
Protein Carbonylation and Metabolic Control Systems

Jessica M. Curtis1, Wendy S. Hahn1, Eric K. Long1, Joel S. Burrill1, Edgar A. Arriaga2, and

David A Bernlohr1,3

1Department of Biochemistry, Molecular Biology and Biophysics, The University of Minnesota-

Twin Cities, Minneapolis, MN 55455

2Department of Chemistry, The University of Minnesota-Twin Cities, Minneapolis, MN 55455

Abstract

Oxidative stress is linked to the production of reactive lipid aldehydes that non-enzymatically

alkylate cysteine, histidine or lysine residues in a reaction termed protein carbonylation. Reactive

lipid aldehydes and their derivatives are detoxified via a variety of phase I and phase II systems

and when antioxidant defenses are compromised or oxidative conditions are increased protein

carbonylation is increased. The resulting modification has been implicated as causative in a

variety of metabolic states including neurodegeneration, muscle wasting, insulin resistance and

aging. Although such modifications usually result in loss of protein function, protein

carbonylation may be regulatory and activate signaling pathways involved in antioxidant biology

and cellular homeostasis.
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Carbonylation biochemistry

Aerobic respiration is invariably associated with the production of partially reduced reactive

oxygen species (ROS; see Glossary). Under physiological conditions, ROS production is

balanced by antioxidant detoxification of radical species. While there is strong evidence to

support the role of ROS in cellular signaling [1], increased oxidative stress without parallel

increases to antioxidant capacities results in damage to cellular components such as proteins,

lipids and DNA [2,3]. Prolonged oxidative stress and accumulation of oxidative

modification to biomolecules are linked to pathological alterations of metabolism, induction

of apoptosis and cell death [4–6].

ROS are produced by radical leak from enzymes such as NADPH oxidase, xanthine oxidase,

cyclooxygenases, lipoxygenases, and the mitochondrial electron transport chain system [7–

9] (Figure 1). ROS production results from either radical-induced modification of molecular

oxygen or incomplete consumption of molecular oxygen, resulting in formation of

superoxide anion [10]. Superoxide anion is metabolized efficiently by superoxide dismutase

[11] to hydrogen peroxide that in turn is transformed into water by catalase, glutathione
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peroxidase, or peroxiredoxin/thioredoxins [12]. If hydrogen peroxide reaches cellular

regions rich in free iron (II) it can be readily converted to hydroxyl radical via Fenton

chemistry [10]. Unlike superoxide anion, hydroxyl radical is not metabolized and can only

be consumed via removal of hydrogen from neighboring molecules, resulting in formation

of a new radical species and water.

Hydroxyl radical is responsible for removal of bisallylic hydrogen from polyunsaturated

fatty acids resulting in formation of a carbon centered radical followed by addition of

molecular oxygen [10]. Chemical degradation of oxidized polyunsaturated fatty acid (Hock

cleavage) results in formation of a number of diffusible reactive lipophilic molecules [10].

The most widely studied class of molecules resulting from lipid peroxidation is the α,β-
unsaturated aldehydes. Although a variety of lipid aldehydes are produced (e.g., acrolein,

malondialdehyde), 4-hydroxy trans-2,3-nonenal (4-HNE) and 4-oxo trans-2,3-nonenal (4-

ONE), products of ω6-polyunsaturated fatty acid peroxidation, have been studied in the

greatest detail [2] (Figure 1). While 4-HNE and 4-ONE are known to modify DNA and

RNA, the effects of lipid adduction to protein have received the most attention [13].

For a variety of reactive aldehydes (Figure 1) the carbonyl group results in an electron-poor

environment centered around the 2,3 double bond. [3]. In addition, a hydroxy or keto group

also withdraws electrons from the system further contributing to the reactivity of the lipid

[3]. As such, carbon three of the aldehyde is highly susceptible to nucleophilic attack by the

side chains of lysine, histidine, or cysteine residues [3] in a reaction termed “protein

carbonylation”. This reaction produces an alkylated amino acid with a lipophilic derivative

containing a free carbonyl group and specific targets of modification have been known since

the early 1990’s [14]. It should be noted that acquisition of a free carbonyl group on proteins

is also achieved from direct site chain oxidation. Michael addition of reactive lipids to

proteins is believed to account for ~80% of all carbonyl adducts and such molecules are

commonly used as a biomarker for a number of pathophysiological states and may play an

active role in onset and progression of disease [13]. Reactive lipid aldehydes can also

modify proteins by Schiff base formation with a primary amine (lysine side chain) resulting

in dehydration of the aldehyde [3]. Schiff base adduction account for ~20% of lipid-

modified proteins [3] but does not produce a free carbonyl group and as such, is not

typically measured by conventional protein carbonylation reagents (e.g. aldehyde reactive

probe or biotin hydrazide). In addition, lipid conjugation via Schiff base retain the electron-

poor status at carbon three allowing for such molecules to modify a second amino acid side

chain by Michael addition [3]. Dual modification of proteins by a single lipid aldehyde can

produce either inter or intra protein crosslinks.

Damage resulting from protein modification by lipid aldehydes can be mitigated via a

number of Phase I and Phase II metabolic mechanisms. Phase I metabolism decreases the

reactivity of lipid aldehydes via oxidation and reduction reactions, thus preventing protein,

DNA, and lipid modification (Figure 1). For illustration purposes, the metabolism of 4-HNE

is shown in Figure 1 but the reactions may be applied to most of the reactive lipids shown.

Oxidation of the aldehyde group of 4-HNE by aldehyde dehydrogenases (ALDH) results in

formation of trans-4-hydroxy-2-nonenoic acid targeting the product for export or further

metabolism by β-oxidation. 4-HNE can be reduced at the aldehyde moiety by aldo-keto

reductases (AKR) resulting in 1,4-dihydroxynonene. In addition, 4-HNE can be reduced at

the unsaturated 2,3 double bond by alkenal/one-oxidoreductase (AO), resulting in 4-

hydroxynonanal. In each case, modification of 4-HNE results in loss of reactivity around

carbon 3 decreasing its reactivity for Michael addition [3].

Phase II metabolism of reactive aldehydes is carried out primarily by enzymatic

glutathionylation at carbon three [15]. The resulting glutathionylated molecule (e.g., GS-
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HNE) can undergo further metabolic modification by aldo-keto reductases and aldehyde

dehydrogenases [16] (Figure 1). Glutathione metabolites of 4-HNE are substrates for export

to the extracellular domain by RLIP76 or the multidrug resistance transporter MRP1

resulting in eventual clearance as components of urine [17].

Detection of protein carbonylation on target proteins has remained a technical challenge

with a variety of blotting and mass spectrometric methods being developed to map the

extent and sites of modification [11,18–20]. The majority of carbonylation target analyses

involve derivatization of carbonyl groups with either hydrazide or hydrazone adducts,

followed by enrichment and analysis. For simple semi-quantitative applications, the

carbonyl group is conjugated with biotin-hydrazide followed by separation of proteins by

traditional denaturing gel electrophoresis and blotting to a solid support. Carbonylated

proteins are detected using biotin-directed probes such as avidin coupled to fluorescent

reporter [20, 39] producing a carbonylation blot that may be used for general assessment of

protein modification. For quantitative mass spectrometric evaluation of carbonylated

proteins, complications in the analysis include oxidation of amino acid residues during the

workup, the multiple types of oxidative modifications that co-exist in oxidized proteins, the

variation in abundance of carbonylation proteins, and inadequate ionization of derivatized

peptides during introduction into the mass spectrometer. As such, while progress is being

made on quantitative analysis of protein carbonylation [21,22], a major unresolved goal of

carbonylation analysis is to develop reproducible, sensitive and quantitative methods for

identifying sites of modification.

Carbonylation targets and metabolic control

Protein carbonylation is associated with a variety of metabolic diseases, syndromes and

conditions including aging, diabetes, heart disease, and neuropathies. Since protein

carbonylation is chemically and not enzymatically driven, the targets of carbonylation are

dependent upon the oxidative environment of the cell, abundance and proximity to ROS. In

highly oxidative cells such as macrophages, ROS produced by the NADPH oxidase system

may lead to significant amounts of lipid aldehydes that covalently modify endogenous

enzymes and proteins. Moreover, activation of NADPH oxidase and the innate immune

system by gram-negative bacteria may result in lipid adduction of foreign proteins and play

a protective role in host defense systems. The mitochondrial respiratory chain constitutes a

major source of superoxide anion production and via superoxide dismutase produces

hydrogen peroxide [7–9]. Metal-catalyzed reduction of hydrogen peroxide yields hydroxyl

radicals and subsequent lipid peroxidation (Figure 1). Not surprisingly, a large proportion of

carbonylated proteins are localized to the mitochondria [23]. However, since reactive lipid

aldehydes freely diffuse across membranes, the location of the modified proteins does not

necessarily define the source of the ROS.

Carbonylation muscle pathophysiology and aging

Increased levels of carbonylated proteins have been detected in skeletal muscle under

several pathological conditions including sepsis, ischemia-reperfusion, diabetes, and chronic

obstructive pulmonary disease [24,25]. The affected proteins include those that are part of

contractile machinery of the muscle (actin, myosin light and heavy chains, desmin,

tropomysin). However, it is unclear whether carbonylation leads to dysfunction of these

proteins or skeletal muscle or is simply associated with such conditions.

Protein carbonylation in aging muscle mitochondria increases with regard to both the

number of targets and extent of carbonylation [23]. Using the Fischer 344 rat system,

skeletal muscle aging is associated with increased carbonylation in both, fast-twitch, and

slow-twitch muscle, respectively. The proteins that exhibited the largest carbonylation
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increase with aging were the α polypeptide of electron-transferring flavoprotein (detected in

both muscle types), malate dehydrogenase and the long-chain specific acyl-CoA

dehydrogenase (detected in fast-twitch muscle), and the S36 mitochondrial ribosomal

protein detected in the slow-twitch muscle. The degree of carbonylation also varies between

muscle fiber types. Fast-twitch, glycolytic fibers have decreased superoxide-scavenging

capacity relative to slow-twitch, oxidative fibers leading to a 2-fold increase of

mitochondrial protein carbonylation [23]. Because of the predominance of carbonylation in

rat fast-twitch muscle proteins, this muscle type may bear dysfunction as a result of

carbonylation. The pathways that may be affected in fast-twitch glycolytic fibers included

oxidative phosphorylation, the citric acid cycle, and fatty acid metabolism (Figure 2).

Muscle creatine kinase is a target of oxidative modification [26]. Carbonylation of creatine

kinase in mouse quadriceps increased 2.5 fold in the old and middle age relative to the

young mice. Similarly, carbonylated creatine kinase was less active and found in insoluble

aggregates and high molecular weight oligomers in the old and middle-aged relative to the

young mice. Because muscle creatine kinase is critical to homeostasis of creatine phosphate

and creatine during periods of high- and low-energy requirements, these correlative studies

suggest that carbonylation-induced structural instability may contribute to loss of protein

function and collectively translate to loss of muscle function with age.

Carbonylation in liver and steatosis

Age-associated increases of ROS and protein carbonylation have also been detected in the

liver [27], However, the majority of studies identifying carbonylated proteins fail to provide

functional impact and conversely studies that show functional impact of oxidative stress do

not directly identify targets of carbonylation. Elevated carbonylation of endoplasmic

reticulum resident proteins such as the endoplasmic reticulum chaperone protein GRP78 and

calreticulin occurs in the liver with age, suggesting that carbonylation may interfere with

protein folding and quality control [28]. Additionally, a study comparing various animal

models of longevity found that longer-lived species exhibited reduced nuclear accumulation

of carbonylated proteins relative to shorter-lived species [29]. Additional liver pathologies

associated with increased protein carbonylation include alcoholic liver disease, non-

alcoholic fatty liver disease and non-alcoholic steatohepatitis. Histopathological studies

using anti-HNE antibodies found significantly increased levels of protein modification in

patients with these types of liver disease [30]. The degree of protein modification correlated

with the severity of steatosis, but not fibrosis, likely due to the abundance of lipids

associated with steatosis. Combined with an inflammatory environment, fatty liver provides

ideal conditions for the generation of reactive lipid species and subsequent protein

modification.

Carbonylation in adipose tissue and obesity

Numerous reports using various rodent models of obesity describe a chronic low-grade

inflammatory state in adipose tissue [36,37]. Characteristic of this inflammation is an

accumulation of macrophages, T-cells, dendritic cells and other inflammatory cells within

adipose depots. Activated adipose tissue macrophages release a variety of cytokines, most

notably tumor necrosis factor-alpha (TNF-α) that acts on adipocytes to increase ROS

production, lipid peroxidation and protein carbonylation, which collectively leads to

mitochondrial dysfunction [38]. Indeed, elevated levels of protein carbonylation have been

reported in the adipose tissue of diet induced obese mice [20], as well as in obese human

subjects [39]. One such example is that of fatty acid binding protein 4 (FABP4) protein, that

is carbonylated on Cys117 resulting in markedly decreased affinity for fatty acids [20]. The

resulting loss of fatty acid binding by FABPs in adipose and other tissues may lead to

aberrant fatty acid trafficking and lipotoxicity. Acute fatty acid treatment has been shown to
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induce insulin resistance in both muscle and liver [40]. Also of interest is that glutathione S-

transferase A4 (GSTA4), a central Phase II antioxidant enzyme responsible for conjugating

glutathione to reactive lipid aldehydes, [41,42] (Figure 1), is also a carbonylation target [20].

GSTA4 was found to be down regulated in mouse models of obesity as well as in insulin

resistant obese humans, suggesting that cellular oxidative protection capacity may be

reduced in these conditions [43]. Indeed, treatment with the pro-inflammatory cytokine

TNF-α decreases GSTA4 expression and increases protein carbonylation in 3T3-L1

adipocytes similar to obese states [43,44]. These results suggest that in adipocytes, cytokine-

induced mitochondrial dysfunction is mechanistically linked to protein carbonylation and

may underlie insulin resistance (Figure 2).

Carbonylation adducts in neurodegenerative diseases

A number of carbonylated proteins have also been reported as elevated in the hippocampus

and inferior parietal lobule of aged humans with mild cognitive impairment, a diagnosis that

typically precedes Alzheimer’s disease [31]. These proteins include several important

enzymes in glucose metabolism such as lactate dehydrogenase B, phosphoglycerate kinase,

pyruvate kinase, α-enolase and the α-subunit of the ATP synthase. The specific activity of

lactate dehydrogenase, ATP synthase and pyruvate kinase are all decreased in brains of

humans with mild cognitive impairment suggesting a correlation between increased covalent

modification, the loss of enzyme function and disease pathology [32].

In the brain, the formation of lipid adducts impairs protein function and leads to neuronal

death, both contributing factors to diminished cognition. Accumulation of carbonylated

proteins with age is partly due to an age-associated decline of proteasomal activity [33].

Carbonylated proteins are primarily degraded by the 20S core proteasome in a ubiquitin-

independent manner where the oxidative modifications often cause structural

rearrangements and expose hydrophobic residues on the protein surface [34]. These exposed

hydrophobic residues serve as a recognition motif for the 20S core proteasome [33]. Indeed,

interventions that extend lifespan, such as caloric restriction, also attenuate aging-induced

loss of proteasomal activity and accumulation of protein carbonyls [33]. The accumulation

of oxidative protein and DNA modifications over a lifetime is thought to be negatively

associated with longevity. Reducing caloric intake confers weight loss, enhances insulin

sensitivity, and decreases inflammation, mitochondrial superoxide production, and

accumulation of protein carbonyls [35].

Inflammation, oxidative stress and protein carbonylation have been implicated in a number

of neurodegenerative diseases including Alzheimer’s disease, Parkinson’s disease,

amyotrophic lateral sclerosis and multiple sclerosis. Indeed, the central nervous system is

enriched in polyunsaturated fatty acids, thus making it particularly vulnerable to membrane-

associated oxidative stress [45]. Alzheimer’s disease is the most common form of dementia

and pathologic changes include accumulation of β-amyloid plaques and neurofibril tangles,

decreased neurotransmission and eventually gross atrophy of specific brain regions [46].

Specifically, 4-HNE modification of tau, a microtubule-associated protein, restricts tau

dephosphorylation and results in stabilization of neurofibrillary tangles, a hallmark of the

disease [47]. Strikingly, increased carbonylated proteins are reported in affected brain

regions at each stage of disease progression [32,48,49]. Targets of lipid modification in

Alzheimer’s disease include several metabolic proteins as well as protein involved in

proteasomal degradation [50,51]. For instance, the abundant de-ubiquitylating enzyme

ubiquitin carboxyl-terminal hydrolase L1 (UCH-L1) is highly susceptible to oxidative

modification [51]. Investigators have shown that 4-HNE modification of UCH-L1 causes a

conformational change, a loss in solubility and defective interactions with tubulin leading to

protein aggregation [52] (Figure 2). Another critical carbonylation target in Alzheimer’s

patients is neuropolypeptide h3 that is an important modulator of neurotransmission through
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control of acetylcholine levels. The characteristic cholinergic deficiency found in

Alzheimer’s disease and the use of acetyl cholinesterase inhibitors to treat symptoms in

affected patients highlight the significance of the oxidative modification of

neuropolypeptide h3. [31,53].

Parkinson’s disease presents with progressive loss of dopaminergic neurons in the substantia

nigra and a variety of studies have demonstrated increased oxidative stress in this region

from Parkinson’s patients. Hallmarks of this oxidative stress are reduced glutathione levels,

reduced manganese superoxide dismutase (mnSOD), as well as increased oxidative

modifications to lipids, proteins and DNA [54,55]. Both acute administration of 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine and systemic treatment with rotenone, both of which are

used to mimic Parkinson’s disease pathology in rodent models, inhibit Complex I of the

electron transport system. The resulting mitochondrial dysfunction leads to in increased

protein carbonylation in the substantia nigra similar to that which is observed in Parkinson’s

patients [56]. Indeed, the majority of experimental in vivo models of Parkinson’s disease

employ induction of oxidative stress in dopaminergic neurons in the substantia nigra.

In amyotrophic lateral sclerosis (ALS), a loss in upper and lower motor neurons leads to a

signature muscle atrophy and is usually fatal within 3–5 years of diagnosis [45].

Approximately 90% of cases are sporadic while ~10% or the cases are familial. Among the

familial amyotrophic lateral sclerosis cases, many map to the copper/zinc superoxide

dismutase SOD1 locus [45], which encodes the cytosolic antioxidant enzyme. While the

exact mechanism of how mutations in SOD1 lead to ALS pathology is unclear, recent

studies show that mutant SOD1 can lead to misfolding and protein aggregation specifically

in motor neurons of affect tissue [ 57]. To further understand the role of SOD1 mutants in

ALS, a transgenic mouse model was created to mimic ALS pathology. The G93A-SOD-1

mouse has an SOD1 mutation that results in production of hydroxyl radical independent of

SOD1 superoxide reduction, resulting in massive amounts of radical production and

oxidative stress. Motor neurons in the spinal cords of ALS patients as well as G93A-SOD-1

transgenic mice show elevated protein carbonylation, which increases with disease

progression [45,58]. Using a mass spectroscopy approach Perluigi and colleagues identified

axonal outgrowth protein dihydropyrimidinase-related protein 2, chaperone heat shock

protein 70, and glycolytic α-enolase as proteins with increased carbonyl modification in the

G93A-SOD-1 transgenic model of ALS [45].

Multiple sclerosis is an autoimmune neurodegenerative disease of the central nervous

system, characterized by inflammation, demyelination and axonal degeneration. Post

mortem analyses reveal that multiple sclerosis patients have elevated protein carbonyls in

white and gray matter [59]. Likewise, in a mouse model of multiple sclerosis, experimental

autoimmune encephalitis, a marked increase in protein carbonylation in cerebellar astrocytes

was reported. Major targets of protein carbonylation throughout disease progression were

identified as the structural proteins β-actin, β-tubulin and glial fibrillary acidic protein as

well as the protein folding chaperone heat shock cognate 71 [60].

Activation of cell signaling via protein carbonylation

Whereas many carbonylation targets are inactivated resulting in decreased function and

associated metabolic activity, carbonylation also serves to activate several signaling

systems. Recent studies have focused on the Nuclear factor (erythroid-derived-2)-like 2

(NRF2) – Kelch-like ECH-associated protein 1 (KEAP1) pathway that controls Phase II

antioxidant enzyme expression [61] and the Thioredoxin (TRX) – Apoptosis signal

regulating kinase 1 (ASK1) that controls the c-Jun N-terminal kinase (JNK) [62,63].
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Cytoplasmic KEAP1 binds to NRF2 sequestering it from the nucleus [64] and targeting it

for proteasomal degradation. Upon carbonylation of critical thiols in KEAP1 (Cys273,

Cys288) NRF2 is released and translocates to the nucleus where it dimerizes with a variety of

nuclear factors including MAF and NRF1. This complex binds to the antioxidant response

element (ARE) activating expression of a cassette of genes linked to the antioxidant

response (Figure 3 left). Carbonylated KEAP1 is degraded cytoplasmically by the

proteasome [65,66]. Treatment of COS-7 cells with HNE induced NRF2 nuclear

translocation resulting in active ARE signaling [67] while RNAi-mediated silencing of

NRF2 in a variety of cancer cell lines ablated HNE-dependent activation of downstream

targets [68]. These studies illustrate a negative feedback loop where lipid peroxidation-

induced protein carbonylation of KEAP1 activates the antioxidant response, resulting in

increased Phase II metabolic enzymes and decreased oxidative stress. Decreased oxidative

stress in turn leads to decreased KEPA1 carbonylation.

Similar to the NRF2/KEAP1 system, reduced thioredoxin complexes with and negatively

regulates the activity of the apoptosis signal-regulating kinase (ASK) [69] (Figure 3 right).
Under basal conditions, thioredoxin forms a complex with ASK1 inhibiting its

autophosphorylation and activation. Lipid peroxidation products such as HNE modify

structurally vicinyl thiol groups of thioredoxin (Cys32, Cys35), releasing ASK1 from the

complex, facilitating its autophosphorylation (Thr813, Thr838, Thr842) and subsequent

activation [70]. Thioredoxin can also be carbonylated at Cys73, a residue distal to the

catalytic site that also results in thioredoxin inactivation, but not ASK1 release. Activation

of ASK1, through carboylation of thioredoxin, leads to a cascade of phosphorylation events

linked to the phosphorylation of SEK and JNK culminating in NF-κB activation [71]

contributing to the development of insulin resistance [69,72].

Concluding Remarks

Protein carbonylation has been appreciated for decades; however the absence of identified

carbonylation targets with mapped sites of modification has made it difficult to assess the

functional relevance of this modification. The possible existence of enzymatic

decarbonylation may further complicate such assessment [73]. Moreover, since the extent of

carbonylation is almost always sub-stoichiometric, the implications of partial loss of activity

have remained enigmatic. However, when carbonylation leads to gain of function, small

changes in carbonylation may result in significant changes in cellular function. For example,

Velez et al. reported that 4-HNE adduction to proteins activates Bcl-2 phosphorylation and

triggers autophagy [74]. Similarly, carbonylation of critical active site thiols on PTEN

(phosphatase and tensin homolog) inactivates it leading to potentiated growth factor

signaling [75]. Such examples point towards the ability of small changes in carbonylation to

affect major pathways, particularly if such modification is followed by signal amplification.

An additional consideration when addressing protein carbonylation is the effect of lipid

adduction on protein localization. That is, in a number of in vivo and model systems,

covalent attachment of lipophilic groups to proteins affects their localization and assembly

on membranes (e.g., palmitoylation, prenylation). Studies to date have not assessed

carbonylation of proteins as a regulatory process potentially affecting membrane association

and/or protein-protein interactions. When additional characterized carbonylation targets are

identified such studies should be forthcoming and may represent a new theme linking

protein carbonylation to cellular physiology and metabolism.
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Glossary

Protein
carbonylation

As it relates to lipid peroxidation, the covalent adduction of a lipid

aldehyde to cysteine, lysine, and histidine side chains resulting in

the introduction of a free carbonyl group to a target protein. See also

Michael addition.

Reactive oxygen
species

A generic term used to denote one or more partially reduced, highly

reactive oxygen species including superoxide anion, hydroxyl

radical, hydrogen peroxide.

Phase I
metabolism

Metabolism of biomolecules by oxidation/reduction reactions

resulting in alterations in functional groups of molecules such as

α,β-unsaturated aldehydes.

Phase II
metabolism

Metabolism of biomolecules by conjugation to metabolic cofactors

such as glutathione or glucuronic acid, typically targeting the

metabolite for export or further metabolism.

Lipid
peroxidation

Free radical-mediated addition of molecular oxygen to

polyunsaturated fatty acids resulting in hydroperoxy-fatty acids

subject to spontaneous degradation to small, diffusible, carbonyl-

containing lipids.

Hock cleavage The mechanism by which lipid hydroperoxides degrade to small

carbonyl-containing molecules such as trans-4-hydroxy-2-nonenal.

Michael addition Conjugation of α,β-unsaturated aldehydes to cysteine, lysine, and

histidine residues of proteins and peptides by nucleophilic attack on

carbon three of the α,β-unsaturated aldehyde.

Schiff Base Conjugation of α,β-unsaturated aldehydes to lysine residues of

proteins and peptides by nucleophilic attack by the primary amino

group of lysine on the aldehydic carbon one of α,β-unsaturated

aldehydes resulting in dehydration and adduct formation.
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Figure 1. Metabolism of reactive lipid aldehydes via detoxification or carbonylation
Schematic depiction of Phase I and Phase II metabolism of reactive lipid aldehydes is

shown. For illustration purposes, the metabolism if 4-HNE (as shown in the bracket) is

presented in detail but the reactions apply broadly to each of the indicated aldehydes. In

addition, carbonylation the protein side chains (Cys, Lys or His) is shown in detail for 4-

HNE but may occur for any of the other reactive lipids shown. MDA; malondialdehyde, 4-

HHE; 4-hydroxy 2,3 hexenal. For other abbreviations, see text.
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Figure 2. Protein carbonylation targets in metabolic disease
Protein carbonylation targets in a variety of metabolic diseases and their impact on cellular

biology are listed. The list is not meant to be inclusive but exemplary of the breadth of

biological targets affected by protein carbonylation.
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Figure 3. Activation of cell signaling by protein carbonylation
Carbonylation of proteins results not only in enzyme inactivation, but also activation of

several signaling pathways. (L) 4-HNE modification of KEAP1 at critical cysteine residues

releases NRF2 that translocates to the nucleus. Activated NRF2 heterodimerizes with other

factors and activates the transcription of a variety of antioxidant gene targets. (R) 4-HNE

modification of thioredoxin releases ASK1 kinase that becomes phosphorylated and initiates

a signaling cascade via SEK and JNK. Activation/phosphorylation of JNK leads to

phosphorylation of IκBα and translocation/activation of p50/p65 to the nucleus and

expression of pro-inflammatory gene targets.
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