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Abstract

The free-radical-operated mechanism of death of activated macrophages at sites of inflammation

is unclear, but it is important to define it in order to find targets to prevent further tissue

dysfunction. A well-defined model of macrophage activation at sites of inflammation is the

treatment of RAW 264.7 cells with lipopolysaccharide (LPS), with the resulting production of

reactive oxygen species (ROS). ROS and other free radicals can be trapped with the nitrone spin

trap 5,5-dimethyl-1-pyrroline N-oxide (DMPO), a cell-permeable probe with antioxidant

properties, which thus interferes with free-radical-operated oxidation processes. Here we have

used immuno-spin trapping to investigate the role of free-radical-operated protein oxidation in

LPS-induced cytotoxicity in macrophages. Treatment of RAW 264.7 cells with LPS resulted in

increased ROS production, oxidation of proteins, cell morphological changes and cytotoxicity.

DMPO was found to trap protein radicals to form protein–DMPO nitrone adducts, to reduce

protein carbonyls, and to block LPS-induced cell death. N-Acetylcysteine (a source of reduced

glutathione), diphenyleneiodonium (an inhibitor of NADPH oxidase), and 2,2′-dipyridyl (a

chelator of Fe2+) prevented LPS-induced oxidative stress and cell death and reduced DMPO–
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nitrone adduct formation, suggesting a critical role of ROS, metals, and protein-radical formation

in LPS-induced cell cytotoxicity. We also determined the subcellular localization of protein–

DMPO nitrone adducts and identified some candidate proteins for DMPO attachment by LC-

MS/MS. The LC-MS/MS data are consistent with glyceraldehyde-3-phosphate dehydrogenase,

one of the most abundant, sensitive, and ubiquitous proteins in the cell, becoming labeled with

DMPO when the cell is primed with LPS. This information will help find strategies to treat

inflammation-associated tissue dysfunction by focusing on preventing free radical-operated

proteotoxic stress and death of macrophages.
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Introduction

Inflammatory activation of macrophages occurs in atheromatous plaques [1], inflamed

adipose tissue in obesity [2,3], and tumors [4]. This activation is associated with the death of

macrophages and tissue dysfunction [5], but the role of free-radical-operated processes has

not received the attention it deserves—mostly due to the limitations of studying them in

biological systems. Treatment of macrophages with bacterial lipopolysaccharide (LPS) is a

well-established model for studying the fate of macrophages at sites of inflammation [6].

A number of reactive oxygen species (ROS) are produced inside macrophages primed with

LPS. For instance, superoxide radical anion (●O2
−) is produced primarily, but not

exclusively, by NADPH oxidases [7–9]. Other recognized sources of ●O2
− in activated

macrophages are mitochondria [10], uncoupling of inducible nitric oxide synthase (iNOS)

[11], and endoplasmic reticulum stress [12,13]. Another reactive species, nitric oxide

(●NO), is produced by iNOS in RAW 264.7 cells and primary macrophages primed with

LPS [14]. Superoxide can be dismutated to hydrogen peroxide (H2O2) by superoxide

dismutase, or it can react with ●NO to form peroxynitrite [15,16]. Peroxynitrite has been

shown to nitrate proteins in cells with the intermediacy of transient protein-centered radicals

[17].

H2O2, a cell-permeable, two-electron oxidant, cannot cause protein-centered radicals due to

its low chemical reactivity; however, H2O2 reactivity can be enhanced by redox-active

transition metals, either free or bound to proteins, to produce hydroxyl radicals [18,19].

Hydroxyl radicals can randomly damage lipids, proteins, and nucleic acids with the

formation of macromolecule-centered free radicals as transient intermediates [20,21]. Decay

of these intermediates is a complex process that depends on a number of

microenvironmental cues [22,23]; one of the most characterized mechanisms is their

reaction with molecular dioxygen to form peroxyl radicals [22]. Peroxyl radicals decompose

to produce a number of end-oxidation products.

In the case of protein-centered radicals, the end products include aldehydes and carbonyls

[22]. Although carbonyl formation in proteins is considered a marker of protein oxidation by
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free radical processes [18], a number of reactive lipid oxidation-derived carbonyl products

(e.g., 4-hydroxynonenal) can form adducts with proteins, resulting in increased protein

carbonylation [24,25]. This class of reactions compromises the specificity of carbonyls as

markers of free radical-mediated protein oxidation processes. Therefore, the detection of

protein-centered radicals is a critical proof of protein oxidation by one-electron or free-

radical-operated oxidation mechanisms.

Characterization of protein-centered radicals in biochemistry has been possible since the

development of electron spin resonance (ESR), the conventional technique that is used to

study free radicals [26]. However, because free radicals are unstable and highly reactive

species, their detection in cells was a challenge until the development of spin trapping [27].

Spin trapping makes use of organic compounds to react with the free radicals to produce

radical adducts with longer half-lives and thus facilitate their detection by ESR [28]. 5,5-

Dimethy-l-pyrroline N-oxide (DMPO), a nitrone spin trap, passes across cell membranes,

effectively traps a number of small and large free radicals, and possesses low toxicity [27],

making it a good spin trap for investigating free radicals in biological systems.

We have previously found that protein-centered radicals that are trapped by DMPO as

nitrone adducts are protected from further oxidation [21]. Herein, we hypothesized that if

free radical operated processes are involved in LPS-induced cell damage, then DMPO

should be able to affect this process and at the same time “tag” specific macromolecules

undergoing one-electron oxidation, which might or might not be directly involved in the

death process. To test our hypothesis, we have here used the DMPO-based immuno-spin

trapping technique ([29] and references therein). This technique is based on the use of

DMPO, which traps protein-, lipid-, carbohydrate-, and nucleic acid-centered radicals to

form radical adducts which then decay to stable nitrone adducts. Protein- and DNA-nitrone

adducts can be subsequently determined by immunoassays using an anti-DMPO serum and

mass spectrometry methods [30,31].

We found that DMPO prevented LPS-induced proteotoxic damage in macrophages and

tagged a number of proteins inside the cell. We corroborated the identity of

glyceraldehyde-3-phosphate dehydrogenase (GAPDH, EC 1.2.1.12), one of the most

ubiquitous, abundant, and redox-sensitive proteins in cells [32], as one of the major targets

of free radical-mediated oxidation in cells primed with LPS. The information gathered

herein will help in understanding how free radical-operated protein oxidation occurs during

macrophage death at sites of inflammation, and thus will provide new avenues for

intervention in subsequent tissue dysfunction processes.

Materials and methods

Materials

Murine macrophage-like RAW 264.7 cells were purchased from the American Type Culture

Collection (TIB-71, Rockville, MD). DMPO (ɛ228 = 7800 M−1 cm−1) and rabbit polyclonal

anti-DMPO antibody were purchased from Alexis Biochemicals (San Diego, CA). LPS

(Escherichia coli serotype 055:B5, L2637), N-acetylcysteine (NAC), and rabbit anti-

dinitrophenyl were from Sigma (St. Louis, MO). The goat anti-rabbit IgG and goat anti-
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mouse IgG conjugated with horseradish peroxidase (HRP) were from Santa Cruz

Biotechnology (Santa Cruz, CA).

Cell culture and treatments with LPS and DMPO

RAW 264.7 cells were cultured in high-glucose Dulbecco’s modified Eagle’s medium

(Sigma, D-5796) supplemented with 10% fetal bovine serum (Advantage FBS, Atlanta

Biologicals, Lawrenceville, GA), referred to as complete medium. Cells were maintained in

a humidified atmosphere of 5% CO2 at 37°C and split 2–3 times weekly. Cells between

passages 3 and 30 were used in this study. Before the treatments with LPS and DMPO, cells

were allowed to stabilize overnight. Medium was then removed and replaced by the

indicated concentrations of LPS and/or DMPO in complete medium. Typically, cells were

incubated for 24 h in complete medium containing 1 ng/ml LPS and 50 mM DMPO.

Cytotoxicity assays

Cell viability was determined by assaying mitochondrial reduction of a yellow tetrazolium

salt, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), to purple

formazan crystals [33]. We also assessed the release of lactate dehydrogenase (LDH) to the

culture medium as a marker of membrane damage by using a commercial kit (Bioassay

Systems, Hayward, CA). Alternatively, we measured cell viability by assessing total cell

protein and DNA remaining bound to culture plates after the described treatments and three

washes with PBS to remove unattached (nonviable) macrophages. Briefly, cells were grown

and treated with LPS and DMPO in black-walled, clear-bottom, 96-well plates (BD

Biosciences, San Jose, CA), and DNA was quantified using a CyQUANT cell proliferation

assay kit (Invitrogen) and bacteriophage λ DNA as a standard. In another experiment, after a

rinse of the monolayers with PBS, proteins bound to the plate were dissolved in 50 μl of 1 M

NaOH followed by determination of proteins using a BCA (bicinchoninic acid) protein

assay kit (Thermo Fisher Scientific, Rockford, IL).

Measurement of ROS production

Intracellular ROS production was estimated using carboxy-H2DCFDA, which becomes

fluorescent in living cells in response to various ROS including ●OH, H2O2, and ONOO−

[34]. Cells were incubated with 25 μM carboxy-H2DCFDA for 30 min, washed twice, and

then treated with 0 to 1 ng/ml LPS for another 30 min. ROS production was quantified based

on the fluorescence intensity at excitation/emission λ = 495/529 nm using an Infinite M200

plate reader (Tecan, Research Triangle Park, NC).

Assessment of morphological changes

Cells were grown on 8-well LabTek culture glass slides (Nalge Nunc International,

Rochester, NY). After treatment with 0, 0.25, 0.50, or 1 ng/ml LPS and/or 50 mM DMPO

for 24 h, cells were washed with PBS, fixed, and then stained using a Diff-Quick stain kit

(IMEB Inc., San Marcos, CA) and mounted with Permount (Thermo Fisher Scientific). The

cell morphology of stained cells was observed and acquired using an inverted light

microscope at 400x magnification. Additionally, images of living cells were taken directly
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under an inverted phase-contrast digital microscope (Jenco International, Inc., Portland,

OR).

Preparation of cell homogenates

Cells were grown in T75 culture flasks (Cellstar, Greiner Bio-One, Frickenhausen,

Germany) in the absence and presence of 0.25, 0.5, and 1 ng/ml LPS and/or 50 mM DMPO.

After 24 h incubation, cells were gently scraped off and washed with ice-cold PBS, pH 7.4.

Cells were homogenized in ice-cold lysis buffer (50 mM Tris–HCl, pH 8.0, 1% Nonidet

P-40, 0.25% sodium deoxycholate, 1 mM diethylenetriaminepentaacetic acid, 1 mM

Na3VO4, 1 mM NaF, and 150 mM NaCl) containing 1% (v/v) protease inhibitor cocktail

(Amresco, Solon, OH) and 25 U/ml of Benzonase nuclease (Novagen, Madison, WI). The

supernatant was collected by centrifugation (11,700 g for 15 min at 4°C), and total protein

was determined using a BCA protein assay kit.

Cell fractionation

RAW 264.7 cells were incubated for 24 h in complete medium with 1 ng/ml LPS and 50

mM DMPO. After treatment, cells were harvested and subcellular fractions were prepared as

described by Bronfman et al. [35]. Briefly, after rinsing and harvesting with PBS, cells were

resuspended in an ice-cold buffer (0.25 M sucrose and 3 mM imidazole, pH 7.4) containing

0.1% digitonin to permeabilize the cells. Cells were broken by 10 passages through a

Dounce homogenizer while on ice. Broken cells were centrifuged and the pellet (nuclear)

fraction was separated from the cytoplasm. After a sequence of subsequent centrifugations,

the cytoplasmic fraction was separated into mitochondrial, lysosomal, microsomal, and

cytosolic fractions. The protein concentration in each fraction was adjusted and analyzed for

specific markers [35] by Western blot. Nitrone adducts in each fraction were analyzed by

enzyme-linked immunosorbent assay (ELISA). See below.

Determination of protein carbonyls

Protein carbonyls were determined in cell homogenates using an ELISA [36] with some

modifications. Briefly, cell homogenates were derivatized to 2,4-dinitrophenylhydrazone by

reaction with 2,4-dinitrophenylhydrazine in 2 M HCl. Ten microliters of the derivatized or

nonderivatized sample were added to 190 μl of 0.1 M bicarbonate buffer, pH 9.6, in white

96-well ELISA plates (Corning Incorporated, Corning, NY) and incubated overnight at 4°C.

Following washing with 0.05% Tween 20 in PBS and blocking with 2.5% cold-water fish

skin gelatin (Sigma) in PBS at 37°C for 1 h, the plates were incubated for 1 h at 37°C with

the rabbit polyclonal anti-dinitrophenyl (1:1,000 dilution) antibody. The immunocomplexes

were quantified using goat anti-rabbit IgG-HRP conjugate and VisiGlo Chemilu HRP

substrate solution (Amresco) and the luminescence was read using a microplate reader.

Measurement of protein-DMPO nitrone adducts in cell homogenates and subcellular
fractions

The nitrone adducts in whole homogenate or subcellular fractions from cells treated with or

without LPS and/or DMPO were determined by ELISA [37].
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Determination of total nitrone adducts in cells

We used a cell-based ELISA and immunocytochemistry to quantify and localize protein-

DMPO nitrone adducts in LPS-activated cells. Cells were incubated in transparent, flat-

bottom, 96-well microplates. After treatment with LPS and/or DMPO, cells were fixed with

4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) in PBS for 15 min,

followed by −20°C-methanol permeabilization for 2 min and treatment with 10 mM sodium

cyanide for 15 min to inhibit endogenous peroxidases. After blocking with 1% fat-free milk

at 37°C for 1 h, cells were incubated with a 1:5000 dilution of rabbit polyclonal anti-DMPO

in washing buffer at 37 C for 1 h. Cells were washed 3 times with washing buffer and

incubated with goat anti-rabbit IgG conjugated with HRP (1:5000) for 1 h at 37°C.

Peroxidase activity was developed with 50 μl of a 1-Step Ultra TMB-ELISA kit (Thermo

Fisher Scientific) and the reaction stopped by addition of an equal volume of 2 M sulfuric

acid. Absorbance at 450 nm was recorded using a microplate reader and adjusted by a

parallel protein assay to normalize the cell number among the treatment groups. Note that

the anti-DMPO serum recognizes DMPO but not the molecule to which DMPO is bound

[30]. In this case, the interference by free DMPO and small molecule-DMPO nitrone

adducts was effectively ruled out by a series of fixation, permeabilization, and extensive

washing steps before exposure of the cells to the anti-DMPO serum.

Western blot analysis of nitrone adducts

Cell homogenates (2.5 mg/ml) were mixed with 4X SDS NuPAGE sample loading buffer

(Invitrogen) and 100 mM 2-mercaptoethanol. After heat denaturation, equal amounts of

cellular protein (15 μg/lane) were separated on 4–12% reducing NuPAGE Bis-Tris Gels

(Invitrogen), followed by blotting onto a nitrocellulose membrane using a semidry transfer

apparatus (BioRad Laboratories, Hercules, CA). After blocking with 1% nonfat milk in

PBS, the immunoblot was performed by incubation with a primary antibody in washing

buffer (0.1% milk in PBS/0.05% Tween 20) overnight at 4°C, followed by incubation with

an HRP-conjugated secondary antibody (1:1000 dilution) for 1 h at room temperature. The

immunocomplexes were visualized using SuperSignal West Pico Chemiluminescent HRP

Substrate (Thermo Fisher Scientific) and recorded by a FluorChem HD2 Imager (Alpha

Innotech Corp., San Leandro, CA). For primary antibodies, rabbit polyclonal antiserum

against DMPO (1:1000 dilution) and mouse monoclonal antibody against β-actin (1:2500

dilution) were used.

Immunocytochemistry of nitrone adducts in cells

Cells were grown on cover glasses (22 mm × 22 mm, Thermo Fisher Scientific). To localize

nitrone adducts after the treatments, cells were fixed with 4% paraformaldehyde for 15 min

at room temperature. Cells were blocked with 2% bovine serum albumin at room

temperature for 1 h. After that, cells were serially incubated with rabbit anti-DMPO (1:500

dilution) and goat anti-rabbit Alexa Fluor 488 at 37°C for 1 h. Finally, cells were rinsed in

PBS, mounted on cover glasses with Prolong Gold antifade reagent with 4′-6-diamidino-2-

phenylindole (DAPI, Invitrogen), and the immunostaining was examined by confocal

imaging using a Leica SP2 MP confocal microscope with a 63 × 1.4 oil immersion

objective. A sequence of 23 single-planar images was acquired to show intracellular
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localization of nitrone adducts. In these images, the analysis of the green fluorescence

intensity due to nitrone adducts was performed, on an image in which the DAPI signal blue

channel was turned off, on a PC computer using the public domain NIH Image J program

(developed at the U.S. National Institutes of Health and available on the Internet at http://

rsb.info.nih.gov/nih-image/).

Immunoprecipitation

We prepared an anti-DMPO and anti-GAPDH molecular “catcher” by incubating a

monoclonal antibody anti-DMPO or anti-GAPDH with a goat anti-mouse IgG magnetic

bead, followed by covalent cross-linking with 1-ethyl-3-[3-dimethyl-aminopropyl]

carbodiimide hydrochloride (EDC, Thermo Fisher Scientific) as suggested by the

manufacturer. As a control, we used a similar procedure to conjugate a monoclonal

antibody, anti-mouse β-actin. Macrophage homogenates were adjusted to 2.5 mg/ml in PBS

containing 0.5% Tween 20 (washing buffer) to minimize nonspecific binding of proteins to

the catchers and incubated overnight at 4°C. After incubation, the immunocomplexes (see

Fig. 4C) were isolated with a magnet, washed three times with washing buffer, and

resuspended in 50 μl of elution buffer (Thermo Fisher Scientific). After removal of the beads

with the magnetic field, the solution of eluted proteins was mixed with 10 μl of sample

buffer and 5 μl of 2-mercaptoethanol and separated on 4–12% reducing NuPAGE Bis-Tris

Gels. Gels were stained with Coomassie blue to identify proteins by MS analysis or blotted

onto a nitrocellulose membrane and Western-blotted using rabbit anti-DMPO.

Mass spectrometric analysis

The bands of proteins identified to be positive in the anti-DMPO Western blot were excised

from a one-dimensional gel rather than a two-dimensional gel because the thiourea treatment

during sample preparation for two-dimensional electrophoresis produced the release of

DMPO from the protein–DMPO nitrone adduct (data not shown). For instance, we reported

that the treatment of preformed hemoglobin nitrone adducts with 1 M 2-mercaptoethanol or

thiourea for 10 min with or without heating of the sample produced a loss of DMPO

immunoreactivity [37]. This observation remains to be explained, but is most likely due to

the nucleophilic displacement of DMPO from the protein by the thiol compound. Liquid

chromatography (LC)–MS/MS analysis and data analysis were performed following the

same method described previously [38].

Statistical analysis

The quantitative data are reported as the mean values ± standard error of the mean (SEM).

We determined the significance of differences between pairs by Student’s t test and between

treatments and control by one-way ANOVA with Dunnett’s post hoc testing. P < 0.05 was

considered as statistically significant.

Results

LPS induces ROS and cytotoxicity in RAW 264.7 cells

To determine the lowest concentration of LPS needed to induce cytotoxicity, we incubated

RAW 264.7 cells with increasing concentrations of LPS ranging from 0 to 100 ng/ml for 24
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h (Fig. 1A). A significant loss (approximately 30%) of cell viability occurred when the cells

were treated for 24 h with 1 ng/ml LPS (Fig. 1A). Interestingly, a further loss of less than

10% viability (total loss of viability about 40%) was observed when cells were exposed to

LPS from 1 to 100 ng/ml. A pattern similar to that observed in Fig. 1A was obtained by

measuring LDH released to the medium or protein and DNA bound to the bottom of the

culture plate (data not shown). As shown in Fig. 1B, low concentrations of LPS were able to

induce DCFH oxidation in macrophages as measured using the fluorescent probe carboxy-

H2DCFDA. Moreover, cells treated with increasing concentrations of LPS for 24 h

underwent dramatic morphological changes characterized by hypertrophy and extensive

vacuolization (Fig. 1C, arrowhead). This LPS-induced cell vacuolization was accompanied

by loss of cell viability as shown in Fig. 1A. In addition, approximately 60% of cells

increased 2− to 4-fold in size after 24 h treatment with LPS of 1 ng/ml or higher.

DMPO prevents protein carbonyl accumulation and cytotoxicity induced by LPS in RAW
264.7 cells

We then hypothesized that DMPO can prevent cytotoxicity induced by LPS by blocking

free-radical-dependent processes that lead to accumulation of end-oxidation products, such

as carbonylated proteins. To trap free radicals inside the cell, high concentrations of DMPO

are required to efficiently compete with fast free-radical decay mechanisms, such as radical–

radical reactions, production of oxidation end-products, and scavenging by antioxidants

[29]. However, high doses of DMPO can also produce cytotoxicity. When 3.1–50 mM

DMPO was present in the culture medium for 24 h, DMPO caused no significant

cytotoxicity as assessed by mitochondrial function (MTT reduction to formazan) and

cellular DNA or proteins in cells attached to the culture plate (Fig. 2A). Interestingly,

DMPO protected cells against LPS-induced cytotoxicity (Fig. 2B). Determination of the

release of LDH and trypan blue exclusion, two markers of membrane-selectivity integrity,

showed similar results (data not shown). To completely protect against LPS-induced RAW

264.7 cell damage, it was necessary to add DMPO no later than 1 h after LPS stimulation

(Fig. 2C). Indeed, when DMPO was added at more than 6 h after LPS addition, it produced

no cytoprotective effects (Fig. 2C). DMPO (50 mM) also inhibited LPS-induced cell

morphological changes (Fig. 2D), presumably as a consequence of trapping of free radicals.

The inhibitory effect of DMPO shown in Fig. 2D was concentration-dependent (data not

shown).

By trapping free radicals, DMPO might protect RAW 264.7 cells against LPS-induced

accumulation of protein-carbonyls and other macromolecule-derived end-oxidation

products. DMPO binds to proteins undergoing free-radical-operated oxidation to form

nitrone adducts, and carbonyl formation is circumvented. A number of ROS formed in LPS-

primed macrophages can oxidize proteins with formation of transient protein radicals as

intermediates. Interestingly, similar effects were observed when macrophages were

pretreated with either 2,2′-dipyridyl (DP), a ferrous iron chelator; diphenyleneiodonium

(DPI), a NADPH oxidase inhibitor; or N-acetylcysteine (NAC), a source of intracellular

decreased glutathione (Fig. 2E). DP, DPI, and NAC reduced LPS-induced changes in cell

viability, protein carbonyls, and nitrone adduct formation, whereas DMSO did not affect

these parameters.
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DMPO traps protein-centered radicals in specific cell compartments

Interestingly, DMPO blocked LPS-induced protein carbonyls and known (direct and

indirect) end-oxidation products of proteins in a concentration-dependent manner [18,25]

(Fig. 3A). Based on these results we hypothesized that DMPO inhibits LPS-induced cell

damage, at least in part, due to trapping of protein radicals, thereby preventing accumulation

of carbonyls. To test this hypothesis, we analyzed protein-centered radicals using DMPO-

based immuno-spin trapping assays [29]. We measured protein-DMPO nitrone adducts with

a novel cell-based ELISA assay (Fig. 3B). Formation of intracellular protein-DMPO nitrone

adducts was dependent on both LPS (0–1000 ng/ml) and DMPO (0–50 mM) concentrations

(Fig. 3B).

To define the subcellular distribution of DMPO–nitrone adducts, we localized them by

confocal microscopy using the anti-DMPO antibody. Fig. 3C shows the typical distribution

of nitrone adducts inside cells treated with LPS and DMPO. The inset shows an image of a

high-power magnification of a single and representative cell to highlight the perinuclear

distribution of the nitrone adducts (arrowhead in Fig. 3C). To corroborate this pattern of

distribution of nitrone adducts, we obtained a stack of 23 planar images in a representative

cell. Fig. 3D shows the variation in the nitrone-adduct fluorescence intensity in each one of

these 23 optical planes. Overall, Figs. 3C and 3D suggest that most of the nitrone adducts

are localized in the perinuclear region of the cell. To verify these data, we performed the

subcellular fractionation of cells treated with LPS and DMPO in cytosolic, nuclear,

mitochondrial, lysosomal, and microsomal fractions. Nitrone adducts were quantified by

ELISA in each one of these fractions (Fig. 3E). Interestingly, most of the nitrone adducts

were found in the microsomal (~40%) and mitochondrial (~25%) fractions with respect to

the whole cell homogenate (100%).

Identification of proteins tagged with DMPO in RAW 264.7 cells primed with LPS

To identify proteins tagged with DMPO, we analyzed total homogenates of macrophages

treated with LPS and DMPO using an anti-DMPO Western blot and tandem-MS. Western

blot analysis of these homogenates showed at least 16 bands that reacted with the anti-

DMPO antibody (Fig. 4A). The formation of protein–DMPO nitrone adducts was DMPO

concentration-dependent as confirmed by Western blot of the whole homogenates of cells

incubated with 1 ng/ml LPS and varying concentrations of DMPO (0–50 mM) (see also Fig.

3B). Although two-dimensional electrophoresis would facilitate the identification of these

DMPO-labeled proteins, our immuno-spin trapping assay is incompatible with this

separation for reasons described in Materials and Methods (see Supplementary Fig. 1). The

positive bands in the anti-DMPO Western blot analysis were localized in a Coomassie blue-

stained gel run in parallel (Fig. 4B). The excised protein bands of interest were digested, and

candidate proteins that potentially form nitrone adducts were identified by LC-MS/MS

analysis (Supplementary Table 1).

In three separate experiments, we identified similar proteins in 7 of the 16 bands that were

positive in our anti-DMPO Western blot (Fig. 4B). The proteins identified in the other 9

bands were also similar, but in our anti-DMPO Western blot, their intensity and/or intensity

variation with the concentration of LPS or DMPO was less evident (see Fig. 4A). In
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addition, most of the candidate proteins identified in the above 7 bands (Supplementary

Table 1) could be categorized into several families involving signaling, endoplasmic

reticulum stress (e.g., protein disulfide isomerase and a number of other chaperones),

mitochondrial (e.g., aconitase), glycolytic metabolism (e.g., carbonic anhydrase, enolase,

and GAPDH), and the cytoskeleton (e.g., actin and tubulin).

Importantly, proteins identified in these bands might or might not be proteins labeled with

DMPO. For instance, we rationalized that some proteins not labeled with DMPO can be

physically associated with proteins that are labeled with the spin trap. These proteins may be

pulled down as a complex in our immunoprecipitations. Therefore, we verified the identity

of one of those proteins forming adducts with DMPO: We used an anti-DMPO molecular

“catcher” (Fig. 4C) to immunoprecipitate nitrone adducts from a homogenate of

macrophages treated with 1 ng/ml of LPS and 50 mM of DMPO for 24 h, followed by one-

dimensional electrophoresis analysis (Fig. 4D). This analysis showed several proteins,

among them a band around 37 kDa (Fig. 4D). This band corresponds to band number six in

the anti-DMPO Western blot and Coomassie blue staining shown in Figs. 4A and 4B,

respectively (see also Supplementary Table 1). MS data are consistent with GAPDH in this

band, and an anti-DMPO Western blot analysis of an immunoprecipitated protein of

approximately 37 kDa molecular weight confirmed a nitrone adduct (Fig. 4D, lower panel).

Furthermore, immunoprecipitation of GAPDH from cells treated with 50 mM DMPO

showed an LPS-dependent formation of a GAPDH-DMPO nitrone adduct (Fig. 4E).

Discussion

Our findings show that protein-centered radicals are produced during ROS-dependent

proteotoxic stress caused by low doses of LPS in RAW 264.7 cells. The cell-permeable

nitrone spin trap DMPO binds to free radical sites in macromolecules undergoing oxidation

[29,39], thereby preventing accumulation of toxic end-oxidation products and cytotoxicity.

In addition, because of this property of DMPO to “tag” radical sites, it is possible to

determine the subcellular distribution and identify proteins that are undergoing free radical-

operating oxidation in stressed cells.

Exaggerated production of ROS, deregulation of metal compartmentalization, expression of

peroxidases, and accumulation of oxidized proteins are important sources of stress in

macrophages at sites of inflammation [22,23]. Antioxidants such as L-ascorbate and reduced

glutathione scavenge free radicals, sometimes becoming radicals themselves [40]. For

instance, L-ascorbate reacts with radical sites in proteins at rates between 107 and 108 M−1

s−1, depending on the location of the radical in the protein, to form an ascorbyl radical and

repair the protein [41]. Spin traps are also antioxidants, but they bind covalently to free

radical sites in macromolecules [20,26]. Although spin traps were originally developed to

increase the half-life of free radicals to facilitate their study by ESR [28], recent evidence

indicates that they might be useful as anti-inflammatory drugs [42,43]. The rationale behind

this therapeutic application of spin traps is that oxidized macromolecules can cause

proteotoxic stress in cells; thus, prevention of accumulation of oxidized products and death

of macrophages with a spin trap might help to stop inflammation from causing further tissue

dysfunction.
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Protein-centered radicals can result from one-electron oxidation reactions of proteins most

likely by mechanisms involving redox-active metals, peroxynitrite, and peroxidases

[16,22,44]. Once formed, and if not trapped by DMPO, protein-centered radicals can decay

by poorly understood mechanisms to form toxic end-oxidation products. One of these

mechanisms is their reaction with dioxygen to form peroxyl radicals [22]. Peroxyl radicals

further decompose to yield mainly aldehydes and carbonyls [22,45]. Our data show that

DMPO reduces accumulation of carbonyls and cytotoxicity in macrophages primed with

LPS (Figs. 1, 2, and 3). Our data also support the concept that redox active metal-catalyzed

processes occurring in close proximity to the protein play a role in causing free-radical-

operated protein oxidation, carbonyl accumulation, and cytotoxicity in cells stressed with

LPS. In Fig. 2E we used dimethyl sulfoxide (DMSO) as a scavenger of free hydroxyl

radicals and as a vehicle for DP and DPI. DMSO had no effect on LPS-induced changes in

viability, nitrone adduct formation, or carbonyl content, suggesting that free hydroxyl

radicals do not participate in these processes. However, because DP prevented these effects,

we rationalize that DMSO might not be able to scavenge “crypto” hydroxyl radicals [19]

formed by iron-cycling in close proximity to the protein. Moreover, our data suggest that

DMPO can in prevent LPS-induced protein carbonylation by trapping ●O2
−, ●NO and lipid-

or protein-centered radicals. However, DMPO reacts very slowly with ●O2
− (~10 M−1 s−1)

[46] and is not known to trap ●NO [47]. Taken together, our data clearly suggest that

protein-centered radicals are formed and trapped by DMPO, thereby, preventing carbonyls

and cytotoxicity in cells treated with LPS.

In the absence of spin traps, protein-centered radicals decay to form oxidized and aggregated

proteins [18,20]. Oxidized proteins are a source of stress for the cell, and they must be

degraded through mechanisms including ubiquitination and proteasomal pathways to ensure

cell survival [48]. However, we still do not know the fate of these DMPO-nitrone adducts is

once they are formed inside the cell. Because trapping of macromolecule-centered radicals

with DMPO inhibits cell death induced by LPS and forms nitrone adducts, it can be inferred

that macromolecule-DMPO nitrone adducts are less toxic for the cell than the end-oxidation

products formed when no DMPO is present (Fig. 2B). Previously, it has been shown that

DMPO improves mitochondrial function in ischemic and reperfused hearts [49] and in

spinal cords of a transgenic-mouse model of amyotrophic lateral sclerosis [50]. These

previous observations and our data (Fig. 3E) suggest that proteins located at the

mitochondrial compartment are important targets of LPS-induced, free-radical mediated,

proteotoxic stress in cells, which can be prevented by trapping transient macromolecule-

centered radicals with DMPO. LPS-induced cell damage increases turnover and synthesis of

proteins, which might cause accumulation of oxidized and misfolded proteins in the

microsomal fraction of the macrophage resulting in apoptosis [44,51]. LPS is known to

induce protein oxidation [52] and endoplasmic reticulum-stress [51] in macrophages.

Scavengers of ROS, such as L-ascorbate and reduced glutathione, have been shown to

ameliorate endoplasmic reticulum stress induced by intracellular stress and to improve

protein secretion [53]. Thus, an increase in DMPO nitrone adducts in the perinuclear region

of LPS-activated macrophages (Fig. 3C and D) might indicate either accumulation of

DMPO-tagged proteins guided to the microsomal fraction for processing or protein-centered

radicals formed and trapped in situ by DMPO.
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In concert with our study, a recent report by Radi’s group [16] has shown peroxynitrite-

mediated oxidative killing of Trypanosome cruzi trypomastigotes with formation of DMPO–

nitrone adducts inside of phagolysosomes of J774.1 macrophages activated with interferon-γ

and LPS. Importantly, their experiments targeted the detection of oxidants and protein

oxidation inside the phagolysosome to explain the mechanism of trypomastigote killing by

peroxynitrite, which involved formation of protein radicals inside the parasite [16]. To target

the oxidative process in the phagosome, they preloaded the parasites with dihydrorhodamine

which reacts with oxidants formed inside the phagolysosomes of LPS/INF-γ-activated

macrophages to form the fluorescent rhodamine 123 [16]. They also preloaded the parasites

with DMPO and then infected J774.1 macrophages activated with LPS/INF-γ; therefore, as

expected, nitrone adducts were formed and found in this particular compartment. Because of

DMPO’s octanol:water coefficient (1:10) [54], it is expected that some DMPO would escape

from the parasite toward the phagosome lumen and then the cytosol. However, it might not

reach a sufficient concentration outside the phagolysosome to compete with the radical

decay mechanisms in the cytosol and, therefore, we would not have expected trapping of

any protein radical outside the phagosome [29]. It is noteworthy that what happens inside

the phagosome containing parasites is just “the tip of the iceberg” compared with what

happens in the whole cell in macrophages activated with LPS or LPS/INF-γ. Our cell

fractionation data clearly show that DMPO nitrone adducts are formed, mainly in the

mitochondrial and microsomal fractions. The latter includes the endoplasmic reticulum

located in the perinuclear region of the cell which, in agreement with our confocal data (Fig.

3C and D), contains most of the nitrone adducts. In spite of a number of differences between

our and Radi’s experimental designs [16], our data complement Radi’s and show for the first

time that low doses of LPS trigger oxidation of a number of proteins inside specific

subcellular locations without targeting a particular cell compartment.

Finally, we have corroborated GAPDH as one of the targets of free-radical-mediated

oxidation in macrophages stressed with LPS. Oxidation of GAPDH by nonfree radical-

operated mechanisms has recently been reported to lead to cell death in this model [55], and

it is suggested to be a useful model for understanding some neurodegenerative disorders

[32]. Our data are consistent with the formation of a GAPDH-centered radical during LPS-

induced cytotoxicity in macrophages. Trapping of GAPDH-centered radicals, thus

preventing GAPDH oxidation, may partially explain the protective effect of DMPO against

toxicity of LPS in macrophages. The mechanism and biological significance of free-radical-

operated oxidation and aggregation of GAPDH in macrophages primed with LPS is a topic

under study in our laboratory.

In summary, we have demonstrated for the first time that DMPO prevented LPS-induced

accumulation of protein end-oxidation products and cytotoxicity in RAW 264.7

macrophages by trapping transient protein-centered radicals. The information presented

suggests a role for free-radical-operated protein oxidation in activated macrophages.

Trapping specific proteins undergoing free-radical-operated oxidation inside stressed cells

with DMPO blocks proteotoxic stress and “tags” specific targets that participate in

cytotoxicity in stressed cells. These results warrant further corroboration and study of

specific proteins labeled with DMPO during macrophage activation (e.g., carbonic
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dehydrase, enolase I, prolyl hydroxylase, and heat-shock protein 80 kDa) and their role in

the fate of macrophages at sites of inflammation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

carboxy-H2DCFDA 5-(and-6)-carboxy-2′,7′-dichlorodihydrofluorescein diacetate

DAPI 4′-6-diamidino-2-phenylindole

DMPO 5,5-dimethyl-1-pyrroline N-oxide

DMSO dimethyl sulfoxide

DP 2,2′-dipyridyl

DPI diphenyleneiodonium

ELISA enzyme-linked immunosorbent analysis

ESR electron-spin resonance

GAPDH glyceraldehyde-3-phosphate dehydrogenase

H2O2 hydrogen peroxide

HRP horseradish peroxidase

LC-MS/MS liquid chromatography tandem mass spectrometry

LDH lactate dehydrogenase

LPS lipopolysaccharide

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

NAC N-acetylcysteine

●NO nitric oxide

NOX-1/2 NADPH oxidase-1 and -2
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●O2
− superoxide radical anion

PBN alpha-phenyl-N-tert-butyl nitrone

PBS phosphate-buffered saline

ROS reactive oxygen species
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Fig. 1.
Cell viability, DCF oxidation, and morphological changes in RAW 264.7 cells primed with

LPS. (A) RAW 264.7 cells were incubated for 24 h in the presence of the indicated

concentrations of LPS. The concentrations of LPS are indicated in a logarithmic scale. Cell

viability was assessed by the MTT reduction assay. Asterisks indicate significantly different

mean values with respect to no LPS. (B) LPS-triggered increased carboxy-H2DCFDA

fluorescence in macrophages as an indication of ROS production. (C) Phase contrast images

showing LPS-induced cell morphological changes. Arrowheads indicate cytoplasm vacuoles

observed in macrophages treated with LPS. Data are shown as mean values ± SEM or

representative data obtained from 3 independent experiments (n = 9).
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Fig. 2.
Effect of DMPO on LPS-induced oxidative damage in RAW 264.7 cells. (A) RAW 264.7

macrophages were cultured in complete medium with different concentrations of DMPO for

24 h. Cell viability was assessed by measuring cell DNA and proteins remaining bound to

the plate and by the reduction of MTT to formazan. (B) RAW 264.7 cells were incubated in

vitro for 24 h in the presence of 1 ng/ml of LPS alone (marked with #) or 1 ng/ml LPS and

the indicated concentrations of DMPO, and the cell viability was assessed using the MTT

assay. Asterisks show significant differences with respect to the viability of macrophages

incubated with LPS alone (#). (C) Cells were incubated in the presence or absence of 1

ng/ml LPS, and DMPO was added either simultaneously with LPS (0 h) or up to 24 h after

addition of LPS. Cell viability was measured 24 h after LPS addition using the MTT assay.

Asterisks indicate P < 0.05 vs the LPS-untreated control at the same time point. (D) DMPO

blocked LPS-induced morphological changes in RAW 264.7 cells as assessed by Diff-Quick

staining of cells incubated for 24 h with different concentrations of LPS with or without

DMPO. (E) Cells were preincubated with either 100 μM DPI, an inhibitor of NADPH

oxidases, for 30 min; 100 μM DP, a chelator of ferrous iron, for 2 h; 5 mM NAC, a source of

glutathione, for 4 h; or 10 mM dimethyl sulfoxide (DMSO) for 4 h. After rinsing, cells were

incubated in fresh medium containing 1 ng/ml of LPS with or without 50 mM DMPO and

DMSO in one experiment for 24 h. After incubation, MTT reduction was assessed as a

parameter of viability. Carbonyls and DMPO–protein nitrone adducts were determined by

ELISA in whole homogenates of macrophages treated with or without DMPO, respectively.

Data show mean values of percentages or ratios ± SEM from three independent experiments
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(n = 9). Asterisks indicate P < 0.05 in comparison with cells not pretreated and incubated in

complete medium with no DMPO (marked as control).

Zhai et al. Page 19

Free Radic Biol Med. Author manuscript; available in PMC 2014 July 02.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 3.
DMPO blocks carbonyl-protein adduct formation and traps protein-centered radicals in

specific cell compartments. (A) ELISA of carbonyls in RAW 264.7 cells treated for 24 h

with different concentrations of LPS and DMPO. (B) Cell-based ELISA of nitrone adducts

in cells treated as in A. The concentrations of LPS (ng/ml) in the x-axes are marked as their

Log10 value. (C) Single-plan confocal images of nitrone adducts formed in cells treated with

1 ng/ml LPS and 12.5 or 50 mM DMPO for 24 h. Green indicates nitrone adducts and blue

indicates nuclei. Inset is a high-power magnification of the image of a single and
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representative cell. The white arrowhead indicates the perinuclear localization of most

nitrone adducts. (D) Twenty-three sequential single-plane confocal images (P1 to P23 from

left to right and from top to bottom) from a representative cell treated with 1 ng/ml LPS and

50 mM DMPO for 24 h. (E) ELISA analysis of DMPO–protein nitrone adducts in different

fractions of macrophages treated as in D. Data show mean values ± SEM or a representative

image from three independent experiments (n = 6). (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. 4.
Identification of protein–DMPO nitrone adducts in homogenate of RAW 264.7 cells treated

with LPS and DMPO. (A) Western blot analysis of protein–DMPO nitrone adducts in whole

homogenates of cells treated with LPS and/or DMPO for 24 h. (B) Coomassie blue staining

of the homogenate of cells treated with 1 ng/ml LPS and 50 mM DMPO for 24 h, separated

in a reducing gel and showing 7 representative bands that correspond to anti-DMPO positive

bands in A. (C) Schematic representation of an anti-DMPO molecular “catcher”—protein–

DMPO nitrone adduct complex. (D) Immunoprecipitation of nitrone adducts from a

homogenate of macrophages treated with or without LPS and/or DMPO with a molecular

“catcher” anti-β-actin or anti-DMPO. Immunoprecipitated proteins were separated in a gel

and stained with Coomassie blue for MS analysis or blotted to a nitrocellulose membrane

and assayed by Western blot with the rabbit anti-DMPO antibody. (E) As D, but an anti-

GAPDH molecular “catcher” was used and the membrane tested against GAPDH or nitrone

adducts by Western blot. IP indicates immunoprecipitation. Data shown are a representative

staining obtained from 3 independent experiments (n = 6). M indicates Magic Mark Western

XP molecular weight marker (Invitrogen).
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