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Abstract

Determining the impact of lipid electrophile-mediated protein damage that occurs during oxidative 

stress requires a comprehensive analysis of electrophile targets adducted under pathophysiological 

conditions. Incorporation of ω-alkynyl linoleic acid into the phospholipids of macrophages prior 

to activation by Kdo2-lipid A, followed by protein extraction, click chemistry, and streptavidin 

affinity capture, enabled a systems-level survey of proteins adducted by lipid electrophiles 

generated endogenously during the inflammatory response. Results revealed a dramatic 

enrichment for membrane and mitochondrial proteins as targets for adduction. A marked decrease 

in adduction in the presence of MitoTEMPO demonstrated a primary role for mitochondrial 

superoxide in electrophile generation and indicated an important role for mitochondria as both a 

source and target of lipid electrophiles, a finding that has not been revealed by prior studies using 

exogenously provided electrophiles.
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Oxidative stress is associated with numerous pathologies, including cardiovascular disease, 

neurodegenerative diseases, and cancer.1 Reactive oxygen species (ROS) generated during 

oxidative stress react with polyunsaturated fatty acids (PUFAs), leading to increased 

production of electrophilic lipid species that can form adducts on nucleophilic groups of 

cellular macromolecules, including proteins.2 Increased levels of lipid electrophile-adducted 

proteins have been observed in many disease states,3–5 and adduction can impact protein 

function, altering cellular signaling.2,6,7 However, the role of lipid electrophiles in human 

pathology is not fully understood, partially due to the inability to globally identify and 

quantify protein targets of adduction.

Currently, there are three general approaches to study protein adduction by lipid 

electrophiles. Antibodies8 and probes9 have been used to identify gross changes in adduction 

and to capture and identify proteins targeted by a specific lipid electrophile. Alternatively, 

proteomics approaches have been employed to identify and quantify proteins adducted by 

known electrophiles in vivo10 and in cells.11 Both of these methods can be applied to 

physiologically relevant settings but are constrained to studying electrophile adducts of 

known structure. Other analyses have relied on bolus dosing of exogenously formed 

electrophiles to cultured cells.6,12,13 This method enables the accurate identification of 

proteins that are susceptible to adduction by exogenous electrophiles and the assignment of 

relative reactivities to nucleophilic amino acid residues. However, electrophile generation in 
vivo does not occur at discrete concentrations, at distinct time points, or extracellularly, so 

these experiments miss potential cellular microenvironmental factors that modulate 

electrophile formation and reactivity. Collectively, each method that has been used to study 

lipid electrophile adduction of proteins fails to address at least one aspect of electrophile 

formation, including physiologically relevant time scales, cellular location, concentration, or 

the diverse array of electrophiles generated.

Recently, we expanded the study of lipid electrophile adduction of proteins by introducing 

alkyne tags remote from the electrophilic group. Placement of the alkyne distant from the 

electrophilic groups results in no differences in adduction chemistry when compared to the 

native electrophiles.14,15 The alkynyl group of these electrophiles enables the selective 

recovery of adducted proteins by attaching an affinity tag via click chemistry.12,15,16 In these 

experiments, the tagged electrophiles were added exogenously at a fixed concentration and 

time point. Thus, the previously mentioned criticisms of the approach still apply. 

Consequently, to study lipid electrophiles in a physiological setting, we have developed a 

series of ω-alkynyl PUFAs that can be incorporated into cells as sources of endogenously 

generated lipid electrophiles.

We have reported that the susceptibility to and products of in vitro autoxidation of ω-alkynyl 

linoleic acid (aLA) and ω- alkynyl arachidonic acid (aAA) are similar to those of native 
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linoleic acid (LA) and arachidonic acid (AA), respectively.17 Therefore, we expect 

equivalent electrophilic products of native and alkynyl fatty acids to be generated when the 

latter are oxidized in physiological settings. Here, we demonstrate that aLA is transformed 

into aAA and that both fatty acids are broadly distributed into the phospholipids of 

RAW264.7 macrophages. Oxidation of the incorporated alkynyl fatty acids upon activation 

of the cells with the lipopolysaccharide- mimetic Kdo2-lipid A (KLA)18 leads to increased 

electrophile formation and protein adduction. We combined stable isotope labeling with 

amino acids in cell culture (SILAC),19 click chemistry, and previously described affinity 

enrichment techniques12,15,16 to explore both protein expression changes and adduction 

targets of lipid electrophiles endogenously generated during macrophage activation. These 

studies identified over 1000 protein adduction targets, including enzymes involved in energy 

generation and oxidant defense. Furthermore, this comprehensive and biologically relevant 

assessment of lipid electrophile-mediated protein damage demonstrates a striking difference 

between protein targets of endogenously generated and those of exogenously provided lipid 

electrophiles.

RESULTS/DISCUSSION

aLA and aAA Are Incorporated into Phospholipids of RAW264.7 Macrophages, and aAA Is 
Released in Response to an Inflammatory Stimulus.

Robust incorporation of alkynyl PUFAs across all phospholipid pools of RAW264.7 

macrophages was observed following incubation with either aLA or aAA. As seen in Figure 

S1, aLA is incorporated into phospholipids at similar levels to those seen for LA in 

unincorporated cells. In contrast, the total amount of aAA incorporated far exceeds the 

amount of AA present in the unincorporated cells (Figure S2). This agrees with a previous 

study demonstrating that, relative to primary resident peritoneal macrophages, RAW264.7 

macrophages are AA- deficient and readily incorporate the fatty acid if it is provided.20

Macrophages that had been preincubated in the presence or absence of aLA or aAA were 

then treated with KLA or a vehicle control. KLA is a chemically defined lipopolysaccharide 

that acts on the Toll-like receptor-4 (TLR-4) to stimulate the production of ROS and induce 

the release of large amounts of AA and its oxygenated metabolites from the phospholipid 

bilayer.18,21 As indicated in Figure S2, KLA treatment mediated the release of both AA and 

aAA in similar amounts from similar phospholipid pools. This result is consistent with 

previous studies demonstrating that aAA-incorporated cells generate enzymatic metabolites 

of aAA when stimulated.17,22 We did not see alterations in the phospholipid levels of LA or 

aLA in response to KLA treatment (Figure S1).

Both aLA and aAA Are Incorporated into the Phospholipids of aLA-Treated RAW264.7 
Macrophages.

Previously, we noted the presence of aAA in aLA-incorporated RAW264.7 macrophages.23 

LA is an essential fatty acid that serves as the precursor for the synthesis of AA and other 

signaling PUFAs.24–26 Thus, we investigated the conversion of aLA to aAA by RAW264.7 

macrophages (Figure 1A). The expected elongation pathway of aLA starts with the 

desaturation of aLA to ω-alkynyl /-linolenic acid (aGLA) by fatty acid desaturase 2, then the 
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elongation of aGLA to ω- alkynyl dihomo-γ-linolenic acid (aDGLA) by an elongase, and 

finally the desaturation of aDGLA to aAA by fatty acid desaturase 1. All of the expected 

intermediates were observed, indicating that the placement of the alkyne on the fatty acid 

does not prevent enzymatic processing in any step in the pathway. Approximately 80% of 

the aLA taken up by the macrophages was converted to one of the elongation products, with 

aAA comprising nearly 60% of the detected alkynyl fatty acids.

Consistent with the results in Figure S1, during aLA incorporation into RAW264.7 cell 

phospholipids, the amount of LA decreased, but the total aLA + LA pool did not change, 

suggesting that aLA displaced LA. aAA was also incorporated into phospholipids following 

its biosynthesis from aLA, but aAA did not displace AA Instead, as shown in Figure S4, it 

increased the total pool size of aAA + AA-containing phospholipid species in agreement 

with the data in Figure S2.

Taken in totality, we have shown that alkynyl fatty acids are incorporated into, metabolized, 

and released from the phospholipid bilayer in a manner similar to that of native fatty acids. 

As noted above, we previously demonstrated that the autoxidation of these alkynyl PUFAs is 

also equivalent to that of the native species.17 Together, these findings validate the use of 

alkynyl fatty acid surrogates to study lipid electrophile generation and protein adduction in 

the larger context of the cellular milieu. The remaining studies described here focus on cells 

that were preincubated with aLA, as it results in the incorporation of both aLA and aAA. 

The expectation was that, under conditions of oxidative stress, alkynyl lipid electrophiles 

would be generated from both lipids, thereby increasing the diversity of the alkynyl 

electrophile pool and making the alkynyl electrophile panel generated more physiologically 

relevant.

Activation of RAW264.7 Macrophages Induces Lipid Electrophile-Protein Adducts.

To evaluate protein targets susceptible to adduction by lipid-derived electrophilic species, 

macrophages were preincubated in the presence of aLA, treated with or without KLA, and 

lysed, and a protein extract was prepared and treated with NaBH4 to stabilize protein- 

electrophile conjugates. Adducted proteins containing an alkyne tag were conjugated to a 

biotin derivative using click chemistry. Proteins were separated by SDS-PAGE, and biotin- 

containing bands were visualized using a streptavidin-based fluorophore. As shown in 

Figure 1B, activation with KLA resulted in a substantial increase in measurable protein 

adduction in aLA-incorporated macrophages when compared to unactivated controls or 

macrophages with no aLA incorporation. Low levels of protein adduction can also be seen in 

unactivated, aLA-incorporated macrophages, as lipid oxidation and electrophile generation 

occur during normal cellular metabolism.

SILAC Quantification of Lipid Electrophile-Adducted Proteins Reveals Nearly Half of the 
Detectable Proteome Is Subject to Adduction.

KLA-mediated activation of RAW264.7 macrophages resulted in marked changes in both 

protein expression and lipid electrophile adduction of proteins. To quantify these changes, 

we employed a well-characterized SILAC model (Figure 2A).27 Three biological replicates 

of the input (proteome) samples were analyzed via multidimensional protein identification 
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technology tandem mass spectrometry (MudPIT-MS/MS; Tables S1, S2, and S3). This 

analysis yielded the reference proteome, a total of 2406 input proteins that were common 

across the three replicates (Figure 3A). The reference proteome includes all proteins 

detectable before affinity enrichment for electrophile- adducted proteins, and the ratio of 

heavy peptides/light peptides for each protein provides a relative quantification of expression 

changes resulting from KLA activation of the macrophages. Our data provided an 

experimental power of 0.9 to detect a 1.5-fold change, with P < 0.05. In total, we observed 

192 proteins with heavy/light > 1.5 (Table S7), including proteins known to be induced 

during TLR-4-mediated macrophage activation such as inflammatory response proteins 

[e.g., cyclooxygenase-2 (COX-2; heavy/light = 18.9),28 tumor necrosis factor-alpha (TNFa; 

heavy/light = 5.6),28 immune- responsive gene 1 (Irg1; heavy/light = 16.4)29] and anti-

inflammatory response proteins [e.g., superoxide dismutase 2 (Sod2; heavy/light = 4.3),30 

and heme oxygenase-1 (Hmox1; heavy/light = 1.7)31].

Affinity purified, electrophile-adducted proteins from the three biological replicates 

(adductome) were analyzed via MudPIT-MS/MS (Figure 2B, Tables S4, S5, and S6). This 

analysis identified a total of 1043 unique targets common to all three replicates. These 

proteins, detected after affinity enrichment for electrophile-adducted proteins, constitute the 

adductome (Figure 3B). Individual proteins fell into three distinct classes based on their 

heavy/light ratios, defined as follows: (A) the protein is more adducted in the activated 

sample; (B) the protein is equally adducted in the activated and unactivated samples; (C) the 

protein is less adducted in the activated sample (Figure 2A). A heavy/light >1.5 was applied, 

as our data provide an experimental power of 0.9 to detect a 1.5-fold change. These filters 

resulted in a list of 76 unique proteins (Table S8), including proteins involved in 

inflammatory signaling as well as oxidant defense [e.g., COX-2 (heavy/ light = 18.6), TNFα 
(heavy/light = 9.5), and Sod2 (heavy/light = 4.6)].

Adduction and Expression Are Correlated.

The reference proteome and adductome were compared for each replicate individually to 

explore the relationship between protein expression and electrophile adduction. Figure S5 

and Table S9 show that proteins in the proteome and adductome exhibit similar heavy/light 

ratios, as evidenced by their high Spearman coefficients. Two possible nonexclusive 

explanations exist for this correlation: (l) protein expression increases as electrophile 

generation increases, and therefore, adduction increases because there is more protein to be 

adducted; (2) proteins are adducted and lose function, and activity loss triggers increased 

expression.

Immunoblotting Confirms Targets of Adduction.

To confirm targets of adduction and to determine if adduction and subsequent inactivation 

drives induction, RAW264.7 cells were incorporated with aLA and then exposed to KLA for 

0, 3, 6, 9, 12, or 24 h. Adducted proteins from the cells were enriched by adsorption to 

streptavidin beads and then probed with antibodies against Sod2 or COX-2, two proteins 

with high heavy/light ratios in the adductome, to validate their status as targets of adduction. 

As seen in Figure 3C, Sod2 adduction appeared first at the 9 h time point and increased 

between 9 and 24 h. COX-2 adduction was also confirmed by immunoblotting, with 
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adduction first appearing at the 9 h time point, and the majority occurring between 12 and 24 

h (Figure 3D). We expect that substantial oxidative stress occurs during the peak KLA 

response period, given prior reports demonstrating that ROS levels reach a maximum at 3–6 

h post KLA exposure in J774 macrophages.32 However, others have shown that ROS levels 

remain elevated in macrophages for as long as 16 h following KLA treatment.21, 33 Both 

proteins exhibited increases in expression at the same time points as the measured adduction 

increases, confirming the correlation between expression changes and adduction changes, 

and indicating that, for the investigated proteins, adduction does not trigger induction.

Membrane and Mitochondrial Proteins Show the Highest Increase in Both Expression and 
Adduction during Macrophage Activation.

We evaluated the cellular location of the 192 proteins that showed the greatest increase in 

expression and the 76 proteins that showed the greatest increase in adduction using 

Webgestalt,34 a web-based gene set analysis tool (Figure 3E and F, respectively). Membrane 

proteins (74.5%) and mitochondrial proteins (51.6%) constituted the largest proportions of 

the 192 induced proteins as well as the largest proportions of the 76 adducted proteins at 

82.9% and 52.6%, respectively. (It should be noted that a protein may reside in more than 

one cellular component category.) In the reference proteome, membrane and mitochondrial 

proteins, respectively, represent 42.7% and 19.1% of the quantifiable proteins. Therefore, we 

observe a 1.7-fold and 1.9-fold enrichment for membrane protein expression and adduction 

respectively, and a 2.7-fold and 2.8- fold enrichment for mitochondrial protein expression 

and adduction, respectively, above what would be expected if protein expression changes 

were randomly distributed across the detectable proteome. Not all cellular locations were 

enriched for adduction. For example, nuclear proteins represent 19.7% of the most 

differentially adducted proteins but 38.7% of the reference proteome, indicating that nuclear 

proteins are not heavily adducted by the alkynyl lipid electrophiles generated here. The 

broad induction of mitochondrial protein expression may be explained by induction of 

Hmoxl in response to KLA. Hmoxl produces CO, promoting mitochondrial biogenesis,35 a 

mechanism by which macrophages restore degraded mitochondrial function following 

inflammation-associated oxidative damage.36 This evolutionary phenomenon of 

mitochondrial biogenesis to restore damaged protein potentially links the correlation 

between the adduction and induction we observe.

The Electron Transport Chain Is the Major Mitochondrial Pathway Both Induced and 
Targeted by Lipid Electrophiles during Macrophage Activation.

A pathway enrichment analysis of the 192 most differentially expressed and 76 most 

differentially adducted proteins during macrophage activation was performed in Webgestalt 

using the Wikipathway database. As expected from the cellular component analyses 

described above, mitochondrial pathways were heavily represented in the pathway 

enrichment analyses. Table 1 shows pathways that contained three or more proteins with 

increased expression during activation (adjusted P < 0.05). The electron transport chain 

(ETC) was the most significantly increased for expression, exhibiting 6.4-fold enrichment 

when compared to the reference proteome. Expression changes of the ETC occurred mainly 

in complexes II, III, and V (Figure S6). The tricarboxylic acid cycle (TCA), amino acid 
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metabolism, and oxidative damage pathways also showed increased protein expression 

during macrophage activation.

The ETC was also the most significantly enriched pathway for adduction, exhibiting a 7.1-

fold enrichment in the adductome as compared to the reference proteome (Table 2). 

Adduction in the ETC occurred predominately in complex V (ATP synthase) as can be seen 

by the pathway enrichment for oxidative phosphorylation (Figure S7). Within ATP synthase, 

a majority of the adduction (four out of five proteins) occurred in the F1 subunit, the 

catalytic subunit responsible for the conversion of ADP to ATP. Previous studies 

demonstrated that macrophages activated with LPS shift energy generation from oxidative 

phosphorylation to glycolysis.37,38 Our findings identify oxidative damage to ETC proteins 

as a potential mechanism to explain that shift. Enzymes involved in central carbon 

metabolism were also heavily adducted, with the TCA cycle, amino acid metabolism, 

glycolysis, and gluconeogenesis represented in the most heavily adducted pathways. In 

addition, many enzymes that play important roles in ROS detoxification were in this class, 

including Sod2, Hmox1, and peroxiredoxin 5 (Prdx5).

A clear and striking discovery resulting from this work is the susceptibility of mitochondrial 

and membrane proteins to adduction by endogenous lipid electrophiles. In particular, 

proteins of the electron transport chain and oxidative phosphorylation were enriched for 

adduction. This finding is dramatically different from the results obtained in our recent 

survey of protein targets of exogenously provided alkynyl-4- hydroxy-2-nonenal and 

alkynyl-4-oxo-2-nonenal. In those experiments, proteins that were adducted at a very low 

electrophile concentration were primarily associated with cytoskeletal regulation, while 

those that were only adducted at high concentrations were involved in protein synthesis and 

turnover. Remarkably, proteins of the electron transport chain and oxidative phosphorylation 

fell into the never-adducted category, even though mitochondrial matrix proteins were 

observed to be adducted.12 These data indicate that the adduction pattern resulting from 

exogenously added electro- philes is distinctly different from that of endogenously generated 

electrophiles. It is likely that a major cause of these differences is the electrophile source. 

Exogenous electrophiles enter the cell through the plasma membrane and immediately 

encounter defense mechanisms such as cytosolic glutathione. In contrast, endogenous 

electrophiles are most likely generated in membrane phospholipids and may immediately 

damage nearby membrane-associated proteins. Regardless of the exact mechanisms, these 

observations highlight the importance of evaluating electrophile damage under physiological 

conditions if realistic conclusions are to be made concerning the impact of such damage on 

cellular structure and function.

MitoTEMPO Modulates Lipid Electrophile Adduction in Activated Macrophages.

Superoxide is generated in the mitochondrion as an oxidative phosphorylation byproduct. 

Our SILAC adductome data showed significant enrichment for mitochondrial proteins, 

leading to the hypothesis that mitochondrial superoxide is the source of ROS that leads to 

electrophile generation and protein adduction. To test this hypothesis, we employed two 

superoxide-scavenging agents to evaluate the effects of quenching mitochondrial superoxide 

on protein adduction: MitoTEMPO, which localizes to the mitochondrion, and TEMPOL, 
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which is ubiquitously dispersed throughout the cell.39 MitoTEMPO or TEMPOL was added 

simultaneously with KLA to RAW264.7 macrophages that had been incorporated with aLA, 

and adduction across the proteome was assessed. Figure 4A demonstrates that MitoTEMPO 

reduced measurable lipid electrophile adduction to nearly basal levels in KLA-activated 

cells. Additionally, MitoTEMPO reduced basal electrophile adduction in unactivated 

macrophages. TEMPOL did not modulate protein adduction in either activated or 

unactivated macrophages. The differential effects of MitoTEMPO and TEMPOL suggest 

that mitochondrial superoxide is a precursor to both physiological and pathophysiological 

lipid electrophile generation. These data are consistent with a recent study that showed a 

specific class of LA-derived lipid electrophiles is generated in the mitochondrion. 40

We used click chemistry, affinity purification, and Western blotting to test the effect of 

MitoTEMPO on the KLA- mediated adduction of the specific targets COX-2 and Sod2 in 

aLA-labeled macrophages. Consistent with the results described above, KLA-activation was 

associated with an increase in total affinity-purified protein, and MitoTEMPO reduced the 

amount of affinity-purified protein in both the vehicle and KLA-treated samples (Figure 4B). 

MitoTEMPO did not affect the KLA- induced expression of Sod2 (Figure 4C) or COX-2 

(Figure 4D) but drastically reduced the amount of lipid electrophile adduction of both 

proteins. These data show that the expression changes observed during macrophage 

activation are dependent upon signaling during activation, and that lipid electrophile 

adduction is dependent upon mitochondrial oxidant production. Additionally, lipid 

electrophiles arise from mitochondrial superoxide adduct proteins that are not located in the 

mitochondrion as seen with COX-2.

CONCLUSION

Global profiling of proteins adducted during KLA activation by endogenously formed lipid 

electrophiles is an important step in understanding the potential pathological mechanisms of 

inflammatory signaling. Increased protein adduction has been measured in patients with 

inflammation-related diseases, including in the brains of patients with Alzheimer’s disease,5 

in the spinal cord motor neurons of patients with amyotrophic lateral sclerosis,3 and in the 

arteries of patients with atherosclerosis.4 The inability to comprehensively enrich for 

endogenously generated electrophile-adducted proteins due to the complexities of both the 

electrophile pool and the targeted proteome has hindered their global identification and 

quantification. Thus, we used aLA incorporation and KLA activation of RAW264.7 

macrophages to generate diverse alkynyl lipid electrophiles in a physiologically relevant 

setting, thereby enabling capture and identification of the adducted proteins. We identify and 

quantify any protein adducted by any electrophile that retains the terminal alkyne tag. Our 

current study combined with these previous observations suggests that stimulated 

mitochondrial ROS generation and the resulting mitochondrial protein damage by lipid 

electrophiles may be an initiating and propagating factor in inflammatory disease 

pathogenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) aAA biosynthesized from aLA. Elongation products of aLA to aAA were measured in 

aLA-incorporated RAW264.7 macrophages. Quantities of each intermediate are the mean ± 

standard deviation of triplicate analyses. (B) KLA activation induces lipid electrophile 

protein adduction. Lipid electrophiles are generated during normal physiological processes 

of the cell (+aLA/-KLA), and increased adduction is measured across the proteome by 

endogenously formed lipid electrophiles in activated macrophages (+aLA/+KLA).
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Figure 2. 
(A) SILAC workflow. Both heavy and light cell lines were incorporated with aLA. The light 

cell line was unactivated (vehicle control), while the heavy cell line was activated with KLA. 

After activation, the heavy and light cells were harvested and lysed, and the two samples 

were then combined in equal amounts of protein. Adducts were stabilized by reduction with 

NaBH4 and then attached to (B) UV-biotin by copper-mediated click chemistry for affinity 

enrichment of adducted proteins. MudPIT-MS/MS was used to analyze adducted proteins. 

(A) Three distinct protein classes can be observed that are described by different activated/

unactivated ratios. Theoretical spectra for the three potential activated/unactivated ratios are 

seen for protein A where activated/unactivated > 1, protein B where activated/unactivated = 

1, and protein C where activated/unactivated < 1.
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Figure 3. 
(A) Venn diagram depicting common proteins across three proteome replicates. In total, 

3816 proteins were detected, with 2406 proteins common across all three proteome 

replicates. (B) Venn diagram depicting common proteins across three adductome replicates. 

In total, 3304 proteins were detected as adducted, with 1043 proteins commonly adducted 

across all three adductome replicates. (C) Affinity purification and Western blotting were 

used to confirm Sod2 as adducted by lipid electrophiles during macrophage activation. Both 

adduction and induction of Sod2 increase with time and at approximately the same rate. (D) 

Affinity purification and Western blotting were also used to confirm COX-2 as adducted by 

lipid electrophiles during macrophage activation. Both adduction and induction of COX-2 

increase with time and at approximately the same rate. These blots show that induction is not 

driven by adduction for these candidate proteins. (E) Cellular compartment enrichment of 

the 192 most differentially expressed proteins during macrophage activation (P < 0.05, 

heavy/light > 1.5). The membrane and mitochondrion are the most heavily enriched cellular 
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locations of proteins demonstrating increased expression. (F) Cellular compartment 

enrichment of the 76 most differentially adducted proteins by lipid electrophiles in activated 

macrophages (P < 0.05, heavy/light > 1.5). The membrane and mitochondrion are the most 

heavily enriched cellular locations of protein targets for lipid electrophiles.
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Figure 4. 
(A) Results of modulation of KLA-induced protein adduction by MitoTEMPO and 

TEMPOL. MitoTEMPO, a mitochondrially targeted superoxide scavenger, was able to 

reduce both physiological and pathophysiological protein adduction by lipid electrophiles 

compared to vehicle and KLA, respectively. TEMPOL, a ubiquitously dispersed superoxide 

scavenger, did not modulate electrophile formation in either physiological or 

pathophysiological settings. (B) Consistent with previous results, affinity-purified adducted 

protein is greatest in the KLA-activated macrophages. MitoTEMPO reduces total adducted 

protein in both the vehicle-treated and KLA-activated macrophages. (C) MitoTEMPO does 

not change the KLA-induced expression (Proteome) of Sod2 but does decrease the amount 

of Sod2 adduction (Adductome). (D) MitoTEMPO does not change the KLA-induced 

expression (Proteome) of Sod2 but does decrease the amount of Sod2 adduction 

(Adductome). These data indicate that both mitochondrial and nonmitochondrial targets are 

adducted by lipid electrophiles generated through a process that involves mitochondrial 

superoxide.
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Table 1.

Wikipathway Enrichment for the 192 Proteins in the Most Differentially Expressed Classa

pathway proteins
fold

enrichment adjP value protein identifications

electron 25 6.4 1.7 × 10−14
Atp5a1, Atp5b, Atp5c1, Atp5d, Atp5f1, Atp5h, Atp5j, Atp5j2, Atp5k, Atp5l, Atp5o, 
Atp8, Cox17, Uqcrc1,

 transport
U1crc2, Uqcr10, Uqcrfs1, Uqcrq, Ndufab1, Ndufb10, Sdha, Sdhb, Sdhc, Slc25a4, 
Slc25a5

 chain

TCA cycle 8 4.3 0.0030 Cs, Dld, Dlst, Mdh2, Ogdh, Sdha, Sdhb, Sdhc

amino acid 11 2.4 0.032 Arg2, Cs, Dld, Dlst, Glud1, Got2, Hibadh, Mdh2, Oat, Ogdh, Sdha

 metabolism

oxidative 3 7.1 0.032 Cycs, Tnf, Tnfrsf1b

 damage

a
Data are provided for pathways containing greater than three proteins with an adjusted P (adjP) value < 0.05 as determined by Webgestalt.
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Table 2.

Wikipathway Enrichment for the 76 Proteins in the Most Differentially Adducted Classa

pathway proteins
fold

enrichment adjP value protein identifications

electron transport chain 11 7.1 2.7 × 10−6
Atp5a1, Atp5b, Atp5c1, Atp5d, Atp5h, Atp5j, Atp5j2, Uqcrc1, 
Uqcrc2, Ndufab1, Sdha

amino acid metabolism 6 5 5.0 × 10−4 Cs, Mdh2, Got2, Dlst, Hibadh, Glud1, Oat, Dld, Sdha

TCA cycle 5 6.8 2.6 × 10−3 Cs, Mdh2, Dlst, Dld, Sdha

glycolysis and gluconeogenesis 4 4.8 0.02 Slc2a1, Mdh2, Got2, Dld

a
Data are provided for pathways containing greater than three proteins with an adjusted P (adjP) value < 0.05 as determined by Webgestalt.
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