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a b s t r a c t

Reactive oxygen species (ROS) are not only a cause of oxidative stress in a range of disease conditions but
are also important regulators of physiological pathways in vivo. One mechanism whereby ROS can
regulate cell function is by modification of proteins through the reversible oxidation of their thiol groups.
An experimental challenge has been the relative lack of techniques to probe the biological significance of
protein thiol oxidation in complex multicellular tissues and organs. We have developed a sensitive and
quantitative fluorescence labeling technique to detect and localize protein thiol oxidation in histological
tissue sections. In our technique, reduced and oxidized protein thiols are visualized and quantified on
two consecutive tissue sections and the extent of protein thiol oxidation is expressed as a percentage of
total protein thiols (reduced plus oxidized). We tested the application of this new technique using
muscles of dystrophic (mdx) and wild-type C57Bl/10Scsn (C57) mice. In mdx myofibers, protein thiols
were consistently more oxidized (19 7 3%) compared with healthy myofibers (10 7 1%) in C57 mice.
A striking observation was the localization of intensive protein thiol oxidation (70 7 9%) within
myofibers associated with necrotic damage. Oxidative stress is an area of active investigation in many
fields of research, and this technique provides a useful tool for locating and further understanding
protein thiol oxidation in normal, damaged, and diseased tissues.

& 2013 Elsevier Inc. All rights reserved.

Oxidative stress, caused by the generation of reactive oxygen
species (ROS)1, is evident in a range of physiological and patholo-
gical conditions. Some ROS, such as hydroxyl radicals, can affect
cellular function by irreversibly damaging macromolecules such as
proteins, lipids, and nucleic acids [1,2]. A number of analytical
techniques have been developed to directly measure oxidation
products such as the carbonylation of proteins or products of
degradation pathways such as F2-isoprostanes [3–5]. These analy-
tical techniques are used to monitor the physiological and patho-
logical effects of oxidative stress in animal models and human
tissues.

An alternate pathway by which some ROS (e.g., hydrogen
peroxide) can affect cellular function is through the biologically
reversible oxidation of protein thiol groups, to form, for example,
intramolecular disulfide bonds. On the basis of studies performed

with purified proteins and experimental models utilizing cultured
cells, it is evident that the function of many proteins can be
affected by reversible thiol oxidation, including proteins involved
in signal transduction, ion transport, contraction, metabolism,
protein synthesis, protein catabolism, and regulation of gene
expression [6–8]. The significance of changes to cell function
caused by protein thiol modifications is well established in cell
culture systems [9,10]. However, there is still a paucity of informa-
tion on the extent and location of reversible protein thiol oxidation
in animal models and humans mainly because of the technical
difficulties in measuring highly labile protein thiol groups in tissue
samples [11].

Recently, we developed a highly sensitive dual-labeling method
to measure the global level of reversible protein thiol oxidation
level in tissues from animal models [2,6,12]. Using this technique,
we established that protein thiol oxidation was elevated in
dystrophic muscle from mdx/mdx (mdx) mice [2,13,14]. Further-
more, the lack of correlation between the level of protein thiol
oxidation and other more traditional markers of oxidative stress,
such as malondialdehyde or protein carbonylation, indicates that
the impact of oxidative stress is manifested differentially between
irreversible oxidative damage pathways and biologically reversible
protein thiol oxidation [2]. This indicates that direct measurement

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/freeradbiomed

Free Radical Biology and Medicine

0891-5849/$ - see front matter & 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.freeradbiomed.2013.09.024

Abbreviations: A.U., arbitrary units; C57, C57Bl/10Scsn; FLm, BODIPY FL–N-(2-
aminoethyl)maleimide; NEM, N-ethylmaleimide; PBS, phosphate-buffered saline;
PFA, paraformaldehyde; PVA, polyvinyl acetate; ROS, reactive oxygen species; SDS,
sodium dodecyl sulfate; TCA, trichloroacetic acid; TCEP, tris(2-carboxyethyl)phos-
phine; H&E, hematoxylin and eosin

n Corresponding author.
E-mail address: peter.arthur@uwa.edu.au (P.G. Arthur).

Free Radical Biology and Medicine 65 (2013) 1408–1416

www.sciencedirect.com/science/journal/08915849
www.elsevier.com/locate/freeradbiomed
http://dx.doi.org/10.1016/j.freeradbiomed.2013.09.024
http://dx.doi.org/10.1016/j.freeradbiomed.2013.09.024
http://dx.doi.org/10.1016/j.freeradbiomed.2013.09.024
http://crossmark.crossref.org/dialog/?doi=10.1016/j.freeradbiomed.2013.09.024&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.freeradbiomed.2013.09.024&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.freeradbiomed.2013.09.024&domain=pdf
mailto:peter.arthur@uwa.edu.au
http://dx.doi.org/10.1016/j.freeradbiomed.2013.09.024


of protein thiols would be preferable when there is an interest in
the effects of oxidative stress on protein thiols.

The dual-labeling method utilizes tissue homogenates to pro-
vide information on the extent of reversible protein thiol oxidation
in the target tissue [2,13]. Many organs have a complex composi-
tion of cell types, so techniques utilizing tissue homogenates
do not provide information on potential regional variations in
the level of protein thiol oxidation. A histological technique to
evaluate one form of thiol oxidation has been developed, and it
involves detecting linkages between proteins and glutathione
(glutathionylation) in cultured cells [15]. However, this technique
does not detect other forms of reversible thiol oxidation (e.g.,
intramolecular disulfide formation), nor has it been tested in
animal tissues in vivo. These issues are addressed in the present
study, which describes the development of a novel histological
technique to visualize and measure the extent of protein thiol
oxidation in tissue. To validate the technique for tissue sections,
we have utilized muscle tissue from mice primarily because we
have expertise in working with in vivo mouse models of muscle
disorders, particularly dystrophic mdx mice, and have shown that
protein thiol oxidation is elevated in dystrophic muscles [16].
We show that this new thiol histological technique provides
information about the location of protein thiol oxidation that
cannot be obtained by using a tissue homogenate method.

Materials and methods

Animals

All experiments were carried out on adult male dystrophic mdx
and nondystrophic control C57Bl/10Scsn (C57) mice ages 12–15
weeks, purchased from the Animal Resources Centre, Western
Australia. All mice were housed at the University of Western
Australia under specific-pathogen-free conditions on a 12-h
light/dark cycle, with free access to food and drinking water. All
animal experiments were conducted in accordance with the
guidelines of the National Health and Medical Research Council
of Australia Code of Practice for the Care and Use of Animals
for Scientific Purposes (2004) and the Animal Welfare Act of
Western Australia (2002) and were approved by the Animal Ethics
Committee at the University of Western Australia.

Tissue collection

Mice were killed at 12 or 15 weeks of age by cervical dislocation
while under terminal anesthesia (2% isoflurane; Bomac, Australia).
Quadriceps femoris and triceps branchii muscles were collected
while the mice were under terminal anesthesia, mounted onto
tragacanth gum (Sigma), and frozen in isopentane (Sigma)
quenched in liquid nitrogen for cryosectioning.

Histological labeling for comparison of the thiol reduction/oxidation
state of proteins

An overview of the labeling protocol is described in Fig. 1. All
incubations were performed in the dark to prevent degradation of
the fluorescent signal. Three consecutive transverse serial sections
(9 mm) were cut on a cryostat (Leica Microsystems CM3050) at
�20 1C and collected onto precooled slides (�20 1C for 20 min) to
minimize artifactual oxidation. Section 1 was immediately (estimated
to be less than 10 s from the time of cutting) treated with 0.225 mM
BODIPY FL–N-(2-aminoethyl)maleimide (FLm; Invitrogen, USA) in
0.5 M Tris–HCl (pH 7.0) and incubated for 30 min at room tempera-
ture. Sections 2 and 3 were immediately treated with 200 mM
N-ethylmaleimide (NEM) in 0.5 M Tris–HCl (pH 7.0) and incubated

for 30 min at room temperature. All sections were thenwashed three
times in phosphate-buffered saline (PBS) at pH 7.0 to remove excess
FLm or NEM. Sections were fixed with 4% paraformaldehyde (PFA) in
0.1 M phosphate buffer, pH 7.4, for 30 min at room temperature. PFA
was removed by washing two times for 5 min with PBS and then
incubating in PBS overnight at room temperature. Section 1 was then
mounted with polyvinyl acetate (PVA) and stored at 4 1C until
analysis 1 day later. Section 2 was reduced with 200 mM tris(2-
carboxyethyl)phosphine (TCEP) in 0.5 M Tris–HCl (pH 7.0) for 1 h at
room temperature and then rapidly (o1 min) washed two times
with precooled PBS at 4 1C. Section 2 was then immediately labeled

Fig. 1. Overview of protein thiol labeling protocol. To minimize artifactual oxida-
tion, cryosections were processed immediately after cutting. Cryosections were
reacted either with FLm to visualize reduced protein thiols or with NEM to visualize
oxidized protein thiols or to account for nonspecific binding by FLm (background
signal). Oxidized thiols (including disulfides) in the NEM-reacted tissue section
were reduced with TCEP and then labeled with FLm to visualize oxidized protein
thiols. Details are described under Materials and methods.

T. Iwasaki et al. / Free Radical Biology and Medicine 65 (2013) 1408–1416 1409



with 0.2 mM FLm in 0.5 M Tris–HCl (pH 7.0) for 30 min at room
temperature. Section 3 was incubated with FLm concurrent with
section 2 and incubated in PBS overnight at room temperature.
Sections 2 and 3 were then mounted with PVA and all sections (1–3)
were fluorescently imaged. Other serial sections were routinely
stained with hematoxylin and eosin (H&E) for morphological
analyses.

Microscope imaging and image analysis

Fluorescence images were acquired using a Nikon Eclipse Ti
microscope equipped with a CoolSNAP-HQ2 camera, a B-2A Nikon
filter set (excitation 450–490 nm bandpass filter, dichromatic mir-
ror 500 nm cut-on, emission 520 nm longpass filter), and Nikon
NIS-Elements software (Coherent Scientific, Australia). Sections
were scanned using an automatic stage control setting that gener-
ated a grid pattern of images covering a set area. All fluorescence
images were taken at 10� magnification with 100-ms exposure
time. H&E-stained sections were captured under bright field. To
estimate the level of oxidized thiols in muscle section by image
analysis using ImageJ (version 1.44o; Wayne Rasband, National
Institutes of Health, USA), the green channel of an 8-bit RBG image
was used. For each scanned section, three images were selected for
image analysis. Images with tissue edge artifacts or other obvious
artifacts were discarded. The three selected fluorescence images
were quantified and average fluorescence intensity (arbitrary unit)
was calculated for the section. Section 1 was used to estimate
reduced protein thiols, section 2 was used to estimate oxidized
protein thiols, and section 3 was used to correct for a background
signal. The oxidized percentages (intensity) of muscle sample were
calculated as described in Fig. 1.

To measure intensive protein thiol oxidation, areas of intensive
protein thiol oxidation were first identified by applying a threshold
value (Fig. 6A, images i and ii). The threshold value was calculated
using a technique modified from Tohma et al. [17]. In brief, the
intensity distribution of low-intensity pixels from regions not
showing intensive protein thiol oxidation was plotted (Fig. 6B).
The threshold value was calculated as the mean pixel intensity �
3 standard deviations of the distribution. This accounted for 99.7%
of low-intensity pixels.

Protein thiol oxidation using tissue homogenates

Reduced and oxidized protein thiols were measured using a
dual labeling technique as described in detail elsewhere [12–14].
In brief, frozen quadriceps muscle was crushed under liquid
nitrogen and protein was extracted with 20% TCA/acetone. Protein
was solubilized in 0.5% sodium dodecyl sulfate, 0.5 M Tris at pH 7.3
(SDS buffer) and protein thiols were labeled with FLm. After
removal of the unbound dye using ethanol, protein was resolubi-
lized in SDS buffer, pH 7.0, and oxidized thiols were reduced with
TCEP before the subsequent unlabeled reduced thiols were labeled
with a second tag, the fluorescent dye Texas Red C2-maleimide
(Invitrogen, USA). The sample was washed in ethanol and resus-
pended in SDS buffer. Samples were read using a fluorescence
plate reader (Fluostar Optima; BMG Labtech) with wavelengths set
at excitation 485 nm, emission 520 nm for FLm and excitation
595 nm, emission 610 nm for Texas red. A standard curve for each
dye was created and results were expressed per milligram of
protein, quantified using the Detergent Compatible protein assay
(Bio-Rad).

Statistical analysis

All data are expressed as means 7 SEM. Statistical analysis was
carried out in KaleidaGraph version 4.1.2. Comparisons of means

for two groups used Student's independent samples t test, and
comparisons for more than three groups used one-way ANOVA.
Tukey's significant difference was used as the post hoc test when
significant results were seen in the ANOVA. Results were consid-
ered significant with p o 0.05.

Results

Optimization of labeling method

Detection of protein thiols involved labeling serial cross sections
of muscle with the fluorescent dye FLm or blocking protein thiols
with NEM (Fig. 1). FLm was chosen as the labeling dye because it
was specific for thiol groups, was relatively stable in the light, was
cost effective, and gave a low nonspecific background signal [12].
The steps involved in the labeling method that were optimized
include labeling of protein thiols with FLm, blocking of protein
thiols with NEM, reduction of oxidized protein thiols with TCEP, and
then labeling of protein thiols with FLm (Fig. 1). For the quantitative
estimation of protein thiol oxidation, there was a correction for
background signal caused by nonspecific binding by FLm (see
equation in Fig. 1).

FLm labeling
Fixation of tissue is typically a primary step in histological

protocols. However, thiols are readily oxidized by ambient oxygen
[18–20]. To prevent artifactual oxidation, the compatibility of
adding thiol-binding dye (FLm) in conjunction with the tissue
fixation reagent (PFA) was examined. In the presence of 0.5 and
2.0% PFA there was substantial interference with FLm labeling
(Fig. 2A). An alternate approach was to label with FLm before
tissue fixation, but this has the potential to cause a loss of
structural integrity. To test if FLm could be applied successfully
before PFA fixation, sections were incubated with FLm in 0.5 M
Tris–HCl, pH 7.0, before PFA treatment. For comparative purposes,
tissue sections were also treated with PBS (Fig. 2B, image ii) to
cause a loss of structure that was not evident in tissue sections
treated with PFA (Fig. 2B, image i). For tissue sections treated with
FLm in 0.5 M Tris–HCl, pH 7 (Fig. 2B, image iii), structural details
were comparable to those of sections treated with PFA (Fig. 2B,
image i), indicating that structural integrity is maintained when
sections are treated with FLm before PFA fixation. Tissue fixation
with PFA after FLm labeling had the potential to interfere with FLm
signal. This was tested, and the FLm signal after fixation with PFA
(35.7 7 1.8 A.U., n ¼ 3) was comparable to the FLm signal in the
absence of PFA (36.4 7 3.3 A.U., n ¼ 3).

The completeness of FLm labeling was tested by extending the
time of incubation and by incubating tissue sections with increas-
ing concentrations of FLm. Labeling with FLm was complete in
30 min and the signal was stable for at least 120 min (Fig. 2C).
A concentration of 0.225 mM FLm was sufficient for maximal
labeling (Fig. 2D). After PFA fixation, overnight washing was used
to remove PFA. For reduced protein thiols, samples were stored
while the samples for oxidized protein thiols and background
signal were prepared (Fig. 1). The effect of storage was tested,
and the FLm signal after 24 h of storage at 4 1C in the dark
(29.5 7 1.6 A.U., n ¼ 3) was comparable to the FLm signal without
storage (29.0 7 0.5 A.U., n ¼ 3).

Based on these observations, the following protocol for FLm
labeling was utilized. Immediately after the cutting of a transverse
section at �20 1C to minimize artifactual oxidation, the section
was labeled with 0.225 mM FLm for 0.5 h at room temperature.
The tissue section was then fixed for 0.5 h with 4% PFA.
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Blocking of free protein thiols with NEM
NEM was used as a nonfluorescent thiol blocking agent for the

measurement of background signal and oxidized protein thiols.
To test the effectiveness of the NEM blocking reaction, tissue
sections were incubated with FLm after incubating for 0.5 h with
varying concentrations of NEM. Concentrations above 10 mM NEM
were effective (Fig. 3A). To further examine the completeness of
the NEM blocking reaction, the fluorescence intensity of multiple
muscle fibers was measured. There was less scatter in fluorescence
intensities in the presence of 200 mM NEM relative to lower
concentrations of NEM (Fig. 3C). This was consistent with
200 mM NEM giving a more complete blocking reaction and, as
a consequence, the time required for the blocking reaction was
tested with 200 mM NEM. Blocking was complete in 30 min and
stable for at least 120 min (Fig. 3B). Based on these observations,
protein thiols were blocked for 30 min at a final concentration of
200 mM NEM in the FLm labeling protocol (Fig. 1).

NEM was not completely effective in blocking labeling by FLm,
as some residual signal was evident after incubating with 200 mM
NEM (Fig. 3A, w/o signal). This was attributed to nonspecific
binding by FLm. Consequently, a correction for this background
signal (Fig. 1) was incorporated into the labeling protocol.

Reduction with TCEP
To label oxidized protein thiols, tissue sections were first

incubated with NEM to block preexisting protein thiols (Fig. 1).
Sections were then incubated with the reducing agent (TCEP) to
convert oxidized protein thiols to reduced protein thiols. TCEP has
previously been shown to be an effective and stable reducing
agent, with minimal interference with maleimide dyes when
treated appropriately [12,21]. To test the effectiveness of TCEP,

tissue sections were incubated with FLm after incubating for
30 min with varying concentrations of TCEP (10–400 mM).
Maximum reduction was achieved with 200 mM TCEP (Fig. 3D)
and an incubation time of 60 min, with a stable signal for up to
180 min (Fig. 3E).

Technique verification

Signal consistency of consecutive muscle sections
To quantify the extent of protein thiol oxidation, the histologi-

cal thiol-labeling technique utilized three muscle sections. Two
consecutive 9-μm sections were used for the measurement of
reduced and oxidized protein thiols with the third section used to
measure background signal (Fig. 1). For this approach to be
quantitative, there needs to be a consistent level of oxidation
between the two consecutive sections. This was tested and the
level of oxidized protein thiols was comparable between two
consecutive muscle sections (Fig. 4A, i and ii).

Detecting reversible oxidation of protein thiols
The histological thiol-labeling technique was designed to

detect reversible oxidation of protein thiols caused by oxidative
stress (Fig. 4B and C). To establish whether the technique was
capable of detecting increased protein thiol oxidation, tissue
sections were incubated with diamide, a reagent that causes the
oxidation of thiols to disulfides [22]. In tissue sections not
incubated with diamide, most protein thiols were in the reduced
form (Fig. 4C) and were calculated (Fig. 1 for details) to be 8.4 7 0.4%
oxidized. After a 60-min incubation with 5 mM diamide, there was
a decrease in reduced protein thiols and a compensatory increase
in oxidized protein thiols (Fig. 4C) and the thiols were calculated
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Fig. 2. Optimizing the FLm fluorescent label with C57 quadriceps muscles. (A) Fluorescence intensity of FLm after treatment without (w/o) or with 0.5 or 2% PFA.
(B) Fluorescence images from three different labeling protocols: (i) the section was fixed with PFA, washed in PBS overnight to remove PFA, and then labeled with FLm in
Tris–HCl, pH 7, for 30 min; (ii) the section was treated with PBS for 30 min, fixed with PFA, washed in PBS overnight to remove PFA, and then labeled with FLm in Tris–HCl,
pH 7, for 30 min; (iii) the section was labeled with FLm in Tris–HCl, then treated with PFA, and then washed overnight in PBS. FLm and PFA concentrations were 0.225 mM
and 4%, respectively. The images have been enhanced to show structural details. Scale bar, 100 mm. (C) Effect of treatment time with FLm (0.225 mM) on fluorescence
intensity. (D) Effect of FLm concentration on fluorescence intensity. For (A), (C), and (D), values without a common letter differ significantly; p o 0.05. n ¼ 3 mice.
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(Fig. 1 for details) to be 86.9 7 1.2% oxidized. This result indicates
that changes in protein thiol oxidation could be detected and
quantified.

Technique application

To demonstrate the practical use of this histology thiol-labeling
technique, the level of protein thiol oxidation was examined in
tissue sections from the dystrophic muscles of mdx mice. Mdx
mice are a model for the human disease Duchenne muscular
dystrophy, and we have previously shown that total protein thiol
oxidation was elevated in quadriceps muscles using a quantitative
dual-labeling technique we developed for whole muscle extracts

[2,12,13]. Two distinct patterns of protein thiol oxidation were
evident in histological sections of mdx quadriceps muscles. First,
the level of protein thiol oxidation was consistently elevated in all
dystrophic myofibers compared with nondystrophic C57 myofibers
(Fig. 5A). Protein thiol oxidation in mdx myofibers was 19 7 3%,
and this was almost twofold higher than the level of 10 7 1%
(n ¼ 3, p o 0.05) in C57 myofibers.

The second pattern of protein thiol oxidation in dystrophic
quadriceps muscles was heterogeneous localization of intensive
protein thiol oxidation that was substantially higher than that of
surrounding tissue (Fig. 5B, image iii). Intensive protein thiol oxida-
tion was calculated (Fig. 1 for details) to be 70 7 9% (n ¼ 5) and
occupied 4.5 7 0.7% (n ¼ 3) of the visualized tissue area (Fig. 6).
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These regions contained myofibers with fragmented sarcoplasm
and increased number of mononucleated cells, indicative of early
stages of myofiber damage [23]. It was evident from longitudinal
muscle sections that intensive protein thiol oxidation was specific
to individual myofibers (Fig. 5C). In dystrophic muscles we also
observed regions with an advanced stage of necrosis (Fig. 5B,
image viii), which contained many mononucleated cells (presum-
ably inflammatory cells), myofibers with extensive sarcoplasmic
fragmentation, and small newly regenerated centrally nucleated
myotubes. These areas did not display intensive protein thiol
oxidation (Fig. 5B, image vii). Taken together our data indicate
that intensive protein thiol oxidation reflects an early stage of
myofiber damage.

To establish whether the patterns of protein thiol oxidation
observed in quadriceps muscles were also evident in other
muscles, the triceps muscles of dystrophic mice were examined.
As observed with quadriceps muscles, there was consistent eleva-
tion in protein thiol oxidation in mdx triceps. Heterogeneous
regions of intensive protein thiol oxidation were also present
(Fig. 7, images iii and vii), and protein thiol oxidation was similarly
elevated in myofibers in which there was evidence of early, but not
late, myofiber damage (Fig. 7, images iv and viii).

Quantitative data generated using the histology thiol-labeling
technique was compared with a different technique (2tag) pre-
viously developed to measure the extent of protein thiol oxidation
in whole-muscle extracts, rather than tissue sections [12]. The level
of protein thiol oxidation was comparable (not significantly differ-
ent) between the histology thiol-labeling technique (9.7 7 0.7%,
n ¼ 6) and the dual-labeling method (7.3 7 1.0%, n ¼ 6) measured
in triceps of C57 mice. The level of protein thiol oxidation was
also comparable between the histology thiol-labeling technique

(14.8 7 2%, n ¼ 10) and the dual-labeling method measured in
triceps of mdx mice (17.1 7 1.1%, n ¼ 7). These data indicate that
the histology thiol-labeling technique provides reliable quantitative
information as to the level of protein thiol oxidation in muscle.

Discussion

We have developed a fluorescence histology technique to
assess the extent of reversible protein thiol oxidation in tissue
sections. The key advantage is that it provides information on
regional variations in protein thiol oxidation. This technique
complements a dual-labeling method we developed to quantify
the extent of total protein thiol oxidation in tissue extracts [12].

One of the difficulties in measuring protein thiol oxidation is
that thiols are sensitive to oxidation during sample preparation.
Consequently, to prevent artifactual oxidation, protein thiol groups
were labeled or blocked before tissue fixation. There was no loss in
structural integrity in adopting this procedure, possibly a result of
blocking the activity of endogenous proteases by binding cysteine
residues [24]. Other techniques examining aspects of protein thiol
oxidation have not incorporated this precaution [25,26].

Thiol oxidation can result in the formation of protein nitro-
sothiols, intermolecular and intramolecular disulfide bonds in
proteins, and disulfides with low-molecular-weight compounds
such glutathione and cysteine [27]. These modifications are
biologically reversible and, because TCEP is used as the reducing
agent, all of these changes can be detected with the protein
histology thiol-labeling technique. Consequently, the histology
thiol technique should be useful because it is a relatively simple
and cost-effective assay that can be used as a scanning technique
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to detect multiple types of protein thiol oxidation. In some
circumstances, such as glutathionylation, other visualization tech-
niques could be used to identify the type of thiol oxidation [25],
although this technique does not appear to have been tested with
tissue.

The histology thiol-labeling technique involved labeling both
reduced and oxidized protein thiols rather than using a single
labeling protocol for either reduced or oxidized proteins. Although
this approach required additional effort, it enabled oxidized
protein thiol content to be expressed as a percentage of total
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Fig. 5. Representative images of C57 and mdx quadriceps muscles. (A) Fluorescence images of FLm-labeled C57 (i–iii) and mdx (iv–vi) quadriceps muscles. Images are shown
for the background signal (i and iv), reduced protein thiols (ii and v), and oxidized protein thiols (iii and vi). Scale bar, 200 mm. (B) Intensive protein thiol oxidation at the
early necrosis stage (i–iv) and at the later necrosis stage (v–viii) in mdx quadriceps muscles. Images are shown for background signal (i and v), reduced protein thiols (ii and
vi), oxidized protein thiols (iii and vii), and H&E stain (iv and viii). Areas that show myofibers with fragmented sarcoplasm and few inflammatory cells (iv) and areas with
extensive sarcoplasmic fragmentation and inflammation (viii) are outlined. Arrowheads indicate myofibers with fragmented sarcoplasm, arrows indicate inflammatory cells,
and asterisks indicate newly formed centrally nucleated myotubes. Scale bars, 100 mm. (C) Representative longitudinal images of myofibers with oxidized protein thiols from
two different mdx quadriceps muscles (i and ii). Asterisks indicate the same fiber in (ii) and the H&E image (iii). Scale bars, 100 mm. The images have been enhanced to show
structural details.
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protein thiols. This quantitative approach has the key advantage
that it allows data from independent experiments to be compared,
as discussed in El-Shafey et al. [2]. We have previously compared
oxidative stress and damage measures in mdx and control mus-
cles, including glutathione oxidation and oxidative damage to lipid
and proteins, and we have established that in this model, protein
thiols seem to be especially sensitive to oxidative stress [2].
Therefore the histology thiol-labeling technique can be used as a
screening tool to identify tissues susceptible to such oxidative
stress. Where changes in the level of global protein thiol oxidation
are detected, further work using more specific proteomic techni-
ques can be used to identify the particular proteins that have been
modified by such oxidative stress [28].

The usefulness of the new histology thiol technique that shows
the location of protein thiol oxidation is illustrated in its applica-
tion to dystrophic mdx muscles in vivo, in which it was evident
that there was a consistent increase in protein thiol oxidation
within dystrophic myofibers (compared with nondystrophic mus-
cles), rather than elevated protein thiol oxidation being conspic-
uous within some but not all dystrophic myofibers or elevated in
interstitial cells. Because protein thiol oxidation has the potential
to affect the function of multiple proteins, this observation implies
that metabolic processes may be affected in all of the dystrophic
mdx myofibers.

A striking observation of the histology thiol-labeling technique
was the identification of regions of intensive protein thiol oxidation
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Fig. 6. Quantification of intensive protein thiol oxidation in mdx quadriceps muscles. (A) (i) Representative image showing oxidized protein thiols and (ii) same image after
setting the threshold parameters. The red image was used for quantification. Scale bar, 100 mm. (B) Representative histogram comparing fluorescence intensity of “intact”
dystrophic myofibers (intact area), containing low levels of oxidized protein thiols, with a necrotic area (fragmented area) containing intensively oxidized protein thiols.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Protein thiol oxidation in mdx triceps muscles. Intensive protein thiol oxidation at the early stage of necrosis (i–iv) and at the later necrosis stage (v–viii) in mdx
triceps muscles. Images are shown for background signal (i and v), reduced protein thiols (ii and vi), oxidized protein thiols (iii and vii), and H&E stain (iv and viii). Areas that
show myofibers with fragmented sarcoplasm and few inflammatory cells (iv) and areas with extensive sarcoplasmic fragmentation and inflammation (viii) are outlined.
Arrowheads indicate myofibers with fragmented sarcoplasm, arrows show inflammatory cells, and asterisks indicate newly formed centrally nucleated myotubes. Some
degenerating myofibers (arrowheads) show intensive protein thiol oxidation. Scale bars, 100 mm. The images have been enhanced to show structural details.
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within different myofibers. Dystrophic limb muscles of adult mdx
mice are characterized by low levels (�6% of the total area) of ongoing
necrosis and inflammation with subsequent regeneration [14]. We
established that the regions of intensive protein thiol oxidation
were associated with early myonecrosis and inflammation, but not
later stages of this process, when more inflammatory cells were
present. The regions of intense protein thiol oxidation staining
appear in H&E sections as regions that contain pale myofibers with
fragmented sarcoplasm. We have previously shown that such
myofibers also exhibit “leaky” sarcolemma that lost integrity, an
early sign of myofiber damage [23]. In this context, the intensive
protein thiol oxidation could be a transient consequence of
increased oxidative stress caused by increased intracellular cal-
cium as the cell membrane loses integrity [18]. This is of interest
because ROS have been shown to activate several proteolytic
pathways contributing to the degradation of damaged muscle
cells [11]. Particularly relevant are observations that increased
protein oxidation results in the degradation of myofibrillar pro-
teins by calpain I, calpain II, and caspase-3 [29]. Consequently, it
would be of interest to establish whether intensive protein thiol
oxidation is an early event in focal breakdown of dystrophic
myofibers.

Oxidative stress is an area of active investigation in many fields
of research, but a lack of experimental tools has made it challen-
ging to investigate protein thiol oxidation in situ in organs and
tissue from animals and humans. The development of our histology
thiol-labeling technique and its application to dystrophic muscle
tissue sections show the benefits of being able to visualize rever-
sible protein thiol oxidation in histological samples. Many organs
have a complex composition of cell types, thus imaging analysis of
the location of protein thiol oxidation on tissue histology sections
will help to delineate how oxidative stress affects protein function
in complex tissues.
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