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Abstract The o, polyunsaturated lipid aldehydes are po-
tent lipid electrophiles that covalently modify lipids, pro-
teins, and nucleic acids. Recent work highlights the critical
role these lipids play under both physiological and patho-
logical conditions. Protein carbonylation resulting from nu-
cleophilic attack of lysine, histidine, and cysteine residues is
a major outcome of oxidative stress and functions as a re-
dox-sensitive signaling mechanism with roles in autophagy,
cell proliferation, transcriptional control, and apoptosis. In
addition, protein carbonylation is implicated as an initiating
factor in mitochondrial dysfunction and endoplasmic retic-
ulum stress, providing a mechanistic connection between
oxidative stress and metabolic disease.Hll In this review, we
discuss the generation and metabolism of reactive lipid al-
dehydes, as well as their signaling roles.—Hauck, A. K., and
D. A. Bernlohr. Oxidative stress and lipotoxicity. J. Lipid
Res. 2016. 57: 1976-1986.
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Lipotoxicity refers to a state in which lipids accumulate
in cells and tissues that are not equipped to adequately
metabolize or store them. This definition includes the
biology of cytotoxic lipids and their resultant impact on
cellular homeostasis. Importantly, small changes in abun-
dance, composition, or location of such lipids can have
profound effects on cellular viability and function (1).
This review is focused on one class of cytotoxic lipids: the
o, polyunsaturated lipid aldehydes. These lipids are
strong electrophiles whose production is induced by oxi-
dative stress and that modify proteins, RNA, and DNA (2,
3). Although historically it has been accepted that the gen-
eration of these lipids is simply an endpoint of oxidative
damage, it has become clear that they play an important
role in many cellular processes, including autophagy, the
unfolded protein response (UPR), endoplasmic reticulum
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(ER) stress, mitochondrial function, DNA-damage re-
sponse, and apoptosis. Furthermore, despite the highly
regulated antioxidant system in place to manage the gen-
eration of such lipids, under conditions of chronic and
severe oxidative stress the o, polyunsaturated lipid alde-
hydes can initiate mitochondrial dysfunction eventually
culminating in apoptosis. Here, we review the mechanisms
that lead to formation of these lipids and the signaling
pathways impacted by their presence.

LIPID PEROXIDATION AND FORMATION OF
REACTIVE LIPID ALDEHYDES

Oxidative stress is an imbalance in the tightly regulated
production and metabolism of reactive oxygen species
(ROS) such that the equilibrium is skewed toward an in-
creasingly oxidative environment (4, 5). Lipid peroxida-
tion is the result of hydroxyl radical attack of fatty acyl
chains of phospholipids and triglycerides, and has gar-
nered much attention due to the resultant widespread ef-
fects on cellular function. Although all organelles and
compartments of the cell produce ROS, mitochondrial
generation of hydrogen peroxide (HyO,) is generally con-
sidered to be the major source of oxidants (6, 7). Mito-
chondrial generation of superoxide anion via complexes I
and III leads to elevated HyO, through the action of super-
oxide dismutase (8). In the presence of ferrous iron, HyO,
undergoes Fenton chemistry to yield hydroxyl radicals (9,
10). The hydroxyl radical is highly reactive and rapidly ab-
stracts hydrogen atoms from biomolecules in its immediate
environment (10). Membrane phospholipids and triglyc-
erides are primary targets for hydroxyl mediated attack
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and formation of lipid radicals (9, 11). Such lipid radicals
are quickly oxidized leading to lipid peroxidation of acyl
chains. Following peroxidation, membrane phospholipids
undergo bond rearrangement allowing for further cap-
ture of radicals and chain propagation. Peroxidized acyl
chains subsequently undergo nonenzymatic Hock cleav-
age, producing a family of aldehydes of various carbon
lengths [e.g., malondialdehyde (n3), hydroxy hexenal
(n6), hydroxy nonenal (n9)] depending upon the level
of unsaturation and the lipid species oxidized (12, 13).
Importantly, the second product of Hock cleavage, the
parent phospholipid or triglyceride, now contains a short-
ened acyl chain that affects lipid packing and, therefore,
membrane permeability (14). Broadly, the consequences
of lipid peroxidation are twofold: generation of down-
stream reactive molecules such as the o, polyunsaturated
lipid aldehydes, as well as the concomitant changes in
membrane organization and architecture (Fig. 1).

The formation of o,f unsaturated lipid aldehydes is
largely dependent on the specific n-3 and n-6 PUFA spe-
cies modified by the hydroxyl radical. Depending upon
the lipid, aldehyde-containing secondary oxidation prod-
ucts, such as 4-hydroxy nonenal (4-HNE), 4-hydroxy
hexenal (4-HHE), malondialdehyde, and acrolein, are
commonly generated (Fig. 1) (13). The 4-HNE is the most
well-studied lipid peroxidation product and it remains a
major focus in the field due to its role in the etiology of
many metabolic disease states, including cardiovascular

disease, obesity, type II diabetes, neurodegenerative dis-
ease, atherosclerosis, asthma, chronic obstructive pulmo-
nary disease, and cancer (15-23). Notwithstanding, a wide
variety of other reactive lipid aldehyde species are formed
at appreciable levels in mammalian cells, though the spe-
cific effect of these lipids on cellular metabolism is less
defined.

While the chemical mechanisms that generate hydroxy-
alkenals from PUFAs have been relatively well-characterized,
the localization in vivo of these reactions remains largely a
matter of assumption and conjecture. Interestingly, lipido-
mic profiling of wild-type C56Bl1/6] mice indicated that
individual tissues have unique lipid aldehyde profiles, sug-
gesting specificity for the generation of particular lipids
depending on the cell type. For example, in subcutaneous
and visceral adipose depots, both 4HNE and 4-oxononenal
(4-ONE) are produced at high levels, while 4-HHE is un-
detectable (24). In contrast, in the liver, 4HHE was ob-
served to be the most abundant reactive lipid, with levels
over an order of magnitude greater than 4-HNE (J. S. Burrill
and D. A. Bernlohr, unpublished observations). Adipose
tissue contains high relative concentrations of n-6 PUFAs,
such as arachidonic acid and linoleic acid, both of which are
the precursors to 4HNE and 4-ONE. Conversely, the brain
contains high levels of n-6 PUFAs and, therefore, may be
ideally primed for the production of 4-HHE from docosa-
hexaenoic acid or o-linoleic acid (25-27). Together these
observations suggest that differences in reactive lipid
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Fig. 1. Generation and metabolism of reactive lipid aldehydes. Increased production of superoxide anion (O, ) leads to the production
of the hydroxyl radical ("OH) and subsequent lipid peroxidation (LOOH). This eventually results in the generation of a variety of reactive
lipid aldehydes that can covalently modify proteins in a process called protein carbonylation. Under normal conditions, these lipids are
detoxified by phase I and phase II antioxidant enzymes. In metabolic disease, the antioxidant milieu is depressed leading to accumulation
of reactive aldehydes and protein carbonylation. SOD, superoxide dismutase; AO, alkenal/one oxidoreductase; AKR, aldo-keto reductase.
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aldehyde profiles are principally due to the PUFA compo-
sition of individual cell types.

LIPID PEROXIDATION AND APOPTOSIS

A variety of studies indicate that damage to membranes
as a result of oxidation of PUFAs is associated with ageing
and metabolic disease. Specifically, oxidation of lipid mem-
branes can cause changes in membrane fluidity and per-
meability. This, in turn, may lead to altered enzymatic
activity of membrane bound complexes. Recent work fo-
cuses on the finding that the bisphosphatidyl glycerol
phospholipid, cardiolipin (CL), which is localized to the
inner mitochondrial membrane, is particularly susceptible
to lipid peroxidation, resulting in the generation of a vari-
ety of hydroperoxides. CL, which is distinct from other
phospholipids in that it contains three glycerol moieties
and four fatty acyl chains in the same molecule, is critical
for maintenance of cristae structure as well as stabilizing
mitochondrial electron transport complexes (28, 29). Lip-
idomic analysis demonstrated that oxidation of tetralino-
leoyl CL (L,CL), the most common mitochondrial CL in
mammalian tissues, not only generates lipid hydroperox-
ides that remain in the membrane, but also contributes to
the production of mitochondrial 4HNE (14, 30, 31) (Fig. 2).
Furthermore, oxidation of CL is known to be accompa-
nied by decreased activity of complexes I and IV, leading
to impaired mitochondrial respiration (32-34). Accord-
ingly, decreases in membrane CL content as well as oxida-
tion of CL are strongly correlated with a variety of disease
models in which mitochondrial dysfunction plays a major
role, including atherosclerosis, obesity, and cardiac injury
during ischemia/reperfusion (35, 36).

Critical work from Kagan et al. (37) showed that oxida-
tion of CL is a required step for the release of pro-apoptotic
factors during mitochondrial-driven (intrinsic) apoptosis.
Pro-apoptotic stimuli induced the HyOo,-dependent per-
oxidation of CL by cytochrome C (37). Because oxidized
CL (CLox) (shown as CL,, in Fig. 3) exhibits a reduced
binding affinity for cytochrome C over CL (38, 39), per-
oxidation of CL results in the release of cytochrome C and
mobilization to the outer mitochondrial membrane, an
event that is an early required step that precedes the re-
lease of cytochrome C into the cytosol. Moreover, initial
studies showed that CL specifically is essential for Bcl2-
mediated membrane permeabilization through Bax and
Bid (40). More recent work has indicated that oxidation of
CL results not only in cytochrome C mobilization in the
membrane, but also in migration of CL from the inner
mitochondrial membrane to the outer mitochondrial mem-
brane (41, 42). Here, CLox recruits and interacts with Bax
to initiate formation of the mitochondrial transition pore.
Furthermore, activation of Bax by pro-apoptotic stimuli has
been shown to increase ROS production (43, 44), indicating
that recruitment of Bax to the outer mitochondrial mem-
brane engages the mitochondria into a feed-forward loop
in which increased ROS perpetuate that apoptotic signal-
ing cascade. Supporting this hypothesis is the observation
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by Jiang et al. (45) that ablation of Bax/Bak protects against
actinomycin D-induced ROS production and CL peroxi-
dation, while expression of recombinant Bax induces CL
peroxidation. Together these data demonstrate that lipid
peroxidation of membrane phospholipids can have wide-
spread effects through alterations in membrane structure
and function, as well as through protein-lipid interactions.
These interactions are particularly important for the regu-
lation of the intrinsic apoptotic pathway (Fig. 3).

PROTEIN CARBONYLATION

Under normal conditions, there are several classes of
aldehyde-metabolizing enzymes that function to detoxify
reactive lipid aldehydes prior to oxidative cellular damage
(Fig. 1). However, under conditions of prolonged or ele-
vated oxidative stress, o,3 unsaturated lipid aldehydes ac-
cumulate. Due to the electron-withdrawing property of
the carbonyl and hydroxyl oxygen atoms, o, unsaturated
aldehydes are strong electrophiles and highly reactive to-
ward attack by proteins and nucleic acids. Furthermore,
unlike many other oxidative species, the lipids are relatively
stable and highly diffusible, allowing for a large functional
boundary within the cellular environment. In addition,
such lipid aldehydes may diffuse through membranes and
can be found extracellularly (46). Protein carbonylation
typically refers to the posttranslational modification of cys-
teine, histidine, and lysine residues by reactive lipid alde-
hydes. This class of posttranslational modification is the
result of nucleophilic attack by sulfthydryl (cysteine), imid-
azole (histidine), or e-amine (lysine) moieties on the C3
carbon of the lipid, resulting in the formation of a stable
protein-lipid Michael adduct (3, 47) (Fig. 4). Schiff base
formation can also occur between the s-amine of lysine
and lipid, though these adducts are generally believed to
be less stable and do not retain the free carbonyl (3).

The effect of protein carbonylation on function is
largely considered to affect two major properties: protein
catalytic activity and/or protein-protein interactions. Due
to the centrality of cysteine, lysine, and histidine to enzy-
matic catalysis, protein carbonylation typically represents
a loss-of-function modification. In general, however, the
stoichiometry of modification is measured to be quite low,
typically less than 5% of any protein being carbonylated.
Despite this, when multiple proteins of a biochemical
pathway are concurrently carbonylated, flux through ma-
jor components of metabolism can be affected. For example,
a number of studies have reported that multiple enzymes of
glycolysis are carbonylated (glyceraldehyde 3-phosphate
dehydrogenase, enolase, fructose 1,6 bisphosphate aldol-
ase) (48-51). Reduction in activity of multiple steps, even
if relatively modest for each step, can have significant in-
fluence on overall pathway flux. Secondarily, carbonylation
of lysine residues would block subsequent ubiquitination,
thereby affecting cellular degradation and increasing the
half-life of target proteins. In addition, cysteine, lysine,
and histidine residues are frequently found in solvent-
accessible regions of proteins, suggesting that carbonylation



Fig. 2. Oxidative modification of CL. Representa-
tion of L,CL oxidation by hydroxyl radicals (ROS)
and subsequent production of «, unsaturated lipid
aldehydes as well as an CLox remnant. The head
group of CL is drawn schematically to emphasize
chemistry within the acyl chains. Unsaturated alde-
hydes lead to protein carbonylation, while CLox po-
tentiates apoptosis, autophagy, or mitophagy leading
to generalized mitochondrial dysfunction.
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may lead to the introduction of a hydrophobic region on
the surface of a polypeptide. If a modification occurs in a
relatively nonpolar region, carbonylation may enable pro-
tein-protein interactions or complex formation. If such an
assembly introduces functionality, carbonylation may lead
to a gain-of-function modification for a system.

Protein carbonylation has traditionally been used as a bio-
marker for oxidative stress and is widely observed in a variety
of metabolic tissues under both basal and diseased condi-
tions. Carbonylation targets have been studied at length in
metabolically active tissues, such as brain, skeletal muscle,
liver, adipose, and cancer cells (14, 52-55). As detection

techniques improve, identification of specific proteins that
become modified has facilitated the discovery that protein
carbonylation plays an active role in a wide array of cellular
mechanisms, including the oxidative stress response, autoph-
agy, ER stress response, proliferation, mitochondrial func-
tion, and apoptosis. In obesity, for example, total protein
carbonylation is significantly increased in visceral adipose tis-
sue (16, 56) and in the heart (34). Although the specific role
of protein carbonylation remains complex, a number of
studies suggest that protein carbonylation is a mechanistic
connection between obesity and the development of meta-
bolic dysfunction, particularly in the adipose tissue (48).
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In addition to obesity, elevated protein carbonylation has
been observed in human and mouse models of neurode-
generative disease, cardiovascular disease, diabetes, can-
cer, hepatosteatosis, asthma, and pulmonary disease.
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Fig. 4. Protein carbonylation and formation of protein-lipid ad-
ducts. Alkylation of the side chains of lysine, histidine, and cysteine
are shown and the major affected mitochondrial pathways. For dia-
grammatic purposes, only the modification of amino acid side
chains by 4-HNE is shown. Additional parallel modification reac-
tions with other electrophiles occur.
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Fig. 3. Cartoon representation of lipotoxic lipids
and cellular responses. Peroxidation of CL (L,CL)
within the mitochondrial inner membrane leads to
oxidized CL (CL,,) with shortened acyl chains that
may initiate an apoptotic response. In parallel, resul-
tant lipid aldehydes modify mitochondrial proteins
leading to dysfunction and potential induction of mi-
tophagy. Aldehydes may diffuse from the mitochon-
drion and modify proteins within the cytoplasm,
nuclear region, or ER affecting cellular homeostasis
and signaling response.

It remains unclear, in many cases, whether protein car-
bonylation plays an initiating/causal role or rather is the
endpoint of another underlying dysfunction. As such,
identification of specific modified proteins and a better
understanding of how the modification affects protein
function is a necessary step. To date, several large pro-
teomics studies have aided our understanding of both the
specificity and localization of protein carbonyls in tissue,
such as adipose, liver, skeletal muscle, plasma, lung, and
cardiac tissue (46, 48, 49, 57-61). Mass-spectrometry-based
approaches have allowed for the identification of hun-
dreds of direct targets of 4HNE, 4-HHE, and acrolein car-
bonylation targets with cytosolic, mitochondrial, ER, and
nuclear localization.

The mitochondrion, in particular, is a major source of
ROS due to electron leak from complexes I and III of the
electron transport chain (5). In addition, the mitochon-
drial inner membrane is rich in CL, making the mitochon-
drion a likely source of reactive lipid aldehydes and site of
protein carbonylation. These observations, combined with
the dogma that oxidative stress is often coincident with mi-
tochondrial dysfunction and impaired respiration, spurred
a number of studies focused on the role of mitochondrial
carbonylation and mitochondrial dysfunction. Using skel-
etal muscle fibers from rats, Meany et al. (49) utilized an
iTRAQ-based proteomic approach to identify proteins
susceptible to protein carbonylation in mitochondrial ly-
sates. Ninety-four protein targets were identified, nearly
40% of which were involved in oxidative phosphorylation.
Moreover, quantitative analysis of mitochondrial carbonyl-
ation indicated that carbonylation of many targets increased
with age, specifically in fast twitch fibers (62). In 2012,
Curtis et al. (52) undertook a proteomics study in which
they identified over 200 mitochondrial targets of protein



carbonylation in glutathione-S-transferase (GST)A4-silenced
3T3-L1 adipocytes. KEGG analysis of the top pathways rep-
resented in the dataset revealed that 19% of the proteins
involved in oxidative phosphorylation, 33% of the TCA
cycle pathway, and 28% of the branched-chain amino acid
(BCAA) catabolic pathway were carbonylated (48). Nota-
bly, in this model system, mitochondrial function was sig-
nificantly impaired, as measured by decreased complex I
activity, decreased membrane potential, reduced mito-
chondrial respiration, and increased ROS production.
Other key targets identified included several proteins criti-
cal for efficient respiration, such as complex I proteins,
NADH dehydrogenase (ubiquinone) la subunits 2 and 3,
and the mitochondrial phosphate carrier (MPCP). Consis-
tent with these observations, an emerging hypothesis is that
protein carbonylation is a mechanism that links oxidative
stress to impaired mitochondrial function through direct
modification of electron transport machinery (Fig. 3).

The observation that the BCAA catabolic pathway is en-
riched for carbonylation is intriguing because serum levels
of BCAAs are positively associated with obesity and insulin
resistance (63-68). The BCAAs (leucine, isoleucine, and
valine) are important sources of succinyl-CoA and acetyl-
CoA to replenish the TCA cycle in adipocytes in order to
fuel lipogenesis. Interestingly, treatment of cultured 3T3-
L1 adipocytes with the inflammatory cytokine, TNF-a, led
to decreased [14C]leucine uptake and conversion to tri-
glyceride (69). While investigation of how carbonylation
specifically affects the function of the enzymes involved in
BCAA is ongoing, these data suggest a correlation between
increased carbonylation and decreased lipogenesis, re-
sulting in accumulation of BCAAs in the serum. As such,
increased serum BCAA may be a biomarker for adipose
inflammation and mitochondrial dysfunction.

Recent work by Zhao et al. (70) led to the identification
of specific 4-HNE adducts in cardiac tissue from mice
treated with doxorubicin. Proteomic analysis of the mito-
chondrial homogenates identified several carbonylation
targets involved in energy metabolism, such as ATP syn-
thase subunit B, succinate dehydrogenase (ubiquinone)
flavoprotein subunit, creatine kinase S-type, and succinyl-
CoA:3 ketoacid-CoA transferase. The observed changes in
protein carbonylation were paralleled by a decrease in
oxygen consumption rate. Interestingly, complex I sub-
unit, NADH dehydrogenase la subunit 2, was among the
targets identified, indicating that complex I may be a
hotspot for protein carbonylation across multiple tissues.

Alcoholic liver disease (ALD) is characterized by im-
paired mitochondrial function and oxidative stress. Simi-
lar to the case in obese adipose tissue, oxidative stress in
the liver is accompanied by increases in lipid peroxidation
and production of reactive lipid aldehydes (54). Consis-
tent with this, in mouse models of chronic alcohol con-
sumption, protein carbonylation is significantly increased
in the liver. As such, several groups have pursued the hy-
pothesis that protein carbonylation contributes to impaired
hepatocyte function and metabolism in ALD. Proteomic
analysis of liver extracts from ethanol-treated mice led
to the identification of hundreds of carbonylation targets,

including 4-HNE, 4-ONE, and acrolein modification sites
(71). Consistent with the observed mitochondrial dysfunc-
tion and lipid accumulation characteristics of this disease
model, bioinformatic pathway analysis revealed that fatty
acid metabolism, oxidative phosphorylation, glycolysis,
and drug metabolism were among the top modified path-
ways. More recent work has focused on the identification
of mitochondrial-specific targets in both mouse and rat
models of ALD (57, 72). Although the functional conse-
quences of these modifications on mitochondrial dysfunc-
tion and the progression of ALD have yet to be determined,
it is tempting to speculate that carbonylation of specific
mitochondrial proteins plays a central role in regulating
hepatocyte metabolic flux in ALD.

Antioxidant enzymes that detoxify hydroperoxides or
lipid aldehydes are critically important for the regulation
of carbonylation and prevention of uncontrolled oxidative
damage to cellular machinery. This point is exemplified
by the many human diseases that are characterized by de-
creased activity or expression of specific families of anti-
oxidant enzymes, such as the aldehyde dehydrogenases
(ALDHs), glutathione peroxidases (GPXs), and GSTs (16,
24, 73-76). The relative specificity of these enzymes toward
the detoxification of lipid peroxidation products makes a
strong case for the lipotoxicity of reactive lipid aldehydes
and protein carbonylation. For example, GSTA4 is a key
phase II enzyme that glutathionylates lipid peroxidation
products, allowing for their eventual export from the cell
(Fig. 1). In 2007, Grimsrud et al. (16) observed that Gsta4
mRNA expression was decreased 3- to 4-fold in obese
adipose tissue from mice, an observation that correlated
with increased protein carbonylation in whole cell extracts
from obese adipose depots. Strikingly, Gsta4-null mice
on a 129/sv background exhibit high levels of 4HNE and
become obese when fed a chow diet (77). Conversely,
Gsta4-null mice on a C57BL/6 background do not display
clevated 4-HNE levels and do not become obese, suggest-
ing that accumulation of 4-HNE is linked to metabolic
dysfunction (77). Following this work, Curtis et al. (78)
showed that silencing of GSTA4 in 3T3-L1 adipocytes led
to increased mitochondrial protein carbonylation and im-
paired mitochondrial function. Recent work by Shearn
etal. (57) highlights the role of GSTA4 in the liver. In this
study, mitochondria were isolated from the livers of
GSTA4 /™ mice treated chronically with ethanol. Using
mass spectrometry-based proteomics, they were able to
identify over 800 targets of protein carbonylation, 417 of
which were new carbonylation targets in chronic ethanol
models of hepatic steatosis.

In addition to Gsta4, mRNA expression of GPx4, perox-
iredoxin (Prdx)3, and Aldh2 is significantly downregu-
lated in visceral adipose depots of obese mice compared
with lean controls (24). PRDX3 is a mitochondprially local-
ized peroxide reductase that catalyzes the conversion of
H;0, to Oy and water, thereby protecting the cell from
HyOy-mediated oxidative damage. GPX4 and ALDH both
function to reduce lipid hydroperoxides. As such, the end
result of the concerted downregulation of these key enzymes
is the unregulated production of lipid peroxidation end
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products (Fig. 1). Consistent with this, Long, Olson, and
Bernlohr (24) observed a 5-fold increase in free 4HNE
and 4-ONE levels in visceral adipose depots of high-fat-fed
C57Bl/6] mice. The downregulation of Gsta4, GPx4, and
Prdx3, as well as the concomitant elevation in 4-HNE and
4-HHE, has been observed in both dietinduced and ge-
netic (ob/ob mouse) models of obesity. Recent work by
Katunga et al. (34) highlighted the importance of GPx4 in
the context of obesity. While whole body knockout of this
enzyme is embryonic lethal, Gpx4 haplo-insufficient mice
maintained on a high-fat high-sucrose diet exhibit in-
creased carbonyl stress, exemplified by increased 4-HNE
adduct in the liver and heart accompanied by elevated
ROS and mitochondrial dysfunction in the heart (34).
Strikingly, decreased GPx4 mRNA expression was observed
in human heart tissue from subjects with diabetes com-
pared with nondiabetic controls. This expression pattern
was accompanied by an increase in 4-HNE adducts in the
diabetic samples, further highlighting the importance of
this enzyme in mediating the effect of lipid peroxidation

(34, 79).

LIPOTOXICITY AND ER STRESS

Protein carbonylation within the ER is emerging as a
critical signaling mechanism within many cell types. ER
stress and the accumulation of unfolded proteins are cor-
related with increased protein carbonyls in several mam-
malian cell types (80, 81). Similarly, amelioration of ER
stress is concomitant with reduction in lipid peroxidation
and protein carbonylation (80-84). Recent work in a vari-
ety of models suggests that lipid electrophiles play a pri-
mary role in ER stress and can directly activate all three
arms of the UPR. In human stable and advanced athero-
sclerotic lesions, 4-HNE adducts colocalize with ER stress
marker, Irela, and treatment of cultured human endothe-
lial cells with 4-HNE induces phosphorylation of Irela
and elF2a (85). Similarly, treatment of human umbilical
vein endothelial cells with 4-HNE (86) or acrolein (87) led
to a robust activation of each major component of the
UPR. In the 4-HNE-treated cells, HNE-protein adducts co-
localized specifically with the ER and proteomic analysis
led to the identification of several ER-specific chaperone
proteins. The observation that protein chaperones are
particularly susceptible to oxidation has been observed in
several other contexts. In human leukemia cell line HL.60,
apoptosis-inducing photodynamic therapy selectively led
to the carbonylation of key molecular chaperones: glucose-
regulated protein (GRP)78, heatshock protein (HSP)60,
heatshock protein cognate 71 (HSC71), phosphate disul-
phide isomerase, and calreticulin (88). In addition, pro-
teomic analysis of lysates from aged murine liver (89),
Alzheimer’s disease brain (19), and mouse hippocampal
neuronal cells (90) suggest targeted carbonylation of criti-
cal ER proteins, such as phosphate disulphide isomerase
and calreticulin. Proteomic analysis of lysates from a rodent
model of ALD confirms the susceptibility of chaperones
HSP72, HSP90, and GRP78 to adduction by lipid alde-
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hydes (91-93). The 4-HNE modification of cysteine resi-
dues on HSP72 and Hsp90 correlated with impaired
chaperone activity, while modification of GRP78 was local-
ized to the ATPase domain and had a minimal effect on
chaperone activity. Collectively, these results are consis-
tent with the hypothesis that oxidized lipids function as
a trigger for ER stress. Furthermore, although the mech-
anisms connecting elevated levels of 4-HNE and other
electrophilic lipids to specific facets of the UPR remain
unclear, these data suggest that modification of ER pro-
teins, particularly chaperones involved in protein fold-
ing, plays a role in initiating this response.

Interestingly, recent work by Haberzettl and colleagues
suggests a role for reactive lipid aldehydes in promoting
autophagy through activation of the UPR. These studies
stemmed from the observation that treatment of rat aortic
smooth muscle cells with 4-HNE or acrolein resulted in
protein carbonylation and activation of the autophagic
machinery (94). Pretreatment of cells with rapamycin ac-
celerated the rate of removal of 4-HNE-modified proteins,
indicating that autophagy is one mechanism by which cells
remove oxidatively damaged proteins. Consistent with
this, cotreatment of 4-HNE with the autophagic inhibitor,
3-methyladenine, or the proteasome inhibitor, MG-132,
resulted in cell death. Interestingly, proteomic analysis of
4-HNE-modified proteins in 4-HNE-treated rat aortic
smooth muscle cells indicated that modified proteins were
primarily localized to the ER. Several ER-specific chaperone
proteins, including protein-disulfide isomerase and glucose-
regulated proteins 58 and 78, were identified (GRP58,
GRP78) (95). Moreover, 4-HNE treatment resulted in the
selective activation of the PERK-dependent arm of the UPR,
culminating in the activation of stress kinases, including
JNK. A key finding in this study was that 4-HNE-induced
increases in autophagy were entirely dependent on activa-
tion of the UPR with JNK activation as a critical signaling
event that connected protein carbonylation in the ER to
the induction of autophagy (95).

PROTEIN CARBONYLATION AND PROTEOSTASIS

Oxidized proteins are proteolytically degraded via a va-
riety of mechanisms; however, under conditions of oxida-
tive stress, either the increased production of unfolded
damaged proteins or the decreased capacity to degrade
them can lead to large protein aggregates that negatively
impact cellular function. Such protein aggregates are known
to increase with age as well as play a major functional role
in many diseases of ageing (96, 97). Because a variety of
proteins are modified by carbonylation, the definition of
how carbonylation affects protein quality control mecha-
nisms has been intensely pursued.

Protein proteolysis is carried out by three broad classes
of proteases: the lysosomal proteases (e.g., cathepsins),
calcium-dependent proteases (e.g., calpains), and the multi-
catalytic proteases (proteasomes). There are a number of
hypotheses regarding the primary mechanism responsible
for targeted degradation of carbonylated peptides, though



much of the data indicates that the multicatalytic prote-
ases, including the 20S and 26S proteasomes, play a major
role in this process. The 20S proteasome, which exhibits
chymotrypsin-like, trypsin-like, and peptidyl glutamyl pep-
tide hydrolase-like activity, is the catalytic core of the pro-
teasome. The 19S (PA700) subunit associates with the 20S
catalytic core, yielding the 26S proteasome that efficiently
carries out ATP-dependent proteolysis of ubiquitinated
proteins. It is generally accepted that the 20S proteasome
specifically degrades oxidized proteins, an observation that
suggests that this may also be the case for carbonylated
peptides (98) (Fig. 3). Initial studies in which liver cells
were treated with 4-HNE indicated that 4HNE-modified
proteins were selectively removed by the proteasome and,
further, proteasome activity was stimulated upon treatment
with low concentrations of 4-HNE (32, 33, 99). In vitro car-
bonylated histones were rapidly proteolyzed by the 20S
proteasome relative to the unmodified proteins, suggest-
ing that modified histones were preferentially degraded
(85, 100). Conversely, covalent modification of alcohol
dehydrogenase with 4-HNE led to polyubiquitination and
a 1.5-fold increase in its 26S-dependent degradation (101).
These studies, along with several others, collectively indi-
cate that 4-HNE-modified proteins can be degraded by the
proteasome, though whether or not this is the sole, or
even the primary, mechanism for removal of carbonylated
protein remains controversial. Furthermore, reports on
the mechanism by which proteasomal degradation may
occur are inconsistent. Namely, it is unclear whether ubiq-
uitination is required for recognition and targeting of car-
bonylated proteins to the proteasome. In addition to these
inconsistencies, several studies challenge the proteasome-
dependent degradation hypothesis itself. In a 2004 study,
Marques et al. (102) demonstrated that 4-HNE-modified
proteins were ubiquitinated preferentially in a cell free sys-
tem. In lens epithelial cells, inhibition of the catalytic activ-
ity of the 26S proteasome had no effect on the removal of
4-HNE-modified proteins, whereas inhibition of lysosomal
activity resulted in the accumulation of 4-HNE-modified
proteins (102), suggesting a ubiquitin-dependent lysosomal
degradation pathway.

In addition to the role the 20S and 26S proteasomes
likely play in degrading 4-HNE-modified proteins, these
complexes are also substrates for protein carbonylation.
In several systems, elevated levels of reactive lipid alde-
hydes are coincident with decreased proteasomal activity
both in vitro and in vivo (100, 103-106). It has been ob-
served that 4HNE-modified proteins make poor substrates
for proteolysis (103, 107). Furthermore, the catalytic activ-
ity of the proteasome can be inhibited by site-specific car-
bonylation of various subunits leading to impaired protein
turnover. In renal homogenates from rats treated with
ferric nitrilotriacetate to induce oxidative stress, Okada
et al. (108) observed 4-HNE-proteasome adducts. Appear-
ance of these adducts correlated with decreased trypsin-
like and peptidylglutamyl peptide hydrolase activity of
the proteasome (70, 108). Proteasome-specific 4-HNE ad-
ducts coincident with inhibition of proteasome activity
have been observed in many pathological states/tissues,

including in neurodegenerative disease (72, 77, 104, 109),
cerebral ischemia-reperfusion injury (77, 110), cardiac
ischemia-reperfusion injury (111-113), and in lympho-
cytes from aged humans (57, 106). In-depth study of
proteasome oxidation revealed that specific subunits are
preferentially modified by reactive lipids and that, depend-
ing on which subunit is modified, catalytic activity of
some, or all three, of the catalytic peptidase activities of
the 20S proteasome can be inhibited (111, 114, 115). Al-
though the precise mechanisms behind such inhibition
of proteolysis remain complex, it is clear that protein car-
bonylation is a dynamic regulatory process in proteolysis.

CONCLUDING REMARKS

Reactive lipid aldehydes are critical mediators of the cel-
lular response to oxidative stress under both physiological
and pathological conditions. Significant advances in the
technologies to detect both free aldehydes and lipid-pro-
tein, lipid-lipid, and lipid-nucleic acid adducts have wid-
ened our understanding of the functional scope that such
lipids possess. Work in the last three decades has largely
focused on identification of carbonylated proteins in oxi-
dative stress models, and these efforts are exemplified by
the hundreds of known carbonylation targets reported in
the literature. Despite these advances, clear and specific
roles for protein carbonylation in the pathophysiology of
metabolic disease remain unclear. Analysis of the Gsta4-
null mouse has given us important clues as to the critical
role that protein carbonylation plays in metabolic dis-
ease. The metabolic dysfunction observed upon ablation
of Gsta4 strongly argues for a critical role of protein car-
bonylation in cellular homeostasis. In moving forward,
studies aimed at identifying mechanistically how modifi-
cation of proteins affects not only their function, but
also how these events initiate signaling changes, will be a
particularly important goal. Furthermore, a better under-
standing of the biologically relevant differences between
distinct lipid peroxidation products will be informative.
Finally, a number of studies demonstrate that targeting
enzymes or reactions that produce reactive lipids leads to
metabolic benefits at the level of cultured cells, organs,
and even whole organisms. As such, a clear understand-
ing of the balance between production and metabolism
of reactive lipids holds promise for therapeutic interven-
tion for metabolic disease Bl
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the graphics.
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