ANTIOXIDANTS & REDOX SIGNALING

Volume 28, Number 15, 2018 -
© Mary Ann Liebert, Inc.

DOI: 10.1089/ars.2017.7396

Discoveries
Forum REVIEW ARTICLE

Electron Paramagnetic Resonance Measurements
of Reactive Oxygen Species by Cyclic
Hydroxylamine Spin Probes

Sergey |. Dikalov, Yuliya F. Polienko?*® and Igor Kirilyuk®*

Abstract

Significance: Oxidative stress contributes to numerous pathophysiological conditions such as development of
cancer, neurodegenerative, and cardiovascular diseases. A variety of measurements of oxidative stress markers
in biological systems have been developed; however, many of these methods are not specific, can produce
artifacts, and do not directly detect the free radicals and reactive oxygen species (ROS) that cause oxidative
stress. Electron paramagnetic resonance (EPR) is a unique tool that allows direct measurements of free radical
species. Cyclic hydroxylamines are useful and convenient molecular probes that readily react with ROS to
produce stable nitroxide radicals, which can be quantitatively measured by EPR. In this work, we critically
review recent applications of various cyclic hydroxylamine spin probes in biology to study oxidative stress,
their advantages, and the shortcomings.

Recent Advances: In the past decade, a number of new cyclic hydroxylamine spin probes have been developed
and their successful application for ROS measurement using EPR has been published. These new state-of-the-
art methods provide improved selectivity and sensitivity for in vitro and in vivo studies.

Critical Issues: Although cyclic hydroxylamine spin probes EPR application has been previously described,
there has been lack of translation of these new methods into biomedical research, limiting their widespread use.
This work summarizes ‘‘best practice’ in applications of cyclic hydroxylamine spin probes to assist with EPR
studies of oxidative stress.

Future Directions: Additional studies to advance hydroxylamine spin probes from the ‘‘basic science’ to
biomedical applications are needed and could lead to better understanding of pathological conditions associated
with oxidative stress. Antioxid. Redox Signal. 28, 1433-1443.

Keywords: electron paramagnetic resonance, reactive oxygen species, superoxide, hydroxylamine spin probes,
electron spin resonance

Introduction

REACTIVE OXYGEN SPECIES (ROS) is a general term for
oxygen-centered radicals (superoxide [0,"], HO,®,
RO®, RO,") or chemically reactive peroxide oxidants (hy-
drogen peroxide [H,O,], ROOH, HOONO, peroxynitrite
[ONOQOT]) produced from molecular oxygen in biochemical
reactions. The main sources of ROS in animal cells include
nicotinamide adenine dinucleotide phosphate (NADPH) ox-

idases, xanthine oxidase, uncoupled nitric oxide synthase,
and mitochondria. ROS can cause cellular damage, but they
also play an important role in cell signaling networks. Living
cells constantly produce ROS, which are scavenged by low-
molecular antioxidants and specific enzymes, to form certain
balance between oxidants and antioxidants that determine
redox status of cellular thiols. Overproduction of ROS or
depletion of antioxidant capacity leads to imbalance between
oxidants and antioxidants, leading to an oxidative stress,
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which is implicated in cellular damage and development
of various pathological conditions. The lifetime of ROS in
biological systems ranges from nanoseconds to seconds de-
pending on their reactivity and the level of cellular antioxi-
dants, and this makes their detection and measurement
difficult (9). Moreover, different ROS have very distinct re-
activity and play very different roles in cellular redox sig-
naling and oxidative stress. As a consequence, no single
method can be offered for measurement of all varieties of
ROS. The imbalance between ROS overproduction and an-
tioxidant activity leads to accumulation of oxidative damage
to biomolecules such as DNA, lipids, and proteins, which can
be measured by ‘‘markers of oxidative stress’’: oxidatively
modified nucleotides (i.e., 8-hydroxyguanine), lipid perox-
idation products (i.e., malondialdehyde and F2-isoprostanes),
and protein carbonyl formation. The specific role of these
products in various pathological conditions, however, is not
clear. Many cellular dysfunctions are related to changes in
redox status or cellular redox signaling and do not show
correlation with accumulations of specific ‘“markers of oxi-
dative stress.”” Therefore, measurement of markers of oxi-
dative stress does not provide specific molecular mechanisms
for investigation of oxidative stress and cellular redox sig-
naling, and this gives rise to the demand for development of
specific and sensitive methods for ROS detection.

Current Methods for ROS Detection

Various methods for ROS measurement have been re-
cently reviewed in references 20, 21, 32, 72, 82. It is im-
portant to note that there is no method for ROS detection that
is currently accepted as a “‘gold standard,”” since every sensor
or reagent has advantages and disadvantages including cyclic
hydroxylamine spin probes.

Spin trapping is the most unambiguous method for de-
tection of free radicals (36, 66). Spin traps react with the
short-lived free radical via covalent bond formation (radical
addition reaction) to produce persistent nitroxide called spin
adduct, which would have a ‘“‘signature’ electron paramag-
netic resonance (EPR) spectrum specific for each trapped
radical. Regretfully, spin trapping of many free radicals pro-
ceeds with much lower rates as compared with their scavenging
with cellular antioxidants. For instance, superoxide dismutase
(SOD) and ascorbate may prevent O, detection in cells and
tissues (96). Moreover, intracellular reductants such as ascor-
bate and flavin proteins reduce radical adducts to EPR-silent
diamagnetic products, severely limiting the use of spin traps in
biological systems (99).

Fluorescent probes produce stable products upon reactions
with ROS and provide high sensitivity detection. Unfortunately,
applications of fluorescent probes in ROS studies are hindered
by serious issues: (i) formation of multiple nonspecific oxida-
tion products, (ii) light sensitivity, and (iii) redox cycling of
the probes (41). For example, dihydroethidium and mitoSOX
form two fluorescent products, ethidium produced by nonspe-
cific redox reactions, and 2-hydroxyethidium, a specific adduct
of 0,*” (98). The fluorescent spectra of ethidium and 2-
hydroxyethidium overlap making fluorescence detection non-
specific, therefore, it is necessary to use high performance liquid
chromatography analysis of samples containing O,"~ specific
products and nonspecific oxidation products such as ethidium
to correctly analyze the fluorescence signal (97). Dichlorodihy-
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drofluorescein diacetate (DCFH-DA) is a commonly used oxi-
dative stress marker. Despite the popularity of this assay, it
cannot be reliably used to measure intracellular H,O, and other
ROS due to indirect oxidation and redox cycling of 2,7-
dichlorodihydrofluorescein (DCF) (41). For these reasons, the
editorial board of Free Radicals in Biology and Medicine journal
stated that DCFH should not be used.

What Are Hydroxylamine Spin Probes?

The terms ‘‘cyclic hydroxylamines’” and ‘‘hydroxylamine
spin probes’’ are actually used for primary products of stable
nitroxides reduction. The hydroxylamine spin probes previ-
ously used for ROS measurements are listed in Figure 1.

Most of the probes are commercially available or can be
prepared from simple commercially available nitroxides (4,
15,33,51,70,75,79, 87,91, 93). Nitroxides are certainly the
broadest family of stable free radicals. Overwhelming num-
ber of various structures have been synthesized with variable
physical and chemical properties. Well-developed chemistry
of nitroxides offers great possibilities for design of hydrox-
ylamine spin probes. Hydrolytically stable hydroxylamines
of pyrrolidine and piperidine series can form hydrochlorides
that are fairly stable crystalline compounds and may be stored
for a long time in dry atmosphere. These samples are usually
free from background EPR signal of corresponding nitroxide.
Both hydroxylamines and corresponding nitroxides demon-
strate little or no cytotoxicity; therefore, application of cyclic
hydroxylamine spin probes normally produce negligible
disturbance to the cellular metabolic processes.

It is important to distinguish spin traps from hydroxyl-
amine spin probes. Hydroxylamines are not spin traps: they
cannot bind free radicals. They can undergo oxidation to
stable nitroxides, and the nitroxide accumulation can be
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probes.
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FIG. 2. Reactions of cyclic hy- N
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followed by EPR. Transformation of hydroxylamine to nitr-
oxide requires one-electron oxidation, thus, the reagents,
which can accept one electron to give thermodynamically
stable products, provide higher oxidation rates. Hydro-
xylamines rapidly react with oxygen-centered free radicals,
including superoxide (Fig. 2). Fast oxidation can occur with
some molecular oxidants, such as peroxynitrite, if stable
radical species are released in the reaction.

In contrast, reaction with oxygen, H,O,, and organic per-
oxides is very slow in the absence of mediator capable of one-
electron transfer (22, 84). Transition metal ions can increase
spontaneous oxidation of hydroxylamines in oxygen-
containing solutions (65, 75, 88). To decrease the spontane-
ous oxidation, stock solutions and buffers should be treated
with Chelex and Fe/Cu chelators such as diethylene-
triaminepentaacetic acid (DTPA) or ethylene glycol-bis(f3-
aminoethyl ether)-N,N,N’,N'-tetraacetic acid (EGTA) should
be added. These reagents should also be added to tissue
cellular and subcellular samples where natural iron- and
copper-chelating structures are partly removed or diluted.

Reaction of hydroxylamine spin probe with different oxi-
dants leads to accumulation of essentially the same nitroxide.
Specific scavengers of certain ROS have to be used to iden-
tify particular ROS or particular enzymatic system respon-
sible for nitroxide accumulation since hydroxylamine spin
probes neither show specific reactivity to certain ROS type
nor allow for EPR spectral identification of different ROS.
Specificity of superoxide detection is often confirmed by
inhibition of EPR signal with SOD or cell-permeable poly-
ethylene glycol conjugated SOD while peroxynitrite detec-
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tion can be confirmed by inhibition of EPR signal with urate
supplementation (22). Alternatively, specific stimulation or
inhibition of ROS-generating enzymes (e.g., Fas ligand for
stimulation of NADPH-dependent superoxide production,
Nox2 inhibitor gp91ds, or addition/removal of the enzyme
substrate can be used to clarify the role of this enzymatic
system (65).

Factors Influencing Efficacy of ROS Detection
Using Hydroxylamine Spin Probes

Reactivity

Hydroxylamines are bases, for most of them equilibrium
is observed between free base and protonated form in neu-
tral solutions. The electron-withdrawing substituents ex-
pectedly decrease the pK, of protonated forms, shifting the
equilibrium toward the free base. It is likely that hydro-
xylammonium cations have diminished reactivity with ROS
(37). The apparent rate constants of reaction with superoxide
and pK, values of some hydroxylamines are listed in Table 1.
The data show that many of hydroxylamine spin probes have
pK. close to 7 and, therefore, are at least partly converted
into nonreactive protonated form at physiological pH. This
factor hides other structural effects, such as influence of ring
size and electronic effects of substituents upon the rate of
oxidation. However, five-membered-ring pyrrolidine hy-
droxylamines generally are stronger reductants than those
of piperidine series and, therefore, they are more disposed
to artifacts. For example, 1-hydroxy-3-methoxycarbonyl-
2,2,5,5-tetramethylpyrrolidine (CMH) was found to react

TABLE 1. PROPERTIES OF VARIOUS HYDROXYLAMINE SPIN PROBES

Hydroxylamine spin probe K, kx107, M s~ [pH] K, (21)
OXANOH 1.7 [7.8] (75)

TEMPOH (TPO-H) .5 (37), 7.96 (43) 1.1 (95)

TEMPOL-H (TPL-H) 7.1 (37), 5.18 (43) 2.1 (95), 0.4 [7.8] (53)

TEMPONE-H 12 [7.4] (16)

CPH 7.7 (48) 3.2 (17) 0.05
CMH 6.7 (unpublished) 12 (27) 27
PPH 0.84 (15) 0.005
TMH 7.1 (48) 4.2 (22) 43
TMTH 7.7 (48) 4.9 (22) 35
mitoTEMPO-H (mTH) 7.8 (22) 8
CATIH ~4 (51), 4.8 (48) 6.4 (22)

DCPH 8.3 (48) 0.55 (48)

3-Carbamoyl-proxyl-H 5.85 (43) 4.9 (95)

pK, values, rate constants of reaction with superoxide, partition coefficients in octanol-water mixtures (K).

CATIH, 1-hydroxy-2,2,6,6-tetramethylpiperidin-4-yl-trimethylammonium; CMH, 1-hydroxy-3-methoxycarbonyl-2,2,5,5-
tetramethylpyrrolidine; ~ CPH,  3-carboxy-1-hydroxy-2,2,5,5-tetramethylpyrrolidine; ~ DCPH,  3,4-dicarboxy-1-hydroxy-2,2,5,5-
tetramethylpyrrolidine; mTH, mitoTEMPO-H, 1-hydroxy-4-[2-triphenylphosphonio)-acetamido]-2,2,6,6-tetramethylpiperidine; OXANOH,
2-ethyl-1-hydroxy-2,5,5-trimethyl-3-oxazolidine; PPH, 1-hydroxy-4-phosphono-oxy-2,2,6,6-tetramethylpiperidine; TMH, 1-hydroxy-4-
methoxy-2,2,6,6-tetramethylpiperidine; TMTH, 1-hydroxy-4-isobutyramido-2,2,6,6-tetramethylpiperidine.
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directly with components of photosynthetic electron trans-
port chain (PETC) to form corresponding nitroxide, whereas
1-hydroxy-4-isobutyramido-2,2,6,6-tetramethylpiperidine
(TMTH) did not react (51).

Nitroxide stability

Efficacy of ROS measurement using hydroxylamine spin
probes depends not only on the rate of hydroxylamine ac-
cumulation but also on stability of resulting nitroxide. Half-
life of some nitroxides in biological samples may exceed
hours. The nitroxides are known to undergo bioreduction
with low-molecular biogenic antioxidants (ascorbate, gluta-
thione, efc.) and with enzymatic systems, the primary prod-
ucts being hydroxylamines. Factors influencing nitroxide
decay rates in biological samples and in vivo have been
thoroughly investigated (49). Intracellular reductions pro-
ceed faster, and for cell-permeable nitroxides, it makes major
contribution to overall nitroxide decay. In relation to hy-
droxylamine spin probes, this means that intracellular ROS
measurement is more difficult. It is hard to compare extra-
cellular and intracellular ROS production even if we use
specifically targeted probes. Nitroxides differ much in their
ability to reduce. The main structural features determining
the reduction rate include ring size (44), charge and elec-
tronic effects of the substituents (63), and steric hindrance
(39, 47). Sterically shielded nitroxides have never been
used for hydroxylamine spin probe preparation yet. Five-
membered pyrrolidine nitroxides demonstrate the highest
stability to reduction compared with other structural types
of nitroxides. For example, 4-isobutyramido-TEMPO (TMT
nitroxide) is reduced by components of PETC inside the
thylakoid membrane, whereas 3-methoxycarbonyl-proxyl
(CM nitroxide) is not (51).

Permeability and targeting

Majority of ROS have limited lifetime and limited ability
to diffuse. Therefore, to make the hydroxylamine oxidation
efficient, it is important to ensure that spin probe can reach
the source of ROS, or even accumulate in tissue or cellular
compartment where ROS are generated. Ability of organic
substances to diffuse through cellular membranes is mainly
determined by partition coefficients (K;). K, octanol/water of
some hydroxylamines is listed in Table 1. Remarkably, CMH
usually gives the most intensive EPR spectra of nitroxide in
cellular cultures and in tissues, because it is cell permeable,
shows the highest reactivity among pyrrolidine derivatives,
and gives highly stable nitroxide of pyrrolidine series.

It is always reasonable to test more than one hydrox-
ylamine for measurements, choosing the probe with optimal
redox properties, minimal artifacts, and maximal cellular
responses. Specifically targeted hydroxylamines are of spe-
cial interest as they can provide information about site of
ROS origin (22).

Superoxide Measurement

Superoxide radical anion is a product of one-electron re-
duction of oxygen molecule, which is constantly produced in
biochemical redox chains and may be generated by various
enzymatic systems. It should be noted that some popular
superoxide-producing enzymatic systems, such as xanthine—
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xanthine oxidase system, produce large amount of H,O,,
which can cause secondary processes accompanied with
production of free radicals. Therefore, supplementation with
catalase is highly desirable. Enzymatic systems usually pro-
duce ROS with constant rate; therefore, at high hydroxyl-
amine concentration we observe a linear growth of nitroxide
EPR signal, allowing for quantitative measurement of su-
peroxide production rate. Biological function of superoxide
is broad. On one hand, it is an important mediator in signaling
system regulating cell growth, differentiation, migration, and
proliferation (94). On the other hand, it is implicated in cell
death (8). Superoxide is often considered an initial source of
all biogenic ROS, including highly reactive oxygen-centered
radicals (alkoxy, alkylperoxy) and highly reactive molecules
(H,0,, peroxynitrite). Unlike majority of oxygen-centered
radicals demonstrating close-to-diffusion rates of reaction
with various organic compounds, superoxide is a moder-
ately reactive radical. Owing to high biological importance
of superoxide, many methods have been suggested for its
measurement, including specially designed spin traps and
fluorescent dyes.

Superoxide measurement is the main field of application of
hydroxylamine spin probes. After invention by Rosen et al.
(75), it was successfully used by numerous researchers. Re-
action of hydroxylamine spin probes with superoxide is rel-
atively fast (Table 1), two orders of magnitude faster than
spin trapping, and the nitroxides formed are more stable than
spin adducts. As a result, strong EPR signals are obtained in
cells with small amount of cyclic hydroxylamine spin probes
(25-500 uM). High reactivity of cyclic hydroxylamine spin
probes toward superoxide and high resistance of nitroxides
to reduction allows for detection of intracellular superoxide.
Sensitivity of this method is high enough for measurements
of basal levels of superoxide production by cells.

The oxidation of hydroxylamine spin probes with super-
oxide can be completely suppressed by SOD. Application
of SOD allows for validation of superoxide detection and
separation from nonspecific oxidation, making the data on
superoxide measurement unambiguous. Indeed, the rate of
nitroxide accumulation usually has inverse dependence on
SOD supplementation, but it is not affected by scavengers of
other ROS, such as urate, catalase, or dimethylsulfoxide (54).
Cu, Zn-SOD, and Mn-SOD are cell impermeable; therefore,
for validation of intracellular superoxide detection, one can
use cell-permeable polyethylene glycol-conjugated SOD
(50 U/mL) or use cells overexpressing SOD1 or SOD2 (22).

Superoxide was shown to oxidize nitroxides to ox-
oammonium cations in the cell-free samples and the rate of
this reaction is much higher than that of reaction of hydrox-
ylamine and superoxide (95). Oxoammonium cations are
highly reactive strong oxidants, they can oxidize superoxide
to form oxygen and nitroxides. In biological media, they
usually undergo fast two-electron reduction with various re-
ductants (nicotinamide adenine dinucleotide, reduced form
[NADH], thiols, alcohols, amines, efc.) to hydroxylamines.
Thus, a redox cycle of interconversions occurs between hy-
droxylamine, nitroxide, and oxoammonium cation mediated
by superoxide and cellular reductants, which accounts for
catalytic ““SOD-mimetic” activity of nitroxides (hydroxyl-
amines) (49, 53, 95) (Fig. 3). The rate of ROS formation can
be underestimated if the ratio nitroxide/hydroxylamine ex-
ceeds 1% (19). To perform quantitative measurements, one
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Typical Redox Reactions of Hydroxylamine Spin Probes
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FIG. 3. Interconversion of cyclic hydroxylamines and
nitroxides in superoxide-generating systems.

should have low degree of conversion (dilute cells or increase
spin probe concentration) to allow linear time-course accu-
mulation of nitroxide. Direct reduction of nitroxides with
cellular reductants can also contribute to the equilibrium
position. If the hydroxylamine concentration is not high en-
ough, accumulation of the nitroxide can deviate from expected
kinetics (68). In cell-free enzymatic systems and in cultured
cells, there are usually no significant deviations from linear
kinetics of nitroxide accumulation at conversions <1% (22).

The influence of hydroxylamine structure on the kinet-
ics of nitroxide accumulation strongly depends on the sys-
tem where the measurement is performed. For instance,
piperidine-based hydroxylamine probe CATIH reacts with
superoxide with higher rate than pyrrolidine-based probes,
and this leads to faster accumulation of CATI in cell-free
systems; however, in cell cultures and in tissues, piperidine
nitroxides are more rapidly reduced to EPR-silent hydrox-
ylamines compared with pyrrolidine nitroxides, and, there-
fore, pyrrolidine hydroxylamines provide stronger EPR
signals of corresponding nitroxides.

Measurement of ROS in Cell-Free Systems

The method was successfully used for measurement of
activities of oxidative enzymes, producing superoxide: xan-
thine/xanthine oxidase (17), 1H-3-hydroxy-4-oxoquinaldine
2,4-dioxygenase (84), NADPH-cytochrome P-450 reduc-
tase (25, 75), and flavinadenindinucleotide (FAD)-containing
monooxygenase (75), for testing antioxidant capacity of
preservation solutions (77), etc. It was found that in the ab-
sence of a competing scavenger, such as SOD, 3-carboxy-1-
hydroxy-2,2,5,5-tetramethylpyrrolidine (CPH) reacts with
90% of superoxide from the membrane fraction (18). Thus,
0,°" detection by CPH should be used in cell-free systems or
cellular fractions wherein detection of superoxide can be
confirmed by inhibition of the EPR signal with SOD.

Production of superoxide in the presence of nitric oxide
leads to formation of peroxynitrite. Hydroxylamines have
been successfully used for quantification ofperoxynitrite in
various systems, and urate is the efficient reagent for vali-
dation of these measurements (17).

It was already mentioned that H,O, does not react with
hydroxylamines with significant rate. However, in presence of
H,0,, horse radish peroxidase can oxidize acetamidophenol to
corresponding phenoxyl radical, and the latter readily oxidizes
hydroxylamines to corresponding nitroxides (3). EPR mea-
surement of the nitroxide formed provides quantitative mea-
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surement of H>O, with detection limit of 3 pmol/test (4). The
validation of the method can be performed using catalase.
Owing to high rate of reaction of hydroxylamines with acet-
amidophenoxyl radical, the results of H,O, measurement
are not affected by the presence of NADPH (25-500 uM) or
xanthine (25-500 uM) (18). The method can be used for
measurement of H,O, production by cells or mitochondria (18,
26). It should be noted that supplementation of superoxide-
generating systems with SOD leads to H,O, formation and
quantification of H,O, is an alternative to direct superoxide
measurements (25, 34). Measurement of H,O, along with su-
peroxide production in subcellular fractions may give more
information about enzymatic activity and function (18).

Since H,0, is formed in various enzymatic reactions,
measurement of H,O, is a useful approach for measure-
ment of enzymatic activity or substrate concentration. For
instance, Nox4 NADPH oxidase activity was measured in
membrane fractions of smooth muscle cells (18, 46). H,O,
formation in the enzymatic oxidation of glucose can be used
for quantification of glucose. Highly sensitive immunoassays
have been developed for measurement of thyroid-stimulating
hormone (detection limit 0.0025 ¢U/mL) (2) and for clinical
detection of hepatitis B virus (2, 61).

Measurements of ROS in Cellular
and Subcellular Systems

Basal production of superoxide by intact nonstimulated
cells and subcellular compartments (e.g., mitochondria) is
usually very low; therefore, reliable measurements in cellu-
lar systems require good X-band EPR spectrometer with
high-sensitivity resonator. Specific stimulation can strongly
increase production of ROS, which can be measured by hy-
droxylamine spin probes. The nitroxide accumulation rate
under these conditions depends on cellular location of ROS
source and on permeability of the hydroxylamine used.

Cell permeability has been estimated for a set of hydrox-
ylamines, showing the following order: CMH > PPH >>mTH
>TMH ~ TMTH >> CAT1H (22). This row does not show
complete correlation with K, values because of specific ac-
cumulation of some hydroxylamines. For example, 1-hydroxy-
4-phosphono-oxy-2,2,6,6-tetramethylpiperidine (PPH) can
be accumulated in cells via active transport, similar to that
of phosphates and was shown to be mitochondria dependent
(22); however, PPH does not permeate isolated mitochon-
dria (69). Intracellular and intramitochondrial accumulation
of mitoTEMPO-H, 1-hydroxy-4-[2-triphenylphosphonio)-
acetamido]-2,2,6,6-tetramethylpiperidine (mTH) is driven
by electrical transmembrane potential. Low lipophilicity of
CPH most likely results from ionization of the carboxylic
group (pK, is ca. 5) at physiological pH values. However,
ionization of the carboxylic group only attenuates the cell
permeability but does not abolish it completely (22). Dif-
ference in cell permeability of various hydroxylamines
opens unique possibilities for identification of sources
of cellular ROS. For example, site-specific superoxide for-
mation was studied in human lymphoblasts with NADPH
oxidase activator phorbol-12-myristate-13-acetate (PMA)
or with stimulator of mitochondrial superoxide production
antimycin A in the presence of cell-impermeable CAT1H
probe and mitochondria-targeted mTH. PMA stimulation
leads to nitroxide accumulation, which was five times higher in
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the presence of CAT1H compared with the presence of mTH.
In contrast, stimulation of mitochondrial superoxide produc-
tion by antimycin A strongly increased oxidation of mTH,
whereas nitroxide accumulation with CAT1H probe was not
affected by antimycin A (23).

CMH is the most efficient spin probe for measurement of
overall ROS production. It allows for ROS detection in var-
ious cellular compartments and in different types of cells,
usually giving the highest nitroxide accumulation rate (35,
40, 55, 67, 85, 89, 90). However, it also shows high back-
ground oxidation rate. Comparison of efficacy of various
hydroxylamines in cellular systems and the use of inhibitors
to identify ROS can be found in Dikalov ef al. (22).

Measurement of ROS in Tissues and In Vivo

Hydroxylamines have found broad application in investi-
gation of various oxidative stress-related phenomena in liv-
ing tissues. Superoxide production can be measured by
intraperitoneal (i.p.) infusion of cyclic hydroxylamines fol-
lowed by ex vivo analysis of the blood or tissue samples using
X-band (9 GHz) EPR spectroscopy (13, 29, 50). The typical
protocols for ROS measurements are given in Dikalov et al.
(14) and Fabbri et al. (28). Similar procedures were used in
numerous publications (30, 31, 55, 56, 58, 64,71, 73, 74, 78).
Typically, the samples are recorded immediately after incu-
bation with hydroxylamine spin probe (usually CMH or
CPH). If the immediate measurements after incubation are
not possible, the samples can be frozen. Freezing stops the
enzymatic reactions leading to ROS formation; however,
after thawing the background oxidation rate may increase
(28). To avoid this effect, a special procedure has been de-
veloped with registration of immobilized nitroxide spectrum
in the frozen sample (1, 7, 6, 12, 14, 57, 81, 86). Specifically,
animals can be injected with hydroxylamine probe (20 mg/
kg) for 60 min, sacrificed, and isolated tissue can be placed in
the center of 1 mL plastic syringe (Fig. 4), snap frozen and
stored at —80°C. Then frozen block can be removed by gentle
push from the warmed up syringe and analyzed in the quartz
Dewar with liquid nitrogen. As a reference one can freeze
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. Incubate tissue with spin probe.
F i n 1
. Cut the top of the syringe.
- 0.2
. Fill with 600 pl buffer.
- 03

||
|
o
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. Snap-freeze the syringe.

Buffer 600 pL
Tissue in the center

1
2
3
4. Insert tissue in the center.
5
6
7

- 05
. Store -80 °C (Ship dry ice).
- 06
. Scan in quartz Dewar in liquid N,.
Y - o7

P-s: buffer must have chelating agent DTPA or EGTA.

1 mL syringe

FIG. 4. Preparation of the frozen tissue for ROS
measurements.
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standard solutions of stable nitroxide product and use the
EPR intensity of immobilized nitroxide to calculate the
amount of detected ROS in vivo.

It should be noted that these measurements cannot be at-
tributed to certain types of ROS without validation using
specific inhibitors or scavengers. It has been shown that
supplementation of wild-type mice myocardium samples
with polyethylene glycol-conjugated superoxide dismutase
(PEG-SOD) decreased amount of nitroxide after incubation
with CMH (42). Transgenic animals such as overexpressing
SOD2 mice or SOD2-depleted mice (SOD2—/4) can also be
used for validation. In cell culture experiments, one can
confirm specific site of O,°~ detection by testing the effect of
supplementation with cell-impermeable Mn-SOD, cell-
permeable PEG-SOD, or overexpression of SOD2 (22).

To provide a cell and tissue-specific measurements of su-
peroxide, we recommend treating samples with hydroxyl-
amine probe ex vivo. In these experiments, blood, isolated
cells, or dissected tissue is incubated with the probe (50—
500 uM) for 30 min. Tissue samples can be placed at the
center of the syringe (Fig. 4). Blood or cell suspension can be
placed into the 1 mL precut syringe and snap frozen in liquid
nitrogen as shown in Figure 5. After incubation with the
probe, cultured cells attached to the bottom of the dish can be
quickly resuspended in 600 uL of fresh buffer and placed into
the syringe.

Combination of cell-impermeable spin probe (e.g., CAT1H)
and a spin probe capable of intracellular/intramitochondrial
accumulation may provide information about mechanisms of
cellular response development. Recently we have found that
simultaneous use of CAT1H-°N, D5, and mTH can reveal
peculiarities of various agents known to stimulate phagocytic
NADPH oxidase and mitochondrial O,*~ production (20).

ROS Imaging in Animals

Numerous efforts have been made to visualize ROS pro-
duction in tissues of living animals; however, ROS imaging
in vivo still remains a challenge. There are following prob-
lems:

- 0.0
4 = 01 1. Incubate cells with spin probe.
;;-'. - 02 2. Cut the top of the syringe.
% = 03 3 Fill with 600 pl cells/blood.
g — 04 4. Snap-freeze the syringe.
g = 05 5. Store -80 °C (Ship dry ice).
8 — 06 6. Scan in quartz Dewar in liquid N,.
b - 0.7
E‘ P-s: buffer must have chelating agent DTPA or EGTA.
B
-

FIG. 5. Preparation of the frozen samples with the
blood or cell suspension.
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Technical aspect

Standard commercial EPR spectrometers operate at 9.5
GHz (0.34 T). This frequency is efficiently absorbed by liquid
water in biological systems; therefore, the EPR spectra can
only be recorded in ampoules with rather low cross section.
Measurements in living animals have to be performed at
much lower frequencies: L-band, around 1 GHz, 3040 mT
for objects smaller than 20 mm (mice or isolated organs), or
radio frequencies below 300 GHz, 10 mT for larger objects
(70 mm, rat or rabbit) (5, 45, 52, 59). Recording of a spectrum
is usually not enough for in vivo studies, because nitroxide
content in tissues is wide ranging. EPR imaging (EPRI) is
a time-consuming procedure, because it requires a set of
spectra recorded at different directions of the magnetic field
gradient. Thus, there is always a tradeoff between temporal
and spatial resolution. Moreover, EPRI does not give any
references on anatomy; therefore, to use EPR images one
should overlay them with magnetic resonance imaging (5).
Mixed technologies, such as overhauser-enhanced magnetic
resonance imaging (PEDRI), are currently considered more
promising for radicals imaging (5, 62). Most of the advances
in this field were made using self-made equipment.

Chemical aspect

Dynamics of nitroxide concentration in tissues upon in-
jection of hydroxylamine reflects pharmacokinetics of both
hydroxylamine and nitroxide, their metabolic (redox) trans-
formations, and clearance by excretion. It has been shown
that i.p. injection of TEMPOL or TEMPOL-H in mice leads
to essentially the same concentration of TEMPOL in blood in
<20 min (80). From this point of view, injection of nitroxide
or hydroxylamine should lead to the same result. Most of
the researchers prefer to follow kinetics nitroxide decay,
because this allows to observe signal decay at higher nitr-
oxide concentration and, therefore, requires lower device
sensitivity. Another question is whether these measurements
actually reflect ROS production in tissues. Peculiarities of
pharmacokinetics of hydroxylamine and of corresponding
nitroxide can play a major role. For example, higher level of
3-carboxy-2,2,5,5-tetramethylpyrroline-1-oxyl in brain tu-
mors obviously results from blood-brain barrier damage (60).
Nitroxide reduction rate was found oxygen dependent, or
even determined by redox state of oxygen-consuming enzy-
matic complexes (10, 49, 83). However, in vivo the nitroxide—
hydroxylamine equilibrium is different for different types
of cells and tissues and depends on the pathophysiological
condition of the living animal (11).

Acyl-protected hydroxylamines (acetoxyamines) repre-
sent an alternative to hydroxylamine or nitroxide spin probes
(Fig. 6). These compounds themselves do not react with
ROS, but they can be converted into reactive hydroxylamine
spin probes by intracellular esterases.

>£—S(:NH2 >(—SC<OOMG ><_SC<OOCH20AC COOMe
i e A )
o o OAc
ACP AMCPYy DACPy AMCPe

FIG. 6. Acyl-protected hydroxylamine probes.
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Investigation of the I-acetoxy-3-carbamoyl-2,2,5,5-
tetramethylpyrrolidine (ACP) in cellular system indicated
that SOD can suppress >50% of nitroxide accumulation in
PMA-treated neutrophils. This means that after deprotec-
tion with esterases, hydroxylamine can diffuse out of the cell
and this hydroxylamine (and corresponding nitroxide) can
redistribute in the system (38). It has been shown that in mice
after i.p. or intravenous. injection, ACP quickly reaches
equilibrium with the other tissues. Deacylation proceeds very
fast within liver and, probably, kidney; the rates of hydrolysis
in other tissues were much lower, and resulting hydroxyl-
amine was redistributed in organs. The measurement of hy-
droxylamine concentration in blood and majority of organs
showed almost homogeneous distribution with minor chan-
ges in a period 10-30 min after injection, whereas accumu-
lation of the compound in brain and muscle proceeded with
slower rate. In 30 min almost all ACP was converted into
hydroxylamine, and the nitroxide concentration never ex-
ceeded 10-20% of that of hydroxylamine (76).

1-acetoxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine
and l-acetoxy-3-acetoxymethoxycarbonyl-2,2,5,5-
tetramethylpyrrolidine in mice showed somewhat different
pattern of distribution of corresponding hydroxylamine and
nitroxide, with the highest concentration of both compounds
10 and 60 min after i.p. injection observed in kidney. AMCP
hydroxylamine reached higher concentration in all tissues
than DACP, whereas 1-acetoxy-4-methoxycarbonyl-2,2,6,6-
tetramethylpiperidine hydroxylamine did not show significant
accumulation (92).

ACP was used for rat brain EPRI after kainic acid (KA)-
induced epileptic seizures. Difference in accumulation of the
nitroxide in different areas of brain in control and KA-treated
rats was used to reveal brain structures subjected to stronger
oxidative stress (92).

In general, the acyl-protected hydroxylamines do not show
apparent advantage over free hydroxylamines because the
molecules are not retained by cells, and the products of their
hydrolysis (deacylation) and oxidation are redistributed in
tissues in agreement with their pharmacokinetics. In this re-
spect, design of acyl-protected hydroxylamine probes with
specific targeting groups might be a fruitful approach.

Conclusions

Cyclic hydroxylamine probes are the effective scaven-
gers of superoxide radical. Cyclic hydroxylamines provide
quantitative measurements of superoxide radical with high
sensitivity both in vitro and ex vivo in cells and tissue sam-
ples. SOD-inhibited nitroxide formation can confirm the
amount of detected superoxide. Cyclic hydroxylamines can
also be used to detect peroxynitrite. Inhibition by peroxyni-
trite scavengers such as urate shows the amount of trapped
peroxynitrite. Production of H,O, can be measured by co-
oxidation of CPH in peroxidase—acetamidophenol reaction.
Cyclic hydroxylamines have been successfully used to assay
the production of superoxide radical and H,O, by NADPH
oxidases, mitochondria, intact neutrophils, vascular cells,
and tissue. To minimize nonspecific oxidation, buffers must
be treated with Chelex resin and supplemented with iron and
copper chelators (Desferal, DTPA, EGTA). New cell-
permeable and acyl-protected cyclic hydroxylamines have a
great potential in the study of intracellular ROS production.
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These new EPR techniques demonstrated great potential to
study ROS in biological samples.
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Abbreviations Used

ACP = 1-acetoxy-3-carbamoyl-2,2,5,5-
tetramethylpyrrolidine
CATI1H = 1-hydroxy-2,2,6,6-tetramethylpiperidin-4-
yl-trimethylammonium
CM = 3-methoxycarbonyl-2,2,5,5-
tetramethylpyrrolidine-1-oxyl
CMH = 1-hydroxy-3-methoxycarbonyl-2,2,5,5-
tetramethylpyrrolidine
CPH = 3-carboxy-1-hydroxy-2,2,5,5-
tetramethylpyrrolidine
DCF = 2,7-dichlorodihydrofluorescein
DCFH-DA = dichlorodihydrofluorescein diacetate
DCPH = 3,4-dicarboxy-1-hydroxy-2,2,5,5-
tetramethylpyrrolidine
DTPA = diethylenetriaminepentaacetic acid
EGTA = ethylene glycol-bis(f-aminoethyl ether)-
N,N,N’ ,N'-tetraacetic acid
EPR =electron paramagnetic resonance (synonym
for ESR)
EPRI=EPR imaging
FAD = flavinadenindinucleotide
H,0, =hydrogen peroxide
i.p. =intraperitoneal
KA =Xkainic acid
mTH = mitoTEMPO-H, 1-hydroxy-4-[2-
triphenylphosphonio)-acetamido]-2,2,6,6-
tetramethylpiperidine
NADH = nicotinamide adenine dinucleotide, reduced
form
NADPH = nicotinamide adenine dinucleotide
phosphate, reduced form
0,°” = superoxide
ONOQ™ = peroxynitrite
OXANOH = 2-ethyl-1-hydroxy-2,5,5-trimethyl-3-
oxazolidine
PEG-SOD = polyethylene glycol-conjugated
superoxide dismutase
PETC = photosynthetic electron transport chain
PMA = phorbol-12-myristate-13-acetate
PPH = 1-hydroxy-4-phosphono-oxy-2,2,6,6-
tetramethylpiperidine
ROS =reactive oxygen species
SOD = superoxide dismutase
TMH = 1-hydroxy-4-methoxy-2,2,6,6-
tetramethylpiperidine
TMT = 4-isobutyramido-TEMPO
TMTH = 1-hydroxy-4-isobutyramido-2,2,6,6-
tetramethylpiperidine




