescence during 30 min and the ratio (NOX1/Mock),
corresponding to S/N, are shown. N = 3. Data were from two independent experiments,
and expressed as the mean± SEM.
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TABLE 2 Effects of bortezomib (Bort, 10 µM) or HRP (0.1 U/ml) on
L-012 luminescence in the X/XO system.

DMSO Bort HRP

X 2,149± 229 3,419± 305 416,968± 109,594

X/XO 83,877± 5,411 1,385,547± 14,406 8,378,394± 217,303

(X/XO)/X 39.0 405.2 20.1

The total counts of L-012 luminescence during 30 min and the ratio [(X/XO)/X],
corresponding to S/N, are shown. N = 3. Data were from two independent experiments,
and expressed as the mean± SEM.

in Figures 4A,B, carfilzomib did not affect L-012 luminescence
in NOX1-expressing cells or in the X/XO system. In contrast,
MLN2238 (Figure 1), another type of peptide boronic acid
proteasome inhibitor, also enhanced L-012 chemiluminescence
(Figures 4C,D). On the other hand, 17 chemicals containing
phenyl boronic acid did not affect the luminescence of L-
012 (Supplementary Figure 4), suggesting that the chemical
structure of the peptide boronic acid, but not boronic acid itself,
is critical for enhancements in the luminescence of L-012.

The effects of bortezomib on the detection of H2O2 were
assessed using the Amplex Red/HRP system. A large amount
of fluorescence was detected in NOX1-overexpressing cells
as well as in the X/XO system after a 30 min incubation
with the Amplex Red probe in the presence of HRP at 37◦C
(Figures 4E,F). However, the co-application of bortezomib with
Amplex Red/HRP did not affect the total fluorescent signal
(Figures 4E,F). Furthermore, bortezomib did not affect the
X/XO-dependent luminescence in the ROS-gloTM H2O2 assay
(Promega, USA) which does not require HRP (Supplementary
Figure 5). These results indicated that enhancements in L-012
luminescence by bortezomib were specific to the detection of
O2·
−, but not H2O2.

3.5 Bortezomib increased the level of
the O2·

−-specific oxidative product
2-OH-E+

The quantification of 2-OH-E+, a O2·
−-specific oxidative

product of the HE probe (12, 13), was performed using LC-
MS/MS to verify the effects of bortezomib on a different
O2·
− detection system. As shown in Figure 5A, 2-OH-E+ was

clearly detected in the supernatant of NOX1-expressing cells,
but was negligible in mock-transfected cells after a 60 min
incubation with the HE probe at 37◦C. Neither the level
of E+, a non-specific oxidative metabolite of HE, nor that
of HE itself was affected by the overexpression of NOX1
(Figure 5A). The co-incubation of bortezomib with the HE
probe induced a 2-fold increase in the level of 2-OH-E+ in
NOX1-expressing cells, but did not change the level of E+

or HE (Figure 5A). Bortezomib did not affect the level of
HE-related products in mock-transfected cells (Figure 5A).
Similarly, a high level of 2-OH-E+ was detected in the X/XO

reaction mixture, with a 2-fold increase being observed in the
presence of bortezomib (Figure 5B). The level of E+ in the
X/XO mixture slightly increased in the presence of bortezomib.
In contrast, bortezomib significantly decreased the level of HE in
the X/XO supernatant, suggesting the increased consumption of
HE by O2·

−. Therefore, the application of bortezomib markedly
improved the detection of O2·

− by the HE- and L-012-based
systems.

3.6 Bortezomib-induced enhancement
was not observed in the cytochrome c
reduction assay

Finally, effects of bortezomib on the cytochrome c reduction
assay, a classical assay to detect O2·

−, were examined.
Cytochrome c is a 12-kDa heme-containing protein that can
be reduced by O2·

−, exhibiting an absorbance at 550 nm.
To detect superoxide-specific cytochrome c reduction, the
SOD-inhibitable reaction was measured. As the cytochrome c
reduction assay is less sensitive compared to other methods
(3), NOX1-expressing cells showed a small increase in the
level of reduced cytochrome c (0.06 µM/min, Figure 6A).
The application of bortezomib did not further increase its
level (Figure 6A). Similarly, bortezomib-induced enhancement
was not observed in the cytochrome c reduction assay using
X/XO system (0.77 µM/min, Figure 6B). These data indicate
that the bortezomib-induced enhancement in O2·

− detection is
not versatile for all O2·

− detection systems, but demonstrates
different compatibility with probes. Furthermore, these results
suggest that bortezomib does not increase O2·

− flux, but
sensitizes the chemical probe-dependent O2·

− detection.

4 Discussion

Screening for chemical compounds that inhibit the
activity of NADPH oxidase revealed the unique characteristic
of bortezomib to enhance the detection of O2·

−. Since
experimental measurements of lower levels of O2·

− have
been highly challenging, the present results may be useful for
improving existing methods to detect O2·

− in cell-based and
cell-free systems.

Bortezomib-induced enhancements in L-012 luminescence
appeared to be dependent on the chemical structure of
the peptide boronic acid because luminescence increased in
the presence of MLN2238, another peptide boronic acid
proteasome inhibitor. On the other hand, neither carfilzomib,
an epoxyketone proteasome inhibitor, nor chemicals containing
phenyl boronic acid affected the luminescence of L-012.
Bortezomib enhanced the detection of O2·

− in a cell-free system,
which provides further support for proteasome inhibition
by bortezomib being unrelated to enhancements in L-012
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FIGURE 4

Bortezomib-induced enhancements in L-012 luminescence were dependent on chemical structure of the peptide boronic acid and specific to
the detection of superoxide. Effects of bortezomib (Bort) or carfilzomib (Carf) on total L-012 luminescence during the 30 min measurement in
NOX1-expressing cells [(A), 1 × 105 cells/0.1 ml] and the X/XO system [(B), 0.2 mM X and 5 mU/ml XO]. The effects of bortezomib or MLN2238
(MLN, 10 µM) on L-012 luminescence in NOX1-expressing cells (C) and the X/XO system (D). Effects of bortezomib on the Amplex
Red/HRP-dependent detection of H2O2 in NOX1-expressing cells (E) and the X/XO system (F). The fluorescence of Amplex Red/HRP was
expressed as relative fluorescence units (RFU). N = 3. Data were from two independent experiments, and expressed as the mean ± SEM.
∗∗P < 0.01 versus the control (Mock or X). ##P < 0.01 versus 0 µM.

luminescence. Chemicals containing phenyl boronic acid,
such as coumarin boronic acid (CBA), have recently been
used as fluorescent probes for the detection of H2O2 and
ONOO− (20, 21). Since bortezomib did not alter the detection
of H2O2 by Amplex Red/HRP and chemicals containing
phenyl boronic acid did not affect L-012 luminescence
(Supplementary Figure 4), the effects of bortezomib on O2·

−

appear to differ from those of CBA. Although the boronic acid

group acts as an electron-withdrawing group (22), the structural
difference adjacent to boronic acid motif may contribute to their
divergent characteristics.

Enhancements in the detection of O2·
− by bortezomib

may be useful for the assessment of O2·
− production in both

cell-based and cell-free systems, particularly under conditions
of low-output states in which signals are very weak. The
present results revealed the prominent effects of bortezomib
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FIGURE 5

Bortezomib increased the level of the superoxide-specific oxidative product 2-OH-E+. The levels of 2-OH-E+, E+, and HE in the supernatant of
NOX1-expressing cells [(A), 2 × 106 cells/mL] and the X/XO system [(B), 0.2 mM X and 5 mU/ml XO] measured by LC-MS/MS. Data were
expressed as a ratio to DAPP, an internal control. N = 3. Data were from two independent experiments, and expressed as the mean ± SEM.
∗∗P < 0.01 versus the control (Mock or X). ##P < 0.01 versus 0 µM.

FIGURE 6

Bortezomib-induced enhancement was not observed in the cytochrome c reduction assay. The levels of SOD-inhibitable reduced cytochrome
c in the supernatant of NOX1-expressing cells [(A), 1 × 105 cells/0.1 ml] and of the X/XO system [(B), 5 mU/ml XO]. The concentration of
cytochrome c and X was 0.1 and 0.2 mM, respectively. The absorbance was measured at 30 min after the 37◦C reaction and expressed as
optical density at a wavelength of 550 nm and a reference wavelength of 670 nm. N = 3. Data were from two independent experiments, and
expressed as the mean ± SEM. ∗P < 0.05 and ∗∗P < 0.01 versus the control (Mock or X).

for the detection of O2·
− generated in a small number of

NOX1-expressing cells as well as in a cell-free assay with a
limited amount of XO (0.1 mU/ml, the estimated superoxide
flux is 0.015 µM/min). On the other hand, at a higher
level of O2·

−, bortezomib-induced enhancements became less
noticeable (Figure 3). The lack of toxicity of bortezomib in
the assay was supported by ATP not being depleted following
the treatment at concentrations as high as 100 µM for

60 min (Supplementary Figure 3). However, since the IC50 of
bortezomib against proteasomes is 2.4 nM (19), a prolonged
incubation needs to be avoided in cell-based experiments.
Therefore, the use of bortezomib for the in vivo detection of L-
012-dependent O2·

− may be limited because a relatively high
dose of bortezomib is required to enhance the signal.

It is important to note that bortezomib did not affect the
background, which markedly improved S/B. In contrast, the
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detection of O2·
− using L-012 with HRP (17) increased both

the signal and background, thereby decreasing S/B (Tables 1, 2).
Furthermore, the use of the L-012 probe in combination with
HRP is associated the following issue: L-012 is oxidized to the
L-012 radical via one-electron oxidation in the presence of HRP,
which reacts with oxygen to generate O2·

− (i.e., redox cycling)
(23). Therefore, the increased background signals observed in
the presence of HRP in this study may be attributed to redox
cycling in the reaction. Accordingly, the present assay using L-
012 with bortezomib is superior to the existing method using
L-012 with HRP.

The extent of bortezomib-induced amplification differs
between O2·

− detection methods. The amplification of L-012
luminescence by bortezomib was more than 5-fold (Figure 2),
while that of 2-OH-E+ generation was 2-fold (Figure 5).
On the other hand, bortezomib did not amplify the level of
reduced cytochrome c (Figure 6). The lack of enhancement
by bortezomib in the cytochrome c reduction assay suggests
that bortezomib does not increase O2·

− flux but sensitizes
the chemical probe-dependent O2·

− detection, possibly by
catalyzing an electron transfer reaction between O2·

− and
chemical probes with different compatibility. The lack of
enhancement by bortezomib in H2O2-dependent Amplex
Red/HRP assay also supports the notion that bortezomib
does not increase O2·

− flux, since the generation of H2O2

is mainly attributed to the disproportionation of O2·
−. As

cytochrome c is a protein molecule in contrast to L-012
and HE, there may be a difference in compatibility with
bortezomib. Further studies are needed to clarify the exact
mechanisms by which bortezomib enhances the chemical probe-
dependent O2·

− detection. Although the bortezomib-induced
enhancement was not versatile for all O2·

− detection systems,
the good compatibility of bortezomib with both L-012 and HE
is powerful in improving the current method of O2·

− detection.
In conclusion, we identified a novel characteristic of

bortezomib that sensitizes the chemical probe-dependent
detection of O2·

−. The chemical structure of the peptide
boronic acid, but not that of the boronic acid itself, was
critical for this effect. The simple application of bortezomib
with O2·

−-sensitive probes significantly enhanced low-output
O2·
−, thereby enhancing its detection. The present study may

lead to the development of a more effective enhancer for
the measurement of O2·

− levels by modifying the chemical
structure of bortezomib. The assessment of oxidative stress
in limited amounts of samples may become useful in future
diagnostic applications.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Author contributions

MM, HS, NA, KI, MI, and MK performed experiments.
KS-I and HI performed LC-MS/MS. MM, ST, AU, and CY-N
wrote the manuscript and prepared the figures. MM and CY-N
designed the experiments. All authors contributed to the article
and approved the submitted version.

Funding

This work was partially supported by a Grant-in-Aid for
Scientific Research (C) 20K07294 from the Japan Society for the
Promotion of Science, the Platform Project for Supporting Drug
Discovery, and Life Science Research from AMED under Grant
Number JP21am0101086 (support number 0931).

Acknowledgments

The authors thank the Drug Discovery Initiative (DDI), The
University of Tokyo, for providing us with a chemical library as
well as 17 chemicals that contain phenyl boronic acid.

Conflict of interest

CY-N was the co-founder of a startup company developing
NOX inhibitors.

The remaining authors declare that the research was
conducted in the absence of any commercial or financial
relationships that could be construed as a potential
conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fmed.2022.941180/full#supplementary-material

Frontiers in Medicine 09 frontiersin.org

https://doi.org/10.3389/fmed.2022.941180
https://www.frontiersin.org/articles/10.3389/fmed.2022.941180/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmed.2022.941180/full#supplementary-material
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/


fmed-09-941180 December 17, 2022 Time: 11:35 # 10

Matsumoto et al. 10.3389/fmed.2022.941180

References

1. Sies H, Jones D. Reactive oxygen species (Ros) as pleiotropic physiological
signalling agents. Nat Rev Mol Cell Biol. (2020). 21:363–83. doi: 10.1038/s41580-
020-0230-3

2. Kalyanaraman B, Dranka B, Hardy M, Michalski R, Zielonka J. Hplc-
based monitoring of products formed from hydroethidine-based fluorogenic
probes–the ultimate approach for intra- and extracellular superoxide detection.
Biochim Biophys Acta. (2014) 1840:739–44. doi: 10.1016/j.bbagen.2013.
05.008

3. Rinaldi M, Moroni P, Paape M, Bannerman D. Evaluation of assays for
the measurement of bovine neutrophil reactive oxygen species. Vet Immunol
Immunopathol. (2007) 115:107–25. doi: 10.1016/j.vetimm.2006.09.009

4. Nishinaka Y, Aramaki Y, Yoshida H, Masuya H, Sugawara T, Ichimori Y.
A new sensitive chemiluminescence probe, L-012, for measuring the production
of superoxide anion by cells. Biochem Biophys Res Commun. (1993) 193:554–9.
doi: 10.1006/bbrc.1993.1659

5. Daiber A, August M, Baldus S, Wendt M, Oelze M, Sydow K, et al.
Measurement of Nad(P)H oxidase-derived superoxide with the luminol analogue
L-012. Free Radic Biol Med. (2004) 36:101–11. doi: 10.1016/j.freeradbiomed.2003.
10.012

6. Helfinger V, Palfi K, Weigert A, Schroder K. The nadph oxidase Nox4 controls
macrophage polarization in an Nfkappab-dependent manner. Oxid Med Cell
Longev. (2019) 2019:3264858. doi: 10.1155/2019/3264858

7. Matsumoto M, Katsuyama M, Iwata K, Ibi M, Zhang J, Zhu K, et al.
Characterization of N-glycosylation sites on the extracellular domain of
Nox1/Nadph oxidase. Free Radic Biol Med. (2014) 68:196–204. doi: 10.1016/j.
freeradbiomed.2013.12.013

8. Matsuno K, Yamada H, Iwata K, Jin D, Katsuyama M, Matsuki M, et al. Nox1 is
involved in angiotensin Ii-mediated hypertension: a study in Nox1-deficient mice.
Circulation. (2005) 112:2677–85. doi: 10.1161/CIRCULATIONAHA.105.573709

9. Liu J, Iwata K, Zhu K, Matsumoto M, Matsumoto K, Asaoka N, et al.
Nox1/NADPH oxidase in bone marrow-derived cells modulates intestinal barrier
function. Free Radic Biol Med. (2020) 147:90–101. doi: 10.1016/j.freeradbiomed.
2019.12.009

10. Zheng W, Umitsu M, Jagan I, Tran C, Ishiyama N, BeGora M, et al.
An interaction between scribble and the NADPH oxidase complex controls M1
macrophage polarization and function. Nat Cell Biol. (2016) 18:1244–52. doi: 10.
1038/ncb3413

11. Arakawa N, Katsuyama M, Matsuno K, Urao N, Tabuchi Y, Okigaki M, et al.
Novel transcripts of Nox1 are regulated by alternative promoters and expressed
under phenotypic modulation of vascular smooth muscle cells. Biochem J. (2006)
398:303–10. doi: 10.1042/BJ20060300

12. Zielonka J, Cheng G, Zielonka M, Ganesh T, Sun A, Joseph J, et al.
High-throughput assays for superoxide and hydrogen peroxide: design of a
screening workflow to identify inhibitors of NADPH oxidases. J Biol Chem. (2014)
289:16176–89. doi: 10.1074/jbc.M114.548693

13. Zielonka J, Zielonka M, Kalyanaraman B. Hplc-based monitoring of
oxidation of hydroethidine for the detection of NADPH oxidase-derived
superoxide radicalanion. In: Knaus U, Leto T editors. Nadph Oxidases Methods
and Protocols. Methods in Molecular Biology. New York, NY: Human Press (2019).
doi: 10.1007/978-1-4939-9424-3_14

14. Maghzal G, Thomas S, Hunt N, Stocker R. Cytochrome B5, not superoxide
anion radical, is a major reductant of indoleamine 2,3-dioxygenase in human cells.
J Biol Chem. (2008) 283:12014–25. doi: 10.1074/jbc.M710266200

15. Sasaki H, Yamamoto H, Tominaga K, Masuda K, Kawai T, Teshima-Kondo S,
et al. Nadph oxidase-derived reactive oxygen species are essential for differentiation
of a mouse macrophage cell line (Raw264.7) into osteoclasts. J Med Invest. (2009)
56:33–41. doi: 10.2152/jmi.56.33

16. Terada L, Leff J, Guidot D, Willingham I, Repine J. Inactivation of xanthine
oxidase by hydrogen peroxide involves site-directed hydroxyl radical formation.
Free Radic Biol Med. (1991) 10:61–8. doi: 10.1016/0891-5849(91)90022-u

17. Augsburger F, Filippova A, Rasti D, Seredenina T, Lam M, Maghzal G, et al.
Pharmacological characterization of the seven human NOX isoforms and their
inhibitors. Redox Biol. (2019) 26:101272. doi: 10.1016/j.redox.2019.101272

18. Crawford L, Walker B, Irvine A. Proteasome inhibitors in cancer therapy. J
Cell Commun Signal. (2011) 5:101–10. doi: 10.1007/s12079-011-0121-7

19. Muz B, Ghazarian R, Ou M, Luderer M, Kusdono H, Azab A. Spotlight on
ixazomib: potential in the treatment of multiple myeloma. Drug Des Devel Ther.
(2016) 10:217–26. doi: 10.2147/DDDT.S93602

20. Sikora A, Zielonka J, Debowska K, Michalski R, Smulik-Izydorczyk R, Pieta J,
et al. Boronate-based probes for biological oxidants: a novel class of molecular tools
for redox biology. Front Chem. (2020) 8:580899. doi: 10.3389/fchem.2020.580899

21. Zielonka J, Hardy M, Michalski R, Sikora A, Zielonka M, Cheng G, et al.
Recent developments in the probes and assays for measurement of the activity of
NADPH oxidases. Cell Biochem Biophys. (2017) 75:335–49. doi: 10.1007/s12013-
017-0813-6

22. DiCesare N, Lakowicz J. New sensitive and selective fluorescent probes for
fluoride using boronic acids. Anal Biochem. (2002) 301:111–6. doi: 10.1006/abio.
2001.5476

23. Zielonka J, Lambeth J, Kalyanaraman B. On the use of L-012, a luminol-
based chemiluminescent probe, for detecting superoxide and identifying inhibitors
of NADPH oxidase: a reevaluation. Free Radic Biol Med. (2013) 65:1310–4. doi:
10.1016/j.freeradbiomed.2013.09.017

Frontiers in Medicine 10 frontiersin.org

https://doi.org/10.3389/fmed.2022.941180
https://doi.org/10.1038/s41580-020-0230-3
https://doi.org/10.1038/s41580-020-0230-3
https://doi.org/10.1016/j.bbagen.2013.05.008
https://doi.org/10.1016/j.bbagen.2013.05.008
https://doi.org/10.1016/j.vetimm.2006.09.009
https://doi.org/10.1006/bbrc.1993.1659
https://doi.org/10.1016/j.freeradbiomed.2003.10.012
https://doi.org/10.1016/j.freeradbiomed.2003.10.012
https://doi.org/10.1155/2019/3264858
https://doi.org/10.1016/j.freeradbiomed.2013.12.013
https://doi.org/10.1016/j.freeradbiomed.2013.12.013
https://doi.org/10.1161/CIRCULATIONAHA.105.573709
https://doi.org/10.1016/j.freeradbiomed.2019.12.009
https://doi.org/10.1016/j.freeradbiomed.2019.12.009
https://doi.org/10.1038/ncb3413
https://doi.org/10.1038/ncb3413
https://doi.org/10.1042/BJ20060300
https://doi.org/10.1074/jbc.M114.548693
https://doi.org/10.1007/978-1-4939-9424-3_14
https://doi.org/10.1074/jbc.M710266200
https://doi.org/10.2152/jmi.56.33
https://doi.org/10.1016/0891-5849(91)90022-u
https://doi.org/10.1016/j.redox.2019.101272
https://doi.org/10.1007/s12079-011-0121-7
https://doi.org/10.2147/DDDT.S93602
https://doi.org/10.3389/fchem.2020.580899
https://doi.org/10.1007/s12013-017-0813-6
https://doi.org/10.1007/s12013-017-0813-6
https://doi.org/10.1006/abio.2001.5476
https://doi.org/10.1006/abio.2001.5476
https://doi.org/10.1016/j.freeradbiomed.2013.09.017
https://doi.org/10.1016/j.freeradbiomed.2013.09.017
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

	Bortezomib is an effective enhancer for chemical probe-dependent superoxide detection
	1 Introduction
	2 Materials and methods
	2.1 Plasmids, cells, and cell culture
	2.2 Measurement of O2- production using L-012
	2.3 O2- generation in the X/XO system
	2.4 Measurement of the O2--specific oxidation product 2-OH-E+ by LC-MS/MS
	2.5 Measurement of H2O2 production using Amplex Red/HRP
	2.6 Measurement of O2- production using the cytochrome c reduction assay
	2.7 Statistical analysis

	3 Results
	3.1 Bortezomib enhanced the luminescence of L-012 in O2- production systems
	3.2 Bortezomib improved the detection of lower levels of O2-
	3.3 Bortezomib-induced enhancements in L-012 luminescence were superior to HRP-induced amplification
	3.4 Bortezomib-induced enhancements in L-012 luminescence were dependent on the chemical structure of the peptide boronic acid and specific to the detection of O2-
	3.5 Bortezomib increased the level of the O2--specific oxidative product 2-OH-E+
	3.6 Bortezomib-induced enhancement was not observed in the cytochrome c reduction assay

	4 Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


