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Abstract

Background—Nearly ten years ago, we demonstrated that superoxide radical anion (O5~) reacts
with the hydroethidine dye (HE, also known as dihydroethidium, DHE) to form a diagnostic
marker product, 2-hydroxyethidium (2-OH-E*). This particular product is not derived from
reacting HE with other biologically relevant oxidants (hydrogen peroxide, hydroxy! radical, or
peroxynitrite). This discovery negated the longstanding view that O,~reacts with HE to form the
other oxidation product, ethidium (E*). It became clear that due to the overlapping fluorescence
spectra of E* and 2-OH-E*, fluorescence-based techniques using the “red fluorescence” are not
suitable for detecting and measuring O,~in cells using HE or other structurally analogous
fluorogenic probes (MitoSOX™ Red or hydropropidine). However, using HPLC-based assays, 2-
OH-E™ and analogous hydroxylated products can be easily detected and quickly separated from
other oxidation products.

Scope of review—The principles discussed in this chapter are generally applicable in free
radical biology and medicine, redox biology, and clinical and translational research. The assays
developed here could be used to discover new and targeted inhibitors for various superoxide-
producing enzymes, including NADPH oxidase (NOX) isoforms.

Major conclusions—HPLC-based approaches using site-specific HE-based fluorogenic probes
are eminently suitable for monitoring O,~in intra-and extracellular compartments and in
mitochondria. The use of fluorescence-microscopic methods should be avoided because of
spectral overlapping characteristics of O,~-derived marker product and other, non-specific
oxidized fluorescent products formed from these probes.

General significance—Methodologies and site-specific fluorescent probes described in this
review can be suitably employed to delineate oxy radical dependent mechanisms in cells under
physiological and pathological conditions.

© 2013 Elsevier B.V. All rights reserved.

"Corresponding author: B. Kalyanaraman, PhD, Department of Biophysics, Medical College of Wisconsin, 8701 Watertown Plank
Road, Milwaukee, WI 53226 USA; Phone: 414-955-4000; Fax: 414-955-6512; balarama@mcw.edu.

Zpresent address: Institut de Chimie Radicalaire, Equipe SREP, UMR7273, Aix-Marseille Universite, Campus de Saint Jerome, 13397
Marseille Cedex 20, France; micael.hardy@univ-amu.fr

3present address: Institute of Applied Radiation Chemistry, Lodz University of Technology, Zeromskiego 116, 90-924 Lodz, Poland;
radekmichalski@mitr.p.lodz.pl

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kalyanaraman et al. Page 2

Keywords
Superoxide radical anion; Hydroethidine; MitoSOX; Hydropropidine; 2-Hydroxyethidium; HPLC

1. Introduction

Ever since we published our first paper reporting that superoxide (O5~) reacts with
hydroethidine (HE) to form a diagnostic marker product, 2-hydroxyethidium (2-OH-E™) [1],
increasing number of researchers in the free radical biology and medicine field have
successfully used this methodology to rigorously measure and assess the role of Oy~ [2-7].
However, some investigators still employ only the fluorescence microscopy or related
fluorescence-based techniques (intravital fluorescence microscopy, flow cytometry) when
using HE for O,~detection. Recognizing that O,~reaction with HE does not yield ethidium
(E*), some investigators interpreted the enhanced red fluorescence in their systems to
increased formation of the superoxide-specific product, 2-OH-E™*. In recent years, we have
reported that the products formed from the reaction between mitochondria-targeted
hydroethidine (Mito-HE or MitoSOX™ Red) and O, ~are very similar to the products
formed from HE reaction with O,~[8]. This implies that all of the limitations attributed to
HE assay are also applicable to Mito-SOX™ Red, as well [9]. Yet investigators continue to
use the MitoSOX-derived fluorescence as a measure of mitochondrial superoxide (mROS)
in many areas of research including aging, neurodegeneration, and cancer [10]. More
recently, we reported that a cell-impermeant fluorogenic probe, hydropropidine (HPr*), a
positively-charged water-soluble analog of HE, reacts with extracellular O,~in exactly the
same manner as do HE and MitoSOX [11]. For the first time, we showed that O,~reacts very
similarly with three structurally analogous fluorogenic probes that localize in different
cellular regions [11]. We used HPLC, MS and NMR techniques extensively to monitor and
characterize products formed [11-13]. The purpose of this review is two-fold: First, to
categorically demonstrate that the HPLC-based approach is the only viable method to
understand the mechanism of oxidation of HE-based fluorogenic probes and detect intra-
and extracellular superoxide, and second, to reiterate that HE- and MitoSOX-derived red
fluorescence can’t be used to reliably monitor intracellular and mitochondrial O,~formation.

2. Redox similarities between HE, MitoSOX, HPr+

The reaction chemistry between O,~and reduced phenanthridinium compounds (HE,
MitoSOX, and HPr*) is unigue in that the corresponding hydroxylated products (2-OH-E*,
2-OH-Mito-E*, and 2-OH-Pr**) are formed as the only major products (Fig. 1). The actual
mechanism presumably involves the formation of an intermediate radical cation that reacts
with another molecule of O,~to ultimately form the 2-hydroxylated cationic product.
Hydroxylation occurs specifically at the 2-position as evidenced by NMR characterization
[11-14]. In a purely O,~generating system, no other products are formed. However, in the
intracellular milieu, the presence of redox metal ions released from oxidative stress or heme
proteins (cytochrome c¢) with peroxidase activity or other one-electron oxidants will easily
oxidize these fluorogenic probes to several products, including the fluorescent
phenanthridium cations (ethidium and analogs) and non-fluorescent or weakly fluorescent
dimeric products (Figure 1). The enzymatic two-electron oxidation of HE to E* has also
been suggested [13]. In fact, hydroethidine has been originally developed as a vital stain,
with the assumption that it is oxidized by intracellular oxidases [15]. As a result of non-
specific oxidation process, the intracellular concentration of the fluorogenic probes will
diminish, leading to lower efficiency of trapping of superoxide and decreased formation of
O,~-specific diagnostic marker products. In addition to quantifying the oxidation products,
HPLC measurements enable simultaneous assessments of the concentration of the
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fluorogenic probes, making data interpretation less tenuous. In some instances, the presence
of a one-electron oxidizing system (e.g., peroxidases) may enhance formation of the
superoxide specific product (e.g., 2-OH-E*), even without any change in superoxide flux
[Michalski, Zielonka, Sikora & Kalyanaraman, unpublished data]. This is due to a much
higher reactivity of HE radical cation with superoxide, as compared to the HE parent
molecule. As a consequence, one-electron oxidation of HE or analog will result in a more
effective competition with other pathways of O,~decay (e.g., dismutation by superoxide
dismutases) leading to a net increase in hydroxylated product [9,14]. In this respect, HE
resembles other probes for superoxide (e.g., luminol) which require “activation” by one-
electron oxidation [16]. The one-electron oxidation of the probe will also lead to formation
of the dimeric products (detectable by HPLC-based assays). Given the complexity of HE
oxidative mechanisms in cells and the presence of efficient superoxide scavengers (e.g.,
SOD), 2-OH-E* measurement by HPLC should not be considered as an absolute measure of
intracellular O,~

3. Overlapping fluorescence characteristics: 2-OH-E* and E* and MitoSOX

products

Fluorescence-based methods using HE have been used to detect O,~in various cellular
milieu for decades [17]. The principles of fluorescence spectroscopy are still applicable in
fluorescence microscopy and flow cytometry. We have reported that there exists significant
fluorescence spectral overlap between 2-OH-E* and E*. Therefore, the use of fluorescence-
based techniques alone to measure O,~can be very misleading; in virtually all of the
biological systems tested, both 2-OH-E* and E* were formed in differing ratios [9,12]. The
intracellular E* levels are often ca. ten-fold higher than those of 2-OH-E*, effectively
masking the changes in the fluorescence intensity due to 2-OH-E* [9,12]. The fluorescence
quantum yields of 2-OH-E* and E* and their analogs formed from MitoSOX and HPr*
increase upon binding to DNA. As shown in Figure 2, both hydroxylated and non-
hydroxylated oxidation products derived from MitoSOX (e.g., Mito-2-OH-E* and Mito-E*)
share a similar spectral property. The hydroxylated products (e.g., 2-OH-E™) display an
additional excitation band, with a maximum between 350 and 400 nm, this feature becomes
even more prominent in the presence of DNA [18]. This spectral feature was used to
selectively monitor 2-OH-E* and 2-OH-Mito-E* [12]. However, the other fluorescent
oxidation product (E* or Mito-E*) will significantly contribute to the total fluorescence
intensity, depending upon its intracellular levels. This situation is particularly grim with
regard to the use of fluorescence techniques to primarily detect mitochondrial superoxide
using the mitochondria-targeted HE analog, MitoSOX. The red fluorescence which is
detected from cell and tissues incorporated with MitoSOX has often been equated to
mitochondrial superoxide [19]. Mitochondria are enriched with several heme proteins. Other
dyes such as DCFH have been shown to undergo cytochrome c-mediated oxidation to a
green fluorescent product [20,21]. The use of this dye to detect H,O, was severely criticized
because of its propensity to form the green fluorescent product in the presence of
cytochrome c released from mitochondria [21]. We have shown that there was attenuated
oxidation of MitoSOX in mitochondrial preparations (mitoplasts) depleted of cytochrome c,
and there was substantial oxidation of MitoSOX in intact mitochondria, consistent with the
high reactivity of both HE and MitoSOX with cytochrome ¢ [13].

We, like other researchers, used both HE and MitoSOX-derived red fluorescence as a
measure of intracellular and mitochondrial O,~and DCFH-derived fluorescence to monitor
oxidative events [22]. While in case of DCFH, we attributed the green fluorescence derived
from DCFH to iron (or heme iron) - mediated oxidation of the dye by H,O, rather than to
H,0, alone, we presumed that HE-derived red fluorescence is reporting superoxide
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production [22]. With increasing knowledge of the chemical mechanisms of oxidation of HE
and MitoSOX, we now realize that it was rather naive to interpret the changes in
fluorescence in such a simplistic viewpoint, and that it is necessary to perform detailed
HPLC analyses to separate the various HE oxidation products and to fully understand the
origin of red fluorescence. Recently, HE-derived red fluorescence was used to monitor iron-
dependent intracellular oxidative events in neuronal cells [23]. We illustrate this point in the
following section with recent examples.

4. Analyses of HE-derived fluorescence and hydroxylation/oxidation
products of HE

In a recent study, we measured by HPLC formation of HE-derived products (2-OH-E*, E*
and dimers) in dopaminergic N27 cells treated with MPP*, rotenone, 6-hydroxydopamine,
paraquat, or menadione [24]. All of these agents have previously been suggested to stimulate
intracellular O,~formation. As shown in Figure 3, MPP™, rotenone, and paraquat stimulated
a slight but significant increase in 2-OH-E*, characteristic marker product of HE and O™,
but concomitantly, these agents (MPP* and rotenone) also stimulated substantial increase in
E* and dimeric product formation (Fig. 3) indicative of a one-electron oxidation process
[24]. As discussed above, this shows that an increased production of 2-OH-E* may be
attributable to a one-electron oxidation of the probe in the case of MPP* and rotenone, but
not with paraquat or menadione. The HPLC-based analysis provides additional information
enabling more rigorous interpretation of the experimental data.

6-Hydroxydopamine, an agent that has been thought to enhance O,~formation, did not
induce 2-OH-E* formation, but only enhanced formation of non-specific oxidation products.
Fluorescence microscopy experiments, however, showed increased red fluorescence under
these and other conditions generating other one-electron oxidizing species [24,25]. In the
absence of HPLC results, one would have interpreted the fluorescence results incorrectly
and equated the increase in red fluorescence to enhanced O,~formation from all the agents
and ignoring the additional oxidation pathway(s) of the probe. Clearly, these examples
emphasize the ultimate need for HPLC analyses of products from HE, MitoSOX, as well as
HPr.

In order to best interpret intracellular HE oxidation and 2-OH-E* formation, it is important
to consider the stability of HE in cell culture medium and the factors affecting the transport
of HE into cells. These aspects have been discussed in a previous review [9]. Other groups
have used the ratio between 2-OH-E* and HE as a quantitative parameter [26,27].

5. Site-specific fluorogenic probes for O,~

In addition to HE and MitoSOX, which shares similar redox chemistry, we recently
developed a membrane-impermeant fluorogenic probe, hydropropidine (HPr*), a positively-
charged, water-soluble analog of HE [11]. HPr* is a two-electron reduction product of
propidium iodide (Pr** «21). In contrast to MitoSOX, wherein the positive charge is
delocalized over three aromatic phenyl groups, the positive charge in HPr* is highly
localized on the nitrogen atom of the alkyl group which inhibits its cellular uptake. The
reaction chemistry between HPr* and O,~and other one-electron oxidants was shown to be
similar to that of HE [11]. Superoxide reacts with HPr* to form exclusively 2-OH-Pr**, and
with one-electron oxidants (ferricyanide, hydroxyl radicals, peroxynitrite and peroxidase/
H,05,) to form the propidium dication (Pr**) and several dimeric products (e.g., Prt*-Pr*+).
Because HPr* is cell-impermeant, it will serve as an ideal probe for detecting
extracellularly-generated or released O,~and one-electron oxidizing species [11]. Using two
methods of stimulation of O,~generation in RAW 264.7 macrophages, we showed that
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SOD-inhibitable formation of 2-OH-Pr** was stimulated in the extracellular compartment of
macrophages treated with PMA or menadione. Under these conditions, negligible amount of
2-OH-Pr** was detected in cell lysates (Fig. 4).

6. Next generation probes in high-throughput screening of ROS and RNS

To date, three different reduced phenanthridinium-based compounds (HE, MitoSOX Red,
and HPr*) have been developed that can track superoxide formation in extracellular,
intracellular, and mitochondrial locations. Knowing their one-electron oxidation chemistry,
reaction Kinetics, and product profiles in the presence of O,~generating systems will
undoubtedly enable global profiling of multiple oxidants in biological systems. With
improved analytical techniques to rapidly detect products derived from fluorogenic probes,
one can use these probes to monitor O,~and other oxidant formation using a high-
throughput global profiling methodology [25].

Another caveat with Mito-SOX Red or other triphenylphosphonium-containing probes is
that these probes could be localized in other intracellular compartments (with a more
negative membrane potential) in addition to mitochondria, the primary site of accumulation.
Thus, in order to obtain a complete understanding of the cytosolic and mitochondrial
contribution to the HPLC signal, it is necessary to isolate and determine the concentration of
Mito-SOX Red in the various cellular organelles.

Recently, we described an experimental design for detecting and identifying multiple
reactive oxygen and nitrogen species simultaneously in biological systems in response to a
treatment of interest [25]. We used a 96-well plate to demonstrate the feasibility for
developing a high-throughput global profiling methodology for detecting reactive oxygen
and nitrogen species (Fig. 5). Initial screening of reactive oxygen and nitrogen species
generated in cells in response to a treatment was performed using four different dyes
(hydroethidine, coumarin-7-boronic acid, diaminofluorescein, and Amplex Red), in a 96-
well plate by monitoring fluorescence intensity increase over time of incubation.
Information obtained from the plate reader can be used to design more selective studies
using HPLC or UHPLC to rigorously verify the identity of the formed species by
determining the specific products formed from the fluorogenic probes. The investigator can
substitute judiciously the various site-specific probes to simultaneously monitor intra- and
extracellularly-formed superoxide and other one-electron oxidants in cellular systems. The
site-specific detection of products derived from O,~and oxidant reactivity is illustrated (Fig.
6) using the extracellular, intracellular, and intramitochondria-localized fluorogenic probes.
Other, non-HPLC-based methods (e.g., microcolumn hydrophobic chromatography) have
been used to selectively measure 2-OH-E™* [28,29]. However, we believe that HPLC
measurement of intracellular HE and other oxidation products (HE dimers) besides 2-OH-E™*
will give a total profile of intracellular O,~and other one-electron oxidants. Future
experiments should rigorously analyze the applicability and reliability of the FACS method
[30] (in conjunction with HPLC verification) as an adjunct method for intracellular

O, ~detection.

7. Conclusions

Understanding the redox chemistry of fluorogenic dyes is vital for furthering their cellular
and biological applications with any degree of confidence. With the increased understanding
of the reaction mechanism between superoxide and hydroethidine-based fluorescent dyes,
we are now in a position to monitor unambiguously the formation of several oxidizing
species, including superoxide. Recent developments of HPLC-based techniques enable rapid
separation and detection of the specific marker products formed from these dyes. Given the
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ambiguity of the direct fluorescence measurements, HPLC based assays remain the only
reliable approach to monitor and quantify specific oxidation products.

Abbreviations

2-OH-E* 2-hydroxyethidium

E+
HE

ethidium
hydroethidine

HPr* hydropropidine
MitoSOX™ Red or Mito-HE HE conjugated to TPP* group
TPP* triphenylphosphonium cation

SOD
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Figure 1.
Scheme showing the superoxide-specific hydroxylation and non-specific oxidation of
hydroethidine and its analogs.
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(pH 7.4) containing EDTA (1 mM).
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Figure 3.

(A) HPLC traces showing the formation of several oxidation products of HE formed from
extracts of N27 cells treated with agents shown. (B) Intracellular levels or peak areas of
various products derived from HE. (Adapted from ref. 23).
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Figure 4.
Measurement of extracellular and intracellular formation of superoxide-specific products

formed from HPr* probe. (A-D) Macrophages were stimulated with either PMA or
menadione to induce O,~generation. (Adapted from ref. 11).
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Figure 5.
Experimental design suggested for simultaneously detecting multiple oxidants in a 96-well
plate using the probes shown. (Adapted from ref. 24).
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Figure 6.
Oxidant-dependent formation of different oxidation products from site-specific extra-,

intracellular and mitochondria-targeted probes.
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