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Several mammalian enzymes are capable of transferring electrons to molecular oxygen,
sequentially forming the 1 electron-reduction product superoxide (O2

•−) and the 2 electron-
reduction product hydrogen peroxide (H2O2). These serve as progenitors for other reactive
oxygen species (ROS), including peroxynitrite (ONOO−), hypochlorous acid, the hydroxyl
radical, lipid peroxides, lipid peroxy- radicals, and lipid alkoxyl radicals. Another relevant
group of molecules is the reactive nitrogen species, including NO, the nitrogen dioxide radical,
and the nitrosonium cation. In the cardiovascular system, the most important enzymes that
produce ROS are the Nox-based reduced nicotinamide-adenine dinucleotide phosphate
(NADPH) oxidases, xanthine oxidase, the mitochondrial electron transport system and, under
certain circumstances, NO synthase. Conditions such as hypertension, atherosclerosis,
hypercholesterolemia, diabetes, and insulin resistance increase either the activity or the
expression of these enzymes, leading to elevated ROS production. ROS, in turn, contribute to
these disorders. As examples, virtually every aspect of atherosclerotic lesion formation is
augmented by oxidative events. Via several mechanisms involving vessels, the kidney, and the
central nervous system, ROS augment hypertension. ROS have been implicated in causing
insulin resistance and pancreatic damage leading to diabetes. Moreover, ROS, when produced
in specific subcellular compartments in controlled amounts, can act as signaling molecules to
regulate normal cellular functions. These reactions have been reviewed in depth elsewhere
recently.1

Given the importance of ROS and reactive nitrogen species in physiology and pathophysiology,
it has become essential that methods be adapted and standardized to quantify the levels of these
molecules in cells and tissues. Numerous methods have been used for ROS detection, each
with potential pitfalls and advantages. All of these techniques can yield errors, and it is
advisable to use ≥2 methods to avoid a mistaken conclusion. In this review, we will discuss
various methods used to detect and quantify ROS and consider their advantages and
disadvantages.

General Comments
The major reason to measure ROS in biological systems is to determine whether they play a
role in physiological or pathophysiological processes. To accomplish this, it is reasonable to
adopt Koch's postulates. One should show that the offending species are present in the system
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of interest. Removal of the species (in the case of ROS, scavenging or knockout of the source)
should remedy the condition, and introduction of the species should cause the phenomenon.
There are several important caveats here. First, ROS can be highly localized such that assay
of an entire cell or segment of tissue might not reflect a subcellular increase, although it usually
does. Second, for the same reason, the addition of scavengers, particularly if not properly
targeted, might not block the effect. For example, many enzymes produce O2

•− intracellularly,
and the addition of superoxide dismutase (SOD) outside the cell will have no effect. Third, one
should be aware that most scavengers of O2

•−, including SOD and most antioxidant vitamins,
remove O2

•− by producing H2O2. If H2O2 has a biological role, its effect might not be
diminished and, in fact, could be increased by interventions that increase flux from O2

•− to
H2O2.

An ideal assay for ROS detection should be sufficiently sensitive to ensure that measurements
are within the linear range of the assay and well above the limits of detection. Preferably, it
should be specific for 1 ROS, at least in physiological/pathophysiological concentrations. Its
signal should be substantially inhibited by a specific scavenger of the ROS in question. It should
be robust, that is, applicable to a wide variety of experimental conditions and comparable
between these applications. There are some things that should not be expected of assays for
ROS. As discussed above, ROS production can be highly localized, and, therefore, most assays
will not be able to detect ROS in all of the subcellular locations and extracellularly.
Furthermore, the concentration of ROS at the site of production could be extremely high, and
this almost certainly will not be reflected by measurements obtained in intact tissues, cells, or
in the media in which tissues are incubated. Finally, it is very unlikely that any probe will react
with all of the ROS produced, meaning that any assay cannot be viewed as completely
quantitative.

Another general comment is that one should take great care in the preparation of buffers to
minimize contamination with transition metals. Even the most fastidiously prepared buffers,
made with the highest-grade chemicals, can contain trace amounts of transition metals, and
great care should be made to minimize this when performing studies of isolated tissues,
membranes, and enzyme systems. In our experience, if this is not done, fully one half of the
O2

•− formed in a study of isolated tissue homogenates can be attributed to transition metal
contaminants. This artifact can be eliminated by treating buffers for several hours with chelex
and by using diethylenetriamine-penta-acetic acid in near millimolar concentrations.
Experiments with the buffer as a background control are also important to assure that the signals
are arising from the tissue sample and not the buffer.

One should also be cautioned about the literature regarding assays for ROS, which is replete
with in vitro experiments using very contrived experimental situations to disprove the validity
of an assay for ROS.2-5 In any biological assay, it is possible to generate artifacts using extreme
conditions that are not encountered in vivo. Future experiments should be designed to study
these assays in the context of intact tissues and under proper physiological conditions, rather
than in artificial “test tube” situations. Results from studies such as these should not be used
to refute the use of these assays under properly controlled physiological circumstances.

Finally, there have been attempts to examine activities of various enzymes by adding their
substrates to intact tissues. For example, NADPH added to intact vessels has been used as a
measure of NADPH oxidase activity. These studies are hard to interpret, because it is unclear
how extracellular NADPH enters the cell to be used as a substrate for the NADPH oxidase.
There is no established mechanism for cellular uptake of NADPH, and the binding domain to
the Nox proteins (the catalytic subunits of the NADPH oxidase) is intracellular. In fact, a recent
article showed that NADPH exerts its effects by stimulating purinergic receptors.6 Thus, one
is not studying NADPH oxidase activity using this approach but rather purinergic signaling.
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When subcellular enzyme fractions, such as membranes, are used, receptor signaling pathways
are disrupted, and the added substrates are more likely to reach their respective enzyme binding
sites to promote ROS production.

Cytochrome C Reduction
The Theory

Oxygen is a diradical, possessing 2 unpaired electrons. As mentioned above, when oxygen
gains an additional electron, O2

•− is formed (Figure 1A). Superoxide is generally considered
an oxidant, because in most cases, it extracts an electron from another molecule, leading to
formation of H2O2. For other molecules with higher electron potentials, O2

•− actually donates
its extra electron. This is the case for ferricytochrome c, which is reduced to ferrocytochrome
c by receiving an electron from O2

•−. When ferricytochrome c is reduced, its
spectrophotometric absorbance is altered in a very specific fashion. Absorbance at 550 nm is
increased, whereas absorption at 540 and 560 nm remain unaltered and can serve as isosbestic
points (Figure 1B). Unfortunately, ferricytochrome c can be directly reduced by electrons
donated from enzymes and other molecules, so this change in absorbance is not specific for
O2

•−. For this reason, the assay must be performed in the presence and absence of SOD and
only the SOD-inhibitable signal used to calculate the amount of O2

•− formed. In studies of the
cardiovascular system, cytochrome c reduction has been used to measure O2

•− produced by
mouse aortic segments,7 human vessels,8 mesenteric arterioles,9 segments of the cardiac
ventricles, and pieces of the left atrium.10

The Assay
For measurement of O2

•− from a segment of vessel or other tissues, it is necessary to divide
the tissue equally. For mouse aortas, two 3-mm rings are placed in a buffer composed of (mmol/
L): NaCl, 145; KCl, 4.86; NaH2PO4, 5.7; CaCl2, 0.54; MgS04, 1.22; glucose, 5.5; deferoxamine
mesylate, 0.1; and 50 μmol/L of acetylated ferricytochrome c. Two other 3-mm segments of
aorta are added to a similar buffer containing manganese superoxide dismutase (100 U/mL).
The tissues are incubated in a 96-well plate to minimize the volume and, thus, maximize the
concentration of O2

•− released from tissues exposed to ferricytochrome c. Acetylation of
cytochrome c improves quantification and specificity for O2

•− because it strongly inhibits direct
enzymatic reduction, improves stability of the reduced cytochrome c, and has minimal effects
on reaction with O2

•−.11-13 To further ensure that any reduced ferricytochrome c is not
reoxidized, catalase (125 U/mL) is added to the reaction, which removes any H2O2 formed.
The tissue pieces are incubated in these reaction mixtures for 30 minutes at 37°C. The tissue
is then removed, and the buffer absorbances measured at 540, 550, and 560 nm using a 96-
well plate reader. We have found the BioTek Powerwave spectrophotometer to be very useful
for these assays, although similar instruments are probably also effective. Figure 1B shows
examples of scans encompassing these wavelengths for a background sample, a tissue sample
alone, and a tissue sample in the presence of SOD.

To calculate the amount of O2
•− produced, the increase in optical density (ΔOD) at 550 nm

over baseline is calculated by averaging the absorbances at 540 and 560 nm and subtracting
this value from the reading at 550 nm. The amount of O2

•− formed is calculated from the
formula:

O2•− = (ΔOD without SOD − ΔOD with SOD) ∕ 21.1 mmol ∕ L −1 cm−1

where ΔODs with and without SOD represent the shifts in absorbance at 550 nm above the
average of OD at 540 and 560 nm. The extinction coefficient for reduced cytochrome c is 21.1
mmol/L−1 cm−1; thus, the value for O2

•− is in millimoles per liter.
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Strengths
Reduction of cytochrome c is considered by many the “gold standard” for detection of O2

•−.
In the case of professional phagocytes, which produce huge amounts of O2

•−, or for isolated
enzymes like xanthine oxidase, it is a very powerful and useful method. It allows quantification
of O2

•− without addition of a standard, because the extinction coefficient of reduced
cytochrome c is known. When corrected for the small volume, and considering that one is
measuring changes in OD of microunits, it is clear that one can obtain reasonably accurate
estimates of O2

•− in the picomole range, given the caveats mentioned below. The assay can be
performed with equipment available in most laboratories.

Weaknesses
Although cytochrome c reduction is a good method for quantifying O2

•− released in large
amounts during the respiratory burst of neutrophils or by isolated enzymes, for other tissues,
like vessels, vascular smooth muscle cells, endothelial cells, and pieces of cardiac tissue, the
level of O2

•− produced is much lower. This means that one is working at the lower limit of the
range of detection for O2

•− production using this assay. Tiny errors in the measurement of
absorbance, weighing of tissue, pipetting, and so forth, are amplified substantially in the final
calculation. For this reason, it is often better to quantify the results per length of vessel used
(ie, per 2-mm segments) or volume of tissue rather than to normalize to weight. Another
drawback is the assumption that the 2 bits of tissue used in the assay (with and without SOD)
are identical. This is never true. For blood vessels, flow profiles have large effects on ROS
production, and even small differences in the location of the vessel can affect the mechanical
forces to which segment of tissue are exposed. Thus, to normalize a piece of aorta from the
mid thorax to one slightly nearer the diaphragm might lead to spurious results and to substantial
variability in measurements. This does not entirely preclude the use of cytochrome c for these
purposes, but means that caution must be used and that higher numbers of experiments are
often necessary to yield useful results. We have also found that the assay is not robust, that is,
that it cannot be used under a variety of different conditions. For example, when one adds
various enzyme inhibitors, like oxypurinol, apocynin, and NG-nitro-L-arginine methyl ester,
this may inhibit the direct enzymatic reduction of cytochrome c, and the shifts in baseline
absorbances can be large. Although appropriate blanks should correct for this, we have found
that these baseline shifts make comparisons between various conditions difficult. Finally,
cytochrome c reduction only detects extracellular O2

•−. Intracellular sources of O2
•− are likely

underestimated by this approach.

The Verdict
Cytochrome c reduction is a time-honored approach for measuring O2

•−. It is difficult, but not
impossible, to apply to vascular and myocardial tissues because one is working at the lower
limit of the assay's sensitivity. The results are more variable than other methods, making it
necessary to use a large “n.” Given these caveats, it is almost always accepted by reviewers
without question.

Chemiluminescence-Based Techniques
The Theory

On exposure to O2
•−, chemiluminescent probes release a photon, which, in turn, can be detected

by a scintillation counter or a luminometer. Because most of these compounds are cell
permeable, the O2

•− measured reflects extracellular, as well as intracellular, O2
•− production.

The most commonly used chemiluminescence technique for measurement of O2
•− is lucigenin-

enhanced chemiluminescence. For this reason, this section will focus on lucigenin with a brief
discussion of other chemiluminescence methods.

Dikalov et al. Page 4

Hypertension. Author manuscript; available in PMC 2007 September 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The reactions (1 through 3) involved in lucigenin-amplified chemiluminescence (LC) are as
follows: (1) reaction 1: O2

•−+LC2+→LC•++O2; (2) reaction 2: LC•++O2
•−→LCO2; and (3)

reaction 3: LCO2→2N-methylacridone+hν. Thus, O2
•− reduces lucigenin (LC2+) to its cation

radical (LC•+), which, in turn, reacts with a second O2
•− to form the energy-rich dioxetane

molecule (LCO2), which then emits a photon.

The Assay
Two 3-mm segments of vessels or similar-sized pieces of other tissues are dissected free of
adjacent tissues in a Krebs/HEPES buffer. For the assay, a Krebs/HEPES buffer containing 5
μmol/lucigenin of is prepared. We have found that the results are most consistent if this buffer
is “dark adapted.” The buffer is placed in either a luminometer or scintillation counter set to
the out-of-coincidence mode and incubated until background counts have stabilized. Tissue
segments are then added to the reaction vial, and, after 15 minutes of equilibration, counts are
obtained every minute for the next 5 minutes and averaged. Counts can be expressed as
chemiluminescence units, can be normalized to surface area of the tissue or to segments of
tissue if great care is taken to prepare segments of identical size, or can be normalized to wet
or dry weight.

Strengths of Lucigenin-Enhanced Chemiluminescence
This method has been widely used, and an enormous amount of new information has been
gained from its use. It is reasonably specific for O2

•−, and one does not need to routinely prepare
a second sample with SOD to prove that the signal is derived from O2

•−. If one chooses to use
an O2

•− scavenger, it should be kept in mind that lucigenin penetrates cells, and, therefore,
unmodified SOD, which is not cell permeable, will not reduce the lucigenin signal completely
(usually ≤50%). Generally the lucigenin-enhanced chemiluminescence signal is well within
the linear range of pathological samples, although normal tissues produce low levels of O2

•−,
which are generally only slightly above background. The assay is also inexpensive and can be
performed using equipment that is commonly available.

Weaknesses and Alternate Chemiluminescence Probes
Despite the above strengths, the validity of lucigenin-enhanced chemiluminescence has been
questioned on the grounds that O2

•− production might be artificially overestimated because of
a phenomenon known as redox cycling, in which the lucigenin radical can react with oxygen
to generate O2

•−.2

Reaction 4 is as follows: LC•++O2→O2
•−+LC2+. This reaction is catalyzed by flavin containing

enzymes such as endothelial NO synthase, xanthine oxidase, and cytochrome P450
monooxygenases, and, as shown in reaction 4, leads to oxygen consumption. Although there
is no question that reaction 4 occurs in biological tissues, the main issue is how much it
contributes to the total signal one detects in an assay of tissue. When 5 μmol/L of lucigenin is
used, the amount of artifact is probably insignificant.14 As discussed above, many of the
experiments demonstrating lucigenin redox cycling have been performed in artificial situations
and do not reflect the manner in which this assay is used under normal circumstances.

Other chemiluminescent probes have been used to detect ROS of various kinds. One of the
oldest is luminol (5-amino-2,3-dihydro-1,4-phthalazinedione).15 This compound is oxidized
by a variety of ROS, including H2O2, hydroxyl radical, hypochlorous acid, and peroxynitrite.
The assay is essentially identical to that described above for lucigenin. One can add specific
scavengers to assess the contribution of various ROS, that is, catalase (≈100 U/mL) for
H2O2 and urate (250 μmol/L) for peroxynitrite. In the past several years L-012, a modified
form of luminol, has been proposed to be the specific probe for O2

•−. However, this molecule
may also detect ONOO− and probably other ROS.16 Its light emission is reported to be greater
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than lucigenin, but beyond this, it may not provide any clear cut advantage to lucigenin. L-012
has been reported not to undergo redox cycling, but examination of its structure, as well as the
structure of luminol, suggests that they have potential to do so.

Beginning in the 1980s, a series of fluorescent compounds were developed from coelenterazine
(2-[4-hydroxybenzyl]-6-[4-hydroxyphenyl]-8-benzyl-3,7 dihydroimidazo[1,2-a]
pyrazin-3-1).17 Coelenterazine is the molecule responsible for the fluorescence of various
bioluminescent marine organisms in the genus cypradina and is the light-emitting component
of the fluorescent protein aeqourin. Coelenterazine does not undergo redox cycling and was
found to be useful as a probe for the detection of O2

•−.4 Modifications of the cypridina luciferin
led to production of a series of new compounds, including the cypridina luciferin analog (CLA)
and the methylated-modified CLA (MCLA). Of these, MCLA seems to have the highest
signal:background ratio and emits >100-fold more light for the same stimulus as
coelenterazine. CLA and MCLA have been used to measure O2

•− production by vessels,18
cultured endothelial cells,19 vascular smooth muscle cells,20 and other tissues.21 One report
indicated that MCLA could also emit light in response to the hydroxyl radical in bicarbonate
buffers,22 and high levels of other ROS have been shown to elicit MCLA chemiluminescence.
23

The Verdict
Chemiluminescence-based techniques, and, in particular, lucigenin-enhanced
chemiluminescence have provided enormous insight into how various diseases like
atherosclerosis, hypertension, diabetes, and heart failure affect O2

•− production in various
tissues. Virtually every result with lucigenin has been confirmed using other methodologies.
Despite this, these assays remain controversial, and reviewers often criticize articles using these
techniques. Concerns persist about how important redox cycling is, what ROS are being
measured, and whether the signals might be nonspecific. In the case of lucigenin, when low
concentrations are used with intact tissues, redox cycling probably contributes to the entire
signal only minimally. The cypradina luciferin-based molecules CLA and MCLA are
promising probes for O2

•−, but their use has been limited and not validated under a variety of
conditions. Given these concerns, it is highly recommended that a second assay, preferably not
based on chemiluminescence, be used to confirm the results.

Electron Spin Resonance
The Theory

Electron spin resonance (or electron paramagnetic resonance; ESR) is based on absorption of
microwave radiation stimulated by an electromagnetic field in molecules such as free radicals
and transition metal ions with unpaired electrons. The typical ESR spectrometer consists of a
microwave generator, a resonator cavity flanked by a pair of electrical magnets (Figure 2A).
Microwaves are delivered from a generator to the resonator cavity, and when the spectrometer
is tuned, all of the energy delivered to the resonator is absorbed so that no microwave energy
is reflected back from the resonator cavity. When a magnetic field is applied to the sample, the
paramagnetic unpaired electrons act like tiny compasses that orient either in a direction parallel
or antiparallel to the magnetic field. This creates 2 distinct energy levels for the unpaired
electrons such that the absorption of microwave energy causes a transition from the lower state
to the higher state (Figure 2B). This transition occurs when the magnetic field (Bo) causes a
difference between the 2 states of electron energy equal to the microwave energy
(hv=g×μB×B), where “hv” is the microwave energy, “g” is the factor constant equal to 2.002
for most organic samples, and “μB” is the Bohr magneton constant.24 In summary, ESR detects
the absorption of microwave energy, which occurs on transition of unpaired electrons in an
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applied magnetic field. The amplitude of the ESR signal is proportional to the number of the
unpaired electrons present in the sample (Figure 2B), allowing quantification of free radicals.

If an unpaired electron existed in the sample by itself, the spectrum obtained would be quite
boring, consisting of only 1 peak. Fortunately, electrons are always accompanied by nuclei,
which have magnetic moments that produce a local magnetic field at the unpaired electron.
This tiny local magnetic field subtracts from or adds to the exogenous magnetic field applied
by the spectrometer, depending on the alignment of the magnetic moment of the nucleus,
phenomena referred to as hyperfine interactions.25 In the case where the nucleus adds to the
electron's magnetic field, it takes a lower amount of external magnetic energy to cause
absorption of microwaves and yield a signal. In contrast, when the magnetic moment of nearby
nuclei subtracts from the electron's magnetic field, a higher exogenous magnetic field is needed
to cause electron transition. Hyperfine interactions result in several peaks being detected by
the spectrometer as the magnetic field is increased and provide information about the identity
and number of atoms that make up a molecule, as well as their distances from the unpaired
electron.

Unprocessed ESR absorption signals are very broad and unresolved. Because of this, ESR
spectroscopy uses a technique known as phase-sensitive detection to enhance sensitivity of the
spectrometer. The magnetic field is modulated sinusoidally at the modulation frequency, and,
in case of the ESR signal, microwaves reflected from the cavity are also amplitude modulated
at the same frequency. This transforms the ESR signal into a sine wave with the amplitude
proportional to the slope of the signal, that is, a first derivative of the original absorption curve.
The amplitude of the sine wave is proportional to the amount of the free radical.

Most of the biologically relevant radicals are very short lived and, therefore, impossible to
detect in biological samples. For this reason, compounds have been used that form stable
adducts with radicals.26 The molecules, termed “spin traps,” include nitrone compounds such
as N-t-butyl-α-phenylnitrone, α-(4-pyridyl 1-oxide)-N-tert-butylnitrone, 5, 5-dimethyl-1-
pyrroline-N-oxide, 5-(diethoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide, and 2-
ethoxycarbonyl-2-methyl-3,4-dihydro-2H-pyrrole-1-oxide.27 The reactions of spin traps with
radicals results in adducts that yield specific spectra when subjected to ESR spectroscopy.
Some of these (N-t-butyl-α-phenylnitrone and α-[4-pyridyl 1-oxide]-N-tertbutylnitrone) work
well for trapping carbon-centered radicals, such as lipid radicals,28 whereas others (5,5-
dimethyl-1-pyrroline-N-oxide and 5-[diethoxyphosphorylor-5-methyl-1-pyrroline-N-oxide)
are often used for trapping O2

•− and •OH.29 Spin traps can be used to both identify and quantify
the original radical formed. Theoretically, spin trapping with nitrones should be an ideal way
to detect radicals in biological tissues. Unfortunately, this turns out not to be the case. First,
nitrone radical adducts are unstable. For example, when 5,5-dimethyl-1-pyrroline-N-oxide and
5-(diethoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide react with O2

•−, they initially form
adducts that yield hyperfine splits typical of the O2

•− adduct. Within seconds to minutes,
however, intracellular glutathione peroxidase rapidly converts these to alcohols, which are
identical to OH-radical adducts.30,31 Thus, one cannot discern formation of O2

•− from •OH
without using specific scavengers. This negates one of the advantages of the nitrone spin traps.
Second, spin traps have low reactivity with O2

•− (74 mol/L−1 s−1) compared with other O2
•−

probes, such as cytochrome c (3×106 mol/L−1 s−1).32 More importantly, nitrone radical adducts
are very susceptible to bioreduction when exposed to cells or tissues, and their 1-electron
reduction by flavins, thiols, or ascorbate converts them to ESR silent species (Figure 3A).
Because of this, it is difficult to accurately quantify radicals formed in intact tissues, cells, or
homogenates using the currently available nitrone spin traps. Recently, a caged nitrone spin
trap has been developed and reported to specifically detect O2

•− in biological samples and to
be resistant to degradation by reductants.33 Additional studies are needed to determine whether
this will be useful in biological samples.
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Because of these problems using nitrone spin traps, investigators have turned to other molecules
as probes for detection of ROS in tissues. One such class of compounds, the cyclic
hydroxylamines, has proven extremely effective for use in tissues and cultured cells.34 These
molecules are not spin traps, in that they do not “trap” radicals, but they are oxidized to form
stable radicals with a half-life of several hours, which can readily be detected by ESR. Cyclic
hydroxylamines, such as 1-hydroxy-3-carboxy-2,2,5,-tetramethyl-pyrrolidine hydrochloride
(CPH), can provide quantitative measurements of O2

•− radicals with high sensitivity.35 The
half life of 3-carboxy-proxyl radical has been shown to vary from 330 minutes in smooth
muscle cells to 87 minutes in the presence of ascorbate.36 CPH was used for in vivo O2

•−

detection,34 whereas 3-carboxy-proxyl radical clearance was mainly dependent on renal
excretion and was not depend on reaction with ascorbate.37,38 CPH reacts rapidly with O2

•−

(3.2×103 mol/L−1 s−1) and ONOO− (Figure 3B), and the resultant 3-carboxy-proxyl radical is
very stable, undergoing minimal bioreduction.36 Because these compounds can be oxidized
by several ROS, it is necessary to perform paired experiments where SOD, an ONOO−

scavenger, or other scavengers are added to define the ROS causing the reaction. We have
found that SOD lowers the signal by >70% in cultured cells or isolated vessels.39 Another cell
permeable cyclic hydroxylamine, 1-hydroxy-3-methoxycarbonyl-2,2,5,5-
tetramethylpyrrolidine (CMH), has been used for detection of intracellular O2

•− in cultured
cells and tissue samples (Figure 3B).35,39 Recently, we have validated 1-hydroxy-2,2,6,6-
tetramethylpiperidin-4-yltrimethylammonium and found this to be extremely useful for
detecting extracellular O2

•− produced by intact tissues.9 This probe seems particularly resistant
to auto-oxidation.

The Assay
To minimize hydroxylamine auto-oxidation, the spin probe stock solutions must be prepared
in argon-bubbled ice-cold 0.9% NaCl in the presence of the chelating agent diethylenetriamine-
penta-acetic acid (0.1 mmol/L) or a combination of 25 μmol/L of deferoxamine and 2 μmol/L
of diethyldithiocarbamate. Three 2-mm mouse aortic rings or similar-sized pieces of other
tissues are incubated for 60 minutes at 37°C in 1 mL of Krebs/HEPES buffer containing 2
μmol/L of diethyldithiocarbamate, 50 μmol/L of deferoxamine, and 0.5 mmol/L of CMH. The
segments are then frozen in liquid nitrogen, and ESR spectra are recorded using the following
ESR settings: field sweep, 80 G; microwave frequency, 9.39 GHz; microwave power, 2 mW;
modulation amplitude, 5 G; conversion time, 327.68 ms; time constant, 5242.88 ms; 512 points
resolution; and receiver gain, 1×104. The amplitude of the signal is measured, and the
concentration of CM-radical is determined by calibration with standard concentrations of the
nitroxide TEMPOL. The portion of the signal because of O2

•− is determined by preincubation
of duplicate samples with polyethylene glycol–SOD (100 U/mL) for 3 to 4 hours in Krebs/
HEPES buffer. After the ESR measurement, rings are transferred into Eppendorf tubes, dried
for 48 hours at 37°C, and their dry weight is determined. The formation of 3-methoxycarbonyl-
proxyl (CM)-nitroxide is normalized to the dry weight of aorta rings. A similar approach can
be used to measure extracellular O2

•−, using the cell-impermeable 1-hydroxy-2,2,6,6-
tetramethylpiperidin-4-yl-trimethylammonium spin probe.9 In this case, aortas are incubated
for 60 minutes at 37°C in 210 μL of Krebs/HEPES buffer containing 0.5 mmol/L of 1-
hydroxy-2,2,6,6-tetramethylpiperidin-4-yl-trimethylammonium in the presence or absence of
Cu, ZnSOD (100 U/mL). The buffer without the vessel is then aspirated into a tuberculin
syringe, snap frozen in liquid nitrogen, and scanned as described for CMH.

We have also found cyclic hydroxylamines to be very useful in detecting O2
•− released from

intact cells. For example, cultured cells can be harvested and placed in buffer containing either
CPH or CMH, which is then transferred to an ESR capillary tube and placed in the ESR
resonator at room temperature. The rate of rise of the low field peak of the spectrum can be
used to calculate the rate of ROS formation. In the case of CPH, a similar assay can be

Dikalov et al. Page 8

Hypertension. Author manuscript; available in PMC 2007 September 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



performed in the presence of SOD. When the cell-permeable CMH is used, polyethylene-
glycolated SOD (100 U/mL) can be added 4 hours before cells are studied to determine the
contribution of O2

•− to the signal.40 We have used this approach to detect O2
•− production for

cultured endothelial cells, neutrophils, and vascular smooth muscle cells.

ESR can be used to monitor the activity of various enzymes in cell or tissue homogenates. In
these cases, either whole homogenates or membrane fractions can be added to the buffer in the
presence of a spin probe like CPH,10,41 and the enzyme activity stimulated by adding the
specific substrate, for example, xanthine in the case of xanthine oxidase or NADPH in the case
of the NADPH oxidase. Again, the rate of rise of the low field peak of the ESR spectra is
monitored. The rate of O2

•− production can be determined at room temperature by time scan
after the amplitude low field peak of the ESR spectra, or when frozen samples are used, the
height of the spectra obtained from a field scan can be used.

Strengths
Electron spin resonance is an excellent approach for the detection of radicals. When studying
isolated enzymes or chemical reactions, the nitrone spin traps are very useful for determining
the precise product formed or for detecting reaction intermediates. For studies of intact tissues,
cells, or homogenates, the cyclic hydroxylamines offer a distinct advantage over nitrone spin
traps for measurement of O2

•− and other radicals, because they yield very stable products and
strong ESR signals. These methods are also quantitative. By selecting the proper spin probe,
one can restrict measurements to intracellular or extracellular compartments. The values
obtained when studying cultured cells, intact vessels, or other segments of tissue are well within
the sensitivity of ESR when cyclic hydroxylamines are used, which can reach 1 nmol/L.

Weaknesses
As discussed above, the nitrone spin traps, often considered ideal for detection of various
radicals, cannot be used with intact tissues or cells, because they are converted to spin inactive
products by bioreductants. The cyclic hydroxylamines are, therefore, preferable; however, the
product formed on reaction with different radicals yields the same nitroxide regardless of the
radical or oxidant trapped,35 and the resultant ESR spectrum is, therefore, identical for several
different species. To overcome this limitation, it is necessary to perform additional studies
using various antioxidants and inhibitors specific for the ROS in question. For example,
O2

•− radicals can be determined as SOD-inhibitable 3-carboxyproxyl radical–nitroxide
formation, and ONOO− can be measured as urate-inhibited 3-carboxy-proxyl radical–nitroxide
formation.42 New spin probes are constantly being developed to improve their stability and
selectivity.

A major weakness of ESR is that the spectrometers are very expensive, often costing several
hundred thousand dollars. They also occupy a large amount of space, generally requiring a
600-ft2 laboratory room for proper operation. This is prohibitive for many investigators.
Tabletop spectrometers are available, which are much less expensive and less space consuming.
These are not as sensitive or versatile as the larger floor models. Because of the strength of the
signals generated by the cyclic hydroxylamines, it has been possible to use these tabletop
models for studies of vessels and cells.

A final weakness of ESR is that it is almost essential to have extensive training to operate the
spectrometers correctly. Unlike other methods for ROS detection, one cannot simply read
manuals or papers to understand all of the nuances of this technique or the equipment involved.
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The Verdict
ESR is an elegant method for the detection of radicals. For studies of vessels and other tissues,
the best currently available approach is to use cyclic hydroxylamines as probes. Newly
developed nitrone spin traps that are resistant to bioreduction may provide a superior approach,
because they could yield specific spectra for various radicals. The major detractions of ESR
are its expense and the need for a trained spectroscopist to oversee use of this equipment.

Detection of Intracellular O2•− With Dihydroethidium and High-Performance
Liquid Chromatography
The Theory

Initially, it was thought that dihydroethidium (DHE) reacted with O2
•− to form ethidium, which

would, in turn, intercalate with nDNA. Tissues were visualized using fluorescence microscopy,
and the intensity of the signal was interpreted as reflecting the level of O2

•− present. Recently,
it has been found that this is not precisely correct. The reaction of dihydroethidium with
O2

•− yields a very specific product, 2-hydroxyethidium (Figure 4A), with a molecular weight
16 U greater than DHE.43,44 The rate constant of the reaction of DHE with O2

•− is estimated
as high as 2.6×106 mol/L−1 s−1.43 In cells and tissues, ethidium can also be formed from DHE,
but this is not a specific O2

•− product and seems to reflect the redox status of the cell (Figure
4B through 4E).45 2-Hydroxyethidium can be readily separated from its parent DHE and
ethidium by performing high-performance liquid chromatography (HPLC), and the 2-
hydroxyethidium peak can then be used to estimate the intracellular production of O2

•−.45

The Assay
Three 2-mm mouse aortic rings or similar segments of tissue are incubated for 30 minutes at
37°C in 1 mL of Krebs/HEPES buffer containing 50 μmol/L of DHE at 37°C. Sources of
intracellular O2

•− can be analyzed by preincubation of the tissue with the xanthine oxidase
inhibitor oxypurinol, the NADPH oxidase inhibitor apocynin, or the endothelial NO synthase
inhibitor NG-nitro-L-arginine methyl ester. The tissue is then homogenized in 300 μL of
methanol, and 50 μL of homogenate are used for protein determination. The remainder of the
sample is passed through a 0.22-μm syringe filter and then used for HPLC analysis. DHE, 2-
hydroxyethidium, and ethidium are separated using a C-18 reverse-phase column (Nucleosil
250 to 4.5 mm) and a mobile phase containing 0.1% trifluoroacetic acid and an acetonitrile
gradient (from 37% to 47% over 23 minutes) at a flow rate of 0.5 mL/min (Figure 4). Ethidium
and 2-hydroxyethidium are detected with a fluorescence detector using an emission wavelength
of 580 nm and an excitation of 480 nm. UV absorption at 355 nM is used for detection of DHE.
The 2-hydroxyethidium peak reflects the amount of O2

•− formed in the tissue during the
incubation and is expressed per milligram of protein. Superoxide appears to be the major source
of the basal level of 2-hydroxyethidium product formed in untreated control-type tissue (Figure
4). There is often, however, a small background signal from the DHE stock.45 We use a
Beckman Gold HPLC with a Jasco fluorescence detector, but other similar devices can be used.

It is important to mention a potential advantage of using DHE fluorescence imaging for
detection of localization of O2

•− generation in a tissue preparation such as a vascular segment.
This provides a spatial distribution of O2

•− production and can provide a qualitative evidence
of increased O2

•−.46

Strengths
Unlike ESR, this assay can be performed with equipment commonly available in research
departments. Aside from familiarity with HPLC, specific training is not required. The product
2-hydroxyethidium specifically reflects the reaction of O2

•− with DHE and is easily quantified
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using this approach. When vessels are used, the values of 2-hydroxyethidium obtained are well
within the linear range of the assay and above the detection limit. This assay provides results
that have been correlated with other methods, such as the cytochrome c assay; however, it
provides advantages over the cytochrome c assay, because it can be used to detect intracellular
O2

•−. Moreover, samples can be stored after incubation and the HPLC assays performed at
later time. We have found that samples stored at −20°C are stable for several months. This can
also allow frozen samples to be sent to another laboratory for analysis if needed.

Weaknesses
DHE is a light-sensitive dye. For this reason, all of the procedures should be performed in dim
light. DHE can react with oxygen in solution. We, therefore, recommend that DHE be prepared
as a stock solution in argon-purged buffers using dark tubes.

The Verdict
The detection of 2-hydroxyethidium formation from DHE is a simple and accurate method for
estimating intracellular O2

•−. Given that 2-hydroxyethidium is not formed by other common
oxidants, this assay is as close to being a “gold standard” for detecting O2

•− in intact tissues or
cells as anything currently available.

Detection of Intracellular H2O2 With DCF-DA
The Theory

One of the most commonly used probes for the detection of intracellular ROS formation is 2′
7′-dichlorofluorescein diacetate (DCFH-DA).47-49 DCFH-DA is cell permeable, and, after
uptake, it is cleaved by intracellular esterases to 2′,7′-dichlorofluorescin (DCFH), trapped
within the cells, and oxidized to the fluorescent molecule 2′,7′-dichlorofluorescein (DCF) by
a variety of ROS (Figure 5A).50 DCFH-DA is considered a general indicator of ROS, reacting
with H2O2, ONOO−, lipid hydroperoxides, and, to a lesser extent, O2

•−. Because H2O2 is a
secondary product of O2

•−, DCF fluorescence has been used to implicate O2
•− production.

The Assay
For in situ localization of H2O2, cultured cells or frozen sections of arteries are incubated with
DCFH-DA (5 μmol/L; Molecular Probes)51 for 30 minutes at 37°C.52 H2O2 detection is
confirmed by simultaneously treating replicate sections or dishes with polyethylene glycol-
catalase (350 U/mL). Sections or dishes incubated with vehicle can serve as negative controls.
All of the images are acquired at identical settings. For cultured cells, DCFH-DA fluorescence
can also be measured using fluorescence-activated cell sorter analysis.53

Strengths
As discussed above, once cleaved, DCFH is cell impermeable and, therefore, has been used to
detect intracellular ROS. Another strength is the ability to localize cellular production of ROS
within the tissue, and the sensitivity to detect ROS within a single cell. Analysis of intracellular
H2O2 with DCFH-DA by flow cytometry or imaging has also been used to measure intracellular
ROS. Recently, Molecular Probes has developed 5,6-chloromethyl-2,7-
dichlorodihydrofluorescein diacetate,54 which is reported to be retained in living cells better
than DCFH-DA.

Weaknesses
Despite its advantages, the DCFH-DA technique is often criticized. Photoreduction of DCF
results in artificial production of a semiquinone radical that in turn can reduce oxygen to
O2

•−.55 In addition, the oxidation of DCFH to the DCF can be self-catalyzed by peroxidases.
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56 Third, redox reactions with DCF and DCFH can lead to formation of the DCF-free radical
anion57 which not only generates O2

•−, but also reacts with antioxidants such as ascorbate and
thiols.58 Dismutation of this O2

•− to H2O2 can result in self-amplification of DCF fluorescence.
Finally, oxidation of DCFH by H2O2 is a very indirect reaction and requires peroxidase activity,
transition metals, and heme enzymes.59 Therefore, conditions that alter cellular peroxidase
levels could affect DCF fluorescence independent of ROS levels.

The Verdict
Although DCF-DA and its related compounds have been used extensively, there is substantial
evidence to suggest that these molecules can generate ROS and, thus, artifacts. Great care
should be taken in interpreting results obtained using this probe, and the use of alternate probes
is encouraged.

Detection of Extracellular H2O2 With Amplex Red
The Theory

The Amplex Red assay, developed by Molecular Probes, involves measurement of H2O2 by
the horseradish peroxidase–catalyzed oxidation of the colorless and nonfluorescent molecule
N-acetyl-3, 7-dihydroxyphenoxazine (Amplex Red) to resorufin, which, when excited at 530
nm, strongly emits light at 590 nm (Figure 5B).60

The Assay
Three aortic segments (2-mm rings) are placed in the well of a 96-well plate and incubated
with Amplex Red (10 μmol/L) and horseradish peroxidase (0.2 U/mL) for 60 minutes at 37°
C in Krebs Ringer's phosphate glucose buffer (145 mmol/L of NaCl, 5.7 mmol/L of sodium
phosphate, 4.86 mmol/L of KCl, 0.54 mmol/L of CaCl2, 1.22 mmol/L of MgSO4, and 5.5
mmol/L of glucose) protected from light. The tissue is removed from the buffer, and the buffer's
fluorescence is detected at 590 nm using an excitation 530 nm. Background fluorescence,
determined using a reaction without tissue, is subtracted from each value. H2O2 release,
calculated using H2O2 standards or standard solutions of resorufin, is expressed as picomoles
per milligram of dry tissue.61 In some experiments, SOD (40 U/mL) or catalase (200 U/mL)
can be added to the tissue samples.

Strengths
The Amplex Red assay is highly specific and sensitive, with a limit of detection of ≈5 pmol of
H2O2. We have found that the signal is consistently abolished by exogenous catalase. The
stoichiometry of Amplex Red and H2O2 is 1:1, and, therefore, the assay results are linear over
the range of values encountered in tissues and cells. Resorufin is a very stable product that
allows detection of H2O2 both in oxidative and reductive conditions. The assay is quite simple
and can be performed using standard, readily available equipment. Because of its commercial
availability, it does not require special reagents.

Weaknesses
The Amplex Red dye is somewhat unstable. At high concentrations (50 μmol/L) it can be auto-
oxidized and produce O2

•− and H2O2. Low concentrations of Amplex Red (10 μmol/L)
minimize this problem. Amplex Red detects H2O2 released from tissues and does not provide
a measure of intracellular H2O2. H2O2 is diffusible, however, and reaches equilibrium with
the tissue's surrounding buffer, so that values measured in the buffer should provide an index
of what was originally produced by the tissue.
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The Verdict
The Amplex Red assay is useful for the measurement of H2O2 released by cells and tissues
and can be applied to cell-free systems.

Perspectives
The precise measurement of ROS in vascular cells and tissues represents a challenge because
of their low levels and transient lifetimes. The choice of an assay for a particular application
will depend on the tissue to be studied, the ROS of interest, and the amount generated. Given
the limitations of each assay, and the availability of alternative methodology, we recommend
the concomitant use of ≥2 ROS assays to ensure accuracy and specificity of measurements. As
outlined in this review, many techniques have been developed, refined, and applied
successfully. Continued efforts should be made to refine these techniques and increase their
specificity, permitting us to expand our understanding of the role of ROS in cardiovascular
physiology and pathophysiology.
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Figure 1.
Detection of O2

•− by reduction of ferricytochrome c. A, Various enzymes (shown as an example
is xanthine oxidase) can generate electrons, which can directly reduce cytochrome c and also
reduce oxygen leading to O2

•− formation. Superoxide, in turn, can donate its electron to
ferricytochrome c, leading to formation of ferrocytochrome c. SOD is used to differentiate
between a direct reduction of ferricytochrome c vs reduction mediated by O2

•−. B, Reduction
of ferricytochrome c can be detected at 550 nm absorbance, using 540 and 560 nm as isosbestic
points.
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Figure 2.
The typical ESR spectrometer (A) consisting of a microwave generator, a resonator, and
magnets. ESR detects the absorption of microwave energy on the transition of unpaired
electrons in an applied magnetic field (B). Because the electron has a magnetic moment, it acts
like a compass when it placed in a magnetic field (B). It will have a state of lowest energy
when the moment of the electron is aligned with the magnetic field (↑) and a state of highest
energy when it aligned against the magnetic field (↓). The energy of the unpaired electron,
therefore, is a function of the magnetic field: E=±0.5g μBB, where “g” is the g-factor constant,
“μB” is the Bohr magneton constant, and “B” is the magnetic field.
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Figure 3.
Detection of superoxide by ESR. A, Spin trapping of O2

•− by spin trap EMPO produces
superoxide radical adduct EMPO/OOH, which is decomposed by glutathione peroxidase (GPx)
into OH-adduct and reduced by flavin enzymes and ascorbate into ESR silent hydroxylamine.
B, The reaction of O2

•− with spin probe CMH produces stable nitroxide radical, which can be
conveniently detected in frozen samples.
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Figure 4.
Detection of O2

•− by DHE and HPLC. A, The reaction of O2
•− with DHE produces 2-

hydroxyethidium (2-HE+). B, HPLC tracing of untreated control mouse aortic tissue incubated
with 50 μmol/L of DHE for 30 minutes. C, HPLC tracing of angiotensin II–infused mouse (0.7
mg/kg per day for 14 days) aortic tissue incubated with 50 μmol/L of DHE for 30 minutes.
Angiotensin II significantly increases production of the O2

•−-specific product 2-HE+.
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Figure 5.
Detection of hydrogen peroxide with DCFH-DA and N-acetyl-3,7-dihydroxyphenoxazine
(Amplex Red). A, DCFH-DA is cleaved by intracellular esterases to DCFH and oxidized by
ROS to the highly fluorescent molecule DCF. B, Nonfluorescent Amplex Red is oxidized by
the horseradish peroxidase and H2O2 to highly fluorescent resorufin.
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