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Abstract
Assessment of tissue free radical production is routinely accomplished by measuring secondary
by-products of redox reactions and/or diminution of key antioxidants such as reduced thiols.
However, immuno-spin trapping, a newly developed immunohistochemical technique for
detection of free radical formation, is garnering considerable interest as it allows for the
visualization of 5, 5-dimethyl-1-pyrroline N-oxide (DMPO)-adducted molecules. Yet, to date,
immuno-spin trapping reports have utilized in vivo models in which successful detection of free
radical adducts required exposure to lethal levels of oxidative stress not reflective of chronic
inflammatory disease. To study the extents and anatomic locations of more clinically relevant
levels of radical formation, we examined tissues from high-fat (HF) diet-fed mice, a model of low-
grade chronic inflammation known to demonstrate enhanced rates of reactive species production.
Mice subjected to 20 weeks of HF diet displayed increased free radical formation (anti-DMPO
mean fluorescence staining) in skeletal muscle (0.863 ± 0.06 units vs 0.512 ± 0.07 units), kidney
(0.076 ± 0.0036 vs 0.043 ± 0.0025), and liver (0.275 ± 0.012 vs 0.135 ± 0.014) compared to
control mice fed normal laboratory chow (NC). Western blot analysis of tissue homogenates
confirmed these results showing enhanced DMPO immunoreactivity in HF mice compared to NC
samples. The obesity-related results were confirmed in a rat model of pulmonary hypertension and
right heart failure in which intense immunodetectable radical formation was observed in the lung
and right ventricle of monocrotaline-treated rats compared to saline-treated controls. Combined,
these data affirm the utility of immuno-spin trapping as a tool for in vivo assessment of altered
extents of macromolecule oxidation to radical intermediates under chronic inflammatory
conditions.
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Introduction
Inflammatory-linked pathologies affect an exponentially growing population of individuals
in the developed world and are strongly associated with an increased incidence of obesity. A
consequence of obesity-induced metabolic disorders in both animal models and clinically is
an increased rate of production of reactive inflammatory mediators resulting from the
hypoxic and hyperglycemic environment found in vessels and tissues [1]. Obesity-induced
elevation in oxidant and free radical formation is attributable to altered mitochondrial
electron transport, NADPH oxidase activation, glucose autoxidation, uncoupled endothelial
nitric oxide synthase, reactions of advanced glycation end-products, and enhanced xanthine
oxidoreductase activity [1–3]. These reactive species propagate tissue dysfunction and
further inflammatory responses, promoting the incidence of adverse obesity-related clinical
responses [3]. More incisive understanding regarding the timing of onset, extent, and
anatomic localization of tissue free radical generation would facilitate the design of
mechanistically targeted treatment strategies to combat this disease.

Assessment of enhanced rates of free radical formation in tissues is routinely accomplished
by measuring the accumulation of more stable secondary by-products of redox reactions
and/or diminution of small-molecule antioxidants such as glutathione. However, there are
significant limitations associated with these methods including: (1) the inability to identify
anatomic sites of production because of the necessity of homogenizing or freezing and then
sectioning samples before addition of probes, (2) the promiscuous reactions of indicator
molecules that lead to ambiguous identification of the chemical identity of the instigating
species, and (3) redox-cycling of the indicator molecule leading to artificial amplification of
the signal [4]. Taken together, these issues affirm the need for novel techniques to more
precisely examine oxidant and free radical formation in living tissues.

Combining the reactivity of the electron paramagnetic resonance (EPR)1 spin trap 5, 5-
dimethyl-1-pyrroline N-oxide (DMPO) with free radicals and a polyclonal antibody toward
a DMPOoctanoic acid conjugate, immuno-spin trapping allows for the visualization of
DMPO-adducted molecules [5]. This approach capitalizes on two chemical characteristics of
DMPO: (1) the rate constant for DMPO with carbon radicals (C•) and most other free
radicals is ~107 M−1 s−1, making DMPO competitive with O2 (Koxygen/C• = ~ 109 M−1 s−1),
especially in inflamed tissues where O2 concentrations are significantly diminished, and (2)
the covalent bond formed between DMPO and carbon-centered and other radicals captures
DMPO in the tissue, thus making it available for binding with the anti-DMPO antibody (Fig.
1) [5, 6]. Immuno-spin trapping has identified specific molecular sites of radical formation
in purified preparations of protein and DNA as well as indicating overall levels of radical
formation in cell lysates and rodents exposed to a lethal oxidative insult immediately before
sacrifice, such as exposure of liver tissue to acetone or injections of high-dose
lipopolysaccharide [6–10]. We evaluated DMPO immuno-spin trapping for the capacity to
detect tissue free radical formation occurring under chronic low-grade inflammatory
conditions comparable to events experienced clinically by subjecting mice to either a HF or
a NC diet. We confirmed these observations in an alternative model of chronic systemic
inflammation, monocrotaline-induced pulmonary hypertension.
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Materials and methods
Materials

Anti-DMPO polyclonal antibody (ALX-210–530-R050) was purchased from Enzo Life
Sciences (Farmingdale, NY, USA). DMPO was from Dojindo (Japan). Monocrotaline was
from Sigma– Aldrich (St. Louis, MO, USA).

Mouse feeding protocol
C57BL/J6 male mice were purchased from The Jackson Laboratory (Bar Harbor, ME,
USA). The high-fat (HF) diet was purchased from Research Diets (D12492; New
Brunswick, NJ, USA). Obesity was induced by HF diet feeding (with 60% of the adjusted
calories derived from fat) for 20 weeks beginning at age 6–8 weeks. Age-matched controls
were maintained on a standard rodent chow diet (15% adjusted calories derived from fat;
Pro Lab RHM 3000 rodent diet; PMI Feeds, St. Louis, MO, USA). Mice were fed ad libitum
for 20 weeks and given free access to water. All rodent studies were conducted under the
approval of the University of Pittsburgh Institutional Animal Care and Use Committee
(Protocol No. 1009934 and 0909554).

Mouse DMPO protocol
After 20 weeks of either HF (60% calories derived from fat) or NC diet, mice received
DMPO dissolved in pyrogen-free saline ip (1.5 g/kg total) in three doses 18, 12, and 6 h
before sacrifice as previously [6]. At sacrifice, organs/tissues were perfused with phosphate-
buffered saline (PBS; pH 7.4), removed, and (a) fixed for immunohistochemical analysis
(see below) or (b) frozen in liquid N2 and stored at −80 °C for Western blot analysis.

Rat monocrotaline protocol
Male Sprague–Dawley rats (200–250 g) were randomly divided into control and
monocrotaline-treated groups. Rats received a single subcutaneous injection of 60 mg/kg
monocrotaline or normal saline (0.9% NaCl). After 4 weeks, the rats were injected with
DMPO dissolved in pyrogen-free saline ip (2 g/kg total) in three doses 18, 12, and 6 h before
sacrifice. Tissues were harvested and treated before immunohistochemical analysis as
described below.

Immunohistochemistry
Lungs were inflated and tissues/organs were fixed in 2% paraformaldehyde in PBS (pH 7.4).
After fixation, tissues/organs were removed and placed in 30% sucrose for 24 h and then
frozen using 2-methyl butane and liquid N2. Tissues were then sectioned (7 µm), placed in
PBS, and permeabilized with 0.1% Triton X-100 for 20 min. After being blocked with 2%
bovine serum albumin in PBS, the samples were stained for DMPO–protein adduct
formation using polyclonal anti-DMPO and Alexa Fluor 488 anti-rabbit IgG. Nonspecific
fluorescence was assessed by applying only the secondary antibody. Slices were mounted on
microscope cover glasses (22 × 22 × 1.5 mm) and sections analyzed by confocal microscope
(Olympus). Quantification of mean fluorescence intensity (MFI) per nucleus per field was
accomplished by converting all images to grayscale followed by analysis with Scion Image
software.

Western blot
The detection of DMPO–protein adducts was determined as previously [6]. Briefly, tissues
were homogenized in Chelex-treated PBS (pH 7.4) + diethylenetriaminepentaacetic acid
(100 µM) and then centrifuged at 3000 rpm at 4 °C for 20 min to remove insoluble
materials. Samples were reduced and denatured by treatment with tris(2-
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carboxyethyl)phosphine (TCEP; 0.5 mM) for 5 min at 70 °C. It is important to note that
dithiothreitol may induce dissociation of DMPO from target biomolecules, hence the
rationale for using TCEP as a reducing agent. After SDS–PAGE of 20 mg protein/lane and
transfer to polyvinylidene difluoride membranes, DMPO-adducted proteins were assessed
using rabbit anti-DMPO (1:1000, v/v) followed by a goat anti-rabbit IgG (1:5000, v/v;
Upstate Biotechnologies). Blots were developed using ECL-Plus chemiluminescence (GE/
Amersham). Protein concentrations were determined using the Pierce BCA assay. Band
intensity was assessed using UScanIt software.

Statistics
Data were analyzed using one-way analysis of variance followed by Tukey’s range test for
multiple pair-wise comparisons. Significance was determined as p <0.05.

Results
After 20 weeks of HF or NC diet, the immunodetection of DMPO reaction was observed on
the periphery of muscle fibers of the gastrocnemius (Fig. 2). Mice placed on a HF diet
demonstrated a greater degree of MFI/nucleus (0.863 ± 0.06 units) than NC mice (0.512 ±
0.07 units; p < 0.05, n = 6; Fig. 2B). Tissue sections from HF mice that did not receive
DMPO and those not treated with primary antibody did not display significant fluorescence
increases. Similar results were obtained from the parallel Western blot analysis of
gastrocnemius homogenates prepared from HF and NC samples (Fig. 2C). Densitometric
analysis of the total staining for the entire lane revealed a 1.87-fold greater intensity in the
gastrocnemius of HF mice compared to NC (7.1 ± 0.4 HF vs 3.8 ± 0.51 NC, p < 0.05, n = 3;
Fig. 2D).

Greater tissue DMPO reactivity was also revealed by immunofluorescence of liver tissue
from HF mice (0.27 ± 70.012 units) compared to NC-fed mice (0.135 ± 0.014 units; p <
0.05, n = 6; Fig. 3A and B). The presence of DMPO adducts was prominent around central
venules and portal areas in the sections from HF mice, but absent from the NC samples.
Neither HF mice that did not receive DMPO nor NC tissue sections not treated with primary
antibody displayed significant tissue fluorescence. These results were confirmed by Western
blots of liver homogenates prepared from HF and NC samples (Fig. 3C). Densitometric
analysis of total staining for the entire lane revealed a 1.7-fold higher intensity in the HF
samples compared to NC (33.9 ± 2.4 units HF vs 19.95 ± 3.1 units NC, p < 0.05, n=3; Fig.
3D).

Examination of renal tissue also exposed a greater presence of DMPO-adducted molecules
in the HF samples compared to NC (Fig. 4). The HF diet-induced enhancement of DMPO
immunoreactivity appears within the simple cuboidal epithelial layer as well as adjacent to
the basement membrane of the renal tubules. The fluorescence intensity for the HF samples
(0.076 ± 0.0036 units) was substantially greater than for NC mice (0.043 ± 0.0025 units;
Fig. 4B). The immunohistochemical results were again consistent with Western blots of
kidney homogenates in which the total staining of the respective lanes revealed significantly
greater immunodetectable protein (16.2 ± 0.8 units HF vs 13.3 ± 0.3 units NC, p < 0.05, n =
3) in HF compared to NC (Figs. 4C and 4D).

This method was confirmed in a well-established in vivo model of oxidative inflammatory
tissue injury: a single injection of monocrotaline (MCT) that ultimately leads to pulmonary
arterial hypertension [11]. Four weeks after receiving MCT or saline (sham), rats were
sacrificed and both the lung and the right ventricle were sectioned and stained for DMPO-
adducted macromolecules. MCT-treated rats exhibited pronounced DMPO reactivity in a
cross section of the right ventricle, compared to sham-treated controls, in which the
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immunofluorescence linked with DMPO reaction was not detectable (Fig. 5, top). Lung
parenchymal tissue from MCT-treated rats also displayed significant staining for DMPO
compared to sham-treated rats, indicating a considerable increase in tissue free radical
production (Fig. 5, bottom).

Discussion
The biological investigation of free radical and redox reactions has relied heavily on
measuring secondary reaction by-products of reduced versus oxidized small-molecule
antioxidants and scavengers as evidence of free radical production in tissues. Notably, these
methods possess shortcomings that limit their capacity to report the extents and anatomic
sites of radical formation. Attempts to overcome these limitations by ex vivo evaluation of
oxidant formation from previously frozen tissue sections with various fluorescent probes are
obviously problematic, as freeze–thaw induces loss of membrane integrity with resultant
mobilization of redox-active metals as well as loss of compartmentalization of key
substrates driving the enzymatic formation of reactive species. Recently, these shortcomings
are becoming more incisively addressed via the use and detection of more specific
biochemical probes for free radical and oxidative reaction products [12, 13]. For example,
sites of tissue oxidant generation can be indicated by the formation of hydroethidine (HE)
oxidation products; however, multiple fluorescent products are formed independent of

reaction with  [14]. As such, it is unclear to what extent the reported signal is dependent

upon the fluorescence of the -specific HE oxidation product (2-OH-E+). Although some
advances have been made to bridge the gap between these techniques and those that afford
the visualization of free radical production in situthere exists a need for improvement.
Immuno-spin trapping is a strong candidate for bridging this gap as it allows for the
visualization of anatomic sites of tissue radical formation as well as the relative amount
being produced. However, similar to all other methods for radical and oxidant detection,
immuno-spin trapping has limitations. For example, immuno-spin trapping cannot determine
the source or the identity of the oxidant responsible for initiating the formation of DMPO-
reactive unpaired electrons on biomolecules. Likewise, quantitation of radical formation by
immuno-spin trapping is limited to the extent of staining intensity and as such the technique
is best characterized as a barometer of overall oxidative stress. However, when used in
combination with alternative methods, immuno-spin trapping may be used to significantly
augment our understanding of oxidant formation and allied contributions to disease
processes.

A key question pertaining to immuno-spin trapping is sensitivity. Specifically, it remains
unclear if this technique possesses the sensitivity necessary to detect differences in tissue
radical formation under conditions where levels of oxidative stress are more reflective of
those seen clinically during chronic inflammation. This is exemplified by the very limited
comprehensive in vivo evaluation of immuno-spin trapping for which reports utilized lethal
levels of oxidant stressors to successfully detect tissue radical formation or have shown
analysis of a single tissue under sublethal oxidative stress conditions [6, 9, 15–17].
Therefore, we chose to test the capacity of immuno-spin trapping to detect tissue radical
formation induced by obesity-related chronic inflammation. We chose this model and these
tissues as it has been reported, using alternative methods, that HF diet-induced obesity leads
to increased levels of ROS-related products in the plasma, skeletal muscle, liver, and kidney
[18–21]. For example, subjecting male C57BL/6J mice to a HF diet for 16 weeks induced
increased levels of protein carbonyls and TBARS in the plasma as well as in the
gastrocnemius muscle [22]. Therefore, we assumed that if immuno-spin trapping can be
used to detect these nonlethal obesity-induced inflammatory-mediated increases in ROS-
driven free radical formation, then it would be a significant advancement in the arsenal of
tools available to assess oxidative stress in vivo.
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When mice were exposed to 20 weeks of a HF diet, treatment with DMPO revealed
significantly elevated levels of DMPO staining in the gastrocnemius, liver, and kidney
compared to those maintained on NC (Figs. 2–4). It is important to note that our DMPO
dose (1.5 g/kg) was chosen using previous reports as a template [6, 9] because
pharmacokinetic data are not yet available. Our logic for such a relatively high dose is
rooted in the concept that DMPO must compete with other reactants including molecular
oxygen for free radicals formed by enhanced oxidative stress in the tissue. Hence, higher
levels of DMPO enhance the probability of generating covalently DMPO-adducted
biomolecules resulting in antigenic targets for immunohistochemistry. We conducted pilot
experiments to ensure the absence of demonstrable side effects at this dosage and delivery
schedule. Western blot analysis of tissue homogenates confirmed an increased presence of
DMPO-adducted proteins in HF mice. Whereas Western blotting results clearly show
greater DMPO staining in the HF lanes (Figs. 2C, 3C, and 4C), there were subtle differences
in changes in signal intensity between HF and NC compared to immunohistochemical image
analysis. This may be a consequence of samples used for Western blotting that were
homogenized, fractionated free of insoluble proteins, and then denatured for electrophoretic
separation. As such, compared to tissue sections, there may be different extents of antigen
(DMPO) presentation for antibody recognition. Importantly, the clear definition of
DMPOadducted proteins on Western blots revealed that mass spectrometry- based
proteomic analysis can be applied to detect specific protein radicals that adduct to DMPO.
Taken together, these results suggest immuno-spin trapping is a useful tool for exploring
free radical formation in obesity models of chronic oxidative stress.

To confirm the specificity of this approach for obesity-induced tissue macromolecule free
radical generation in an alternative model of chronic inflammation/oxidative stress, rats
were injected with MCT [11, 23]. This induced vascular remodeling, proliferation of smooth
muscle cells, endothelial dysfunction, inflammatory cytokines, and oxidative stress resulting
in right ventricular remodeling, hypertrophy and pulmonary hypertension [23, 24]. Previous
studies have shown that MCT increases markers of oxidative stress in plasma, heart, and
lung. MCT-treated rats displayed pronounced increases in right ventricular tissue DMPO
staining as opposed to saline-treated shams (Fig. 5, top). These images also reveal extensive
remodeling in the right ventricle consistent with previous reports [11, 23, 24]. Likewise,
lung tissue of MCT-treated rats expresses considerably elevated DMPO staining compared
to saline-treated rats (Fig. 5, bottom), consistent with previous reports of increased oxidant
generation in MCT-induced pulmonary hypertension [24].

We have demonstrated the utility of immuno-spin trapping for the in vivo detection of
enhanced free radical formation induced by chronic inflammation in two rodent models.
Both of these models are relevant to clinical issues, as obesity is not only epidemic in the
United States but also associated with systemic and pulmonary hypertension as well as
increased cardiovascular risk [25]. As such, this new tool for the assessment of extents and
sites of tissue free radical production is a useful caliper for the redox toolbox.
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EPR electron paramagnetic resonance

HF high fat

MCT monocrotaline

MFI mean fluorescence intensity

NC normal chow

ROS reactive oxygen species
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Fig. 1.
Immuno-spin trapping technique. Immuno-spin trapping, a combination of EPR spin
trapping and immunohistochemistry, is a recently developed technique for visualizing free
radical formation. Using the EPR spin trap 5, 5-dimethyl-1-pyrroline N-oxide (DMPO) and
a commercially available polyclonal antibody raised to a DMPO–octanoic acid conjugate,
free radical formation on biomolecules can be detected. Free radicals on biomolecules
covalently adduct to DMPO, effectively sequestering the spin trap and thus making it readily
available for antibody detection. This reaction between free radicals on oxidized proteins is

greater than 5 orders of magnitude faster than the reaction of superoxide  with DMPO
(KDMPO–superoxide= ~ 3.0 M−1 s−1 vs KDMPO-biomolecular radicals= ~ 107 M−1 s−1) [5].
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Fig. 2.
Obesity-induced free radical formation in skeletal muscle. (A) After 20 weeks of high-fat
(HF) or normal chow (NC) diet, mice received DMPO (1.5 g/kg total ip) in three doses 24,
12, and 6 h before sacrifice or normal saline. At sacrifice, tissue was harvested, fixed,
sectioned, and stained for DMPO–protein radicals using a rabbit polyclonal anti-DMPO
primary Ab. (B) Mean fluorescence intensity (MFI) and nuclei/field were quantified using
MetaMorph software as MFI/nucleus/field for all obesity images. Background from saline-
treated mice was subtracted from both NC and HF images. (C) Representative Western blot
of gastrocnemius tissues from HF and NC mice. (D) Densitometric analysis of independent
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blots using total staining for the entire lane. p < 0.05 vs NC (n=6). For (C) and (D), (−)
indicates tissue from age-matched normal chow mice injected with 0.9% NaCl.
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Fig. 3.
Increased free radical formation in hepatic tissue of obese mice. (A) Mice were treated as for
Fig. 2 and liver tissue was stained for DMPO–protein radicals using a primary rabbit
polyclonal anti-DMPO Ab. (B) MFI and nuclei/field were quantified using MetaMorph
software and background from saline-treated mice was subtracted from both NC and HF
images. (C) Representative Western blot of liver tissues from HF and NC mice. (D)
Densitometric analysis of independent blots using total staining for the entire lane. *p < 0.05
vs NC (n=6). For (C) and (D), (−) indicates tissue from age-matched normal chow mice
injected with 0.9% NaCl.

Khoo et al. Page 12

Free Radic Biol Med. Author manuscript; available in PMC 2013 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Obesity-induced free radical formation in the kidney. (A) Mice were treated as for Fig. 2 and
kidney tissue was stained for DMPO–protein radicals using a primary rabbit polyclonal anti-
DMPO Ab. (B) MFI and nuclei/field were quantified using MetaMorph software, and
background from saline-treated mice was subtracted from both NC and HF images (*p <
0.05 for n=6). (C) Representative Western blot of renal tissues from HF and NC mice. (D)
Densitometric analysis of independent blots using total staining for the entire lane. *p < 0.05
vs NC (n=6). For (C) and (D), (−) indicates tissue from age-matched normal chow mice
injected with 0.9% NaCl.
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Fig. 5.
Monocrotaline-mediated free radical formation in rat lung and right ventricle. Three weeks
after receiving monocrotaline (60 mg/kg ip) or saline (sham), rats received DMPO (2 g/kg
total ip) in three doses 24, 12, and 6 h before sacrifice. At sacrifice, right ventricle (top) and
lung tissue (bottom) were harvested, fixed, sectioned, and stained for DMPO–protein
radicals using a primary rabbit polyclonal anti-DMPO Ab (green, DMPO; red, actin; and
blue, DAPI nuclear stain). The white box and arrow indicate a magnified portion of the
MCT-treated rat lung tissue. Data are representative images from three rats for MCT and
three sham rats.

Khoo et al. Page 14

Free Radic Biol Med. Author manuscript; available in PMC 2013 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


