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ABSTRACT

Oxidative stress has been identified as a common mechanism for cellular damage and dysfunction in a wide variety of disease states. Current

understanding of the metabolic changes associated with obesity and the development of insulin resistance has focused on the role of oxidative

stress and its interaction with inflammatory processes at both the tissue and organismal level. Obesity-related oxidative stress is an important

contributing factor in the development of insulin resistance in the adipocyte as well as the myocyte. Moreover, oxidative stress has been linked to

mitochondrial dysfunction, and this is thought to play a role in the metabolic defects associated with oxidative stress. Of the various effects of

oxidative stress, protein carbonylation has been identified as a potential mechanism underlying mitochondrial dysfunction. As such, this review

focuses on the relationship between protein carbonylation and mitochondrial biology and addresses those features that point to either the

causal or casual relationship of lipid peroxidation–induced protein carbonylation as a determining factor in mitochondrial dysfunction. Adv. Nutr.

4: 157–163, 2013.

Mitochondrial metabolism and generation of
reactive oxygen species
Reactive oxygen species (ROS)4 are generated as a constitu-
tive by-product of aerobic respiration. Pathologic states such
as infection and disease are associated with considerably in-
creased production of ROS in a variety of tissues (1–4). Al-
though ROS play an important role in normal cellular
signaling (5), increased levels or prolonged exposure to
ROS can lead to pathologic changes to a variety of cellular
components, including the modification of DNA, RNA, car-
bohydrates, proteins, and lipids (6). These changes have
been associated with detrimental changes in cellular metab-
olism and induction of apoptosis or cell death (7).

Free radicals such as the superoxide anion are chiefly gen-
erated by electron leakage from the mitochondrial electron
transport chain, but are also produced via the action of en-
zymes including NAD(P)H oxidase, xanthine oxidase, lipox-
ygenases, and cyclooxygenases (1,8). Electrons leaking from
the electron-transport chain during mitochondrial respira-
tion combine with surrounding oxygen to form the superox-
ide anion (Fig. 1). Superoxide is readily metabolized by
superoxide dismutases, chief among themmanganese super-
oxide dismutase (MnSOD), which acts on superoxide in the
mitochondrial matrix to form hydrogen peroxide (9).

Although mitochondrial ROS are generated from the su-
peroxide anion, there is some debate as to which ROS is the
key mediator of insulin resistance. MnSOD is an abundant
and highly efficient enzyme, implying that superoxide is rap-
idly catalyzed to hydrogen peroxide under physiologic con-
ditions (10,11). Furthermore, the rate at which superoxide
oxidizes thiols is relatively slow compared with its rate of ca-
talysis by MnSOD (2), making it more likely a precursor
rather than the primary second messenger connecting oxi-
dative stress to insulin resistance. Hydrogen peroxide has
been therefore proposed as the key signaling molecule (2).

Hydrogen peroxide may be metabolized by catalase,
glutathione peroxidase, peroxiredoxins into water and
oxygen (10,12). Because catalase is largely, although not
exclusively, localized to the peroxisome, its role in affecting
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mitochondrially-derived ROS is likely to be less important
for insulin resistance. Alternately, hydrogen peroxide can re-
act with iron or other metals in a Fenton reaction, generat-
ing the more potent hydroxyl radical (13). Hydroxyl radical
acts on the polyunsaturated side chains of membrane phos-
pholipids and triglycerides, leading to the addition of molec-
ular oxygen, followed by chemical degradation (Hock cleavage).
The most widely studied oxidized lipid degradation pro-
ducts are the a,b-unsaturated aldehydes, which include
the (n-6) lipid peroxidation products 4-hydroxy trans-2,
3-nonenal (4-HNE) and 4-oxo trans-2,3-nonenal (4-ONE) (6).
4-HNE can also be formed by an alternate pathway, whereby
the 5-lipoxygenase product 5 S-hydroxyeicosatetraenoic acid
can be oxidized by cyclooxygenase-2, yielding a bicyclic di-
endoperoxide. This diendoperoxide can further undergo
hematin- and ferrous iron–catalyzed transformation to pro-
duce both 4-HNE and malondialdehyde (14).

Due to an electron-poor region at C3, 4-HNE and
4-ONE are highly susceptible to Michael addition, a nucle-
ophilic attack by the side chains of histidine, cysteine, and
lysine residues (7). These covalent modifications result in
a free carbonyl attached to the protein, termed carbonyla-
tion. Carbonylation can target the proteins for selective deg-
radation by the 26S proteasome (15). Further, as histidine,
lysine, and cysteine residues are frequently components of
enzyme-active sites or participate in protein–protein inter-
actions, carbonylation typically leads to loss or alteration
of protein function (7). In addition to carbonylation, reac-
tive aldehydes can form a Schiff base with lysine side chains
that may further react at the C3 producing inter- or intra-
protein crosslinks. Schiff bases make up only a small per-
centage of lipid-modified proteins (16).

Although 4-HNE has been more widely studied, 4-ONE
is more electrophilic (17) and reacts with model proteins at a
faster rate than 4-HNE (18). This reactivity translates into

higher toxicity of 4-ONE relative to 4-HNE with regard to
mitochondrial function (17) and cell toxicity (18,19). The
relative importance of these 2 molecules as mediators of ox-
idative damage will require further investigation.

Antioxidant response
Lipid aldehydes can also be detoxified by a variety of pro-
cesses. Phase I metabolism results in oxidation or reduction
of carbonyl groups, decreasing reactivity. Phase I metabo-
lism is carried out by aldehyde dehydrogenases, aldo-keto
reductases, and alkenal/one oxidoreductase. 4-HNE
is metabolized into its corresponding carboxylic acid,
4-hydroxy-2-nonenoic acid , and its corresponding alcohol,
1,4-dihydroxynonene by the enzymes aldehyde dehydrogen-
ase and aldoketoreductase, respectively (20,21) (Fig. 1). Ad-
ditionally, saturation of the C2-C3 double by alkenal/one
oxidoreductase forms 4-hydroxynonanal (22,23) and car-
bonyl reductase saturates the C2-C3 double bond of
4-ONE (24).

Phase II metabolism of 4-HNE and 4-ONE results in glu-
tathionylation at the reactive C3 (25). In the case of 4-HNE,
this occurs chiefly via the action of glutathione S-transferases,
such as glutathione S-transferase A4 (GSTA4), as well as
nonenzymatically. Nonenzymatic glutathionylation of
4-ONE occurs very rapidly (26), whereas enzymatic glutathio-
nylation of 4-ONE has not been characterized. The resultant
glutathionylated metabolites are targeted for active transport
out of the cell by RLIP76 or the multidrug-resistance protein
1 transporter (27,28).

Although there are many factors that affect the pro-
duction and detoxification of ROS, carbonylation itself di-
rectly influences cell-signaling pathways implicated in the
antioxidant response and inflammation. Kelch-like–ECH-
associated protein 1 (KEAP1) is bound to nuclear factor
(erythroid-derived-2)-like 2 (Nrf2), sequestering it from
entering the nucleus (29). Carbonylated KEAP1 is targeted
for degradation, thereby releasing Nrf2, which heterodi-
merizes with other nuclear factors and binds to the antiox-
idant response element in a variety of antioxidant genes
including glutathione-S-transferase (30). This effect is
dampened by the carbonylation of the Rpt4 subunit of
the proteasome by 4-HNE, leading to decreased protea-
some activity and blocking of Nrf2 degradation (31). The
modification of thioredoxin by 4-HNE releases apoptosis
signal-regulating kinase 1, which allows for its autophos-
phorylation and activation. This in turn leads to a phos-
phorylation cascade involving SEK and c-Jun N-terminal
kinase, ultimately leading to activation of the nuclear factor
k light-chain enhancer of activated B cells, a critical activa-
tor of multiple proinflammatory genes (30,32).

Protein carbonylation in muscle
Causes
The normal function of skeletal muscle illustrates the im-
portance of the fine balance between oxidant and antioxi-
dant processes. Intense exercise promotes generation of ROS
that at low levels serves an important role in normal force

Figure 1 Formation of lipid peroxidation products from
superoxide (O2

2). Asterisk denotes metabolites not yet
characterized for 4-ONE. 4-HNE, 4-hydroxy trans-2,3-nonenal;
4-ONE, 4-oxo trans-2,3-nonenal; AKR, aldoketoreductase; AOR,
alkenal/one oxidoreductase; DHN, 1,4-dihydroxynonene; GPx,
glutathione peroxidase; GS-HNE, glutathionylated 4-HNE;
GS-ONE, glutathionylated 4-ONE; GSTA4, glutathione S-transferase
A4; HNA, 4-hydroxynonanal, HNEA: trans-4-hydroxy-2-nonenoic
acid, ONEA: trans-4-oxo-2-nonenoic acid, Prdx: peroxyredoxin;
SOD, superoxide dismutase.
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production (33) as well as glucose uptake during contraction
(34). Exercise training is associated with improved anti-
oxidant response over time (35). However, during the pro-
longed and extreme oxidative stress found in disease
states, such as rats with a high tumor burden, poor antiox-
idant response and increased protein carbonylation are asso-
ciated with muscle wasting (36). Additionally, more acute
events such as tissue ischemia with subsequent reperfusion
are associated with increased ROS production, protein car-
bonylation, and cellular injury (37).

High fat diet results in both increased intramyocellular
lipid content (38) as well as increased levels of protein car-
bonylation (39). Further, insulin resistance in humans, as
measured by hyperinsulinemic-euglycemic clamp, is related
both to accumulation of intramyocellular lipid and in-
creased levels of protein carbonylation in muscle cells (40).
The effect of overnutrition on myocellular oxidative stress
is not only seen in the obese. Long-term overfeeding of nor-
mal weight individuals >28 d resulted in both increased pe-
ripheral insulin resistance and increased carbonylation of
cellular proteins, whereas no changes in markers of mito-
chondrial content were found (41).

Exercise is one of the most well-studied modulators of
oxidative stress status in skeletal muscle. The effect of exer-
cise on protein carbonylation in muscle depends on the du-
ration, intensity, and type of exercise (42–44). After a single
episode of intense exercise, the carbonylation of sarcoplas-
mic reticulum Ca2+-ATPase is increased 80%. This is paral-
leled by a 22% reduction in Ca2+-ATPase activity (42). The
effect of acute exercise is transient, however, and within 1 h,
levels of carbonylation are near normal (42). The effects of
exercise on increasing carbonylation were measured in pre-
dominantly anaerobic “white” or fast-twitch muscles, but
not in red muscles that have more oxidative muscle fibers
and higher mitochondrial content (44). Supplementation
with antioxidant vitamin E was able to partially reverse the
level of carbonylation, both basally and post-exercise (44).

In contrast to the acute effects of exercise on muscle pro-
tein, long-term active mice show lower levels of carbonyla-
tion than both age-matched sedentary mice as well as
younger mice that were not exercise trained (45). This effect
is likely due in part to increased antioxidant activity in active
mice, including increased superoxide dismutase and gluta-
thione peroxidase activity (45,46). In contrast, sedentary
mice had increased expression of proteins involved in oxida-
tive phosphorylation (aconitate hydratase, ADP/ATP trans-
locase 1, and voltage-dependent anion-selective channel
protein 1) (45).

In addition to exercise, there is a body of literature asso-
ciating changes in respiratory dynamics with alterations in
carbonylation of muscle proteins, both in intercostal and di-
aphragmatic muscles as well as in nonrespiratory skeletal
muscle. These changes in pulmonary physiology represent
alterations in the muscular forces required for breathing,
but also affect overall exercise capacity. Obstructive sleep ap-
nea is associated with both increased strain on respiratory
muscles and repeated hypoxia-reoxygenation cycles. It is

associated with increased markers of lipid peroxidation in
the serum and increased carbonylation of intercostal muscle
proteins (47). The severity and frequency of apnea events
were positively correlated with increasing levels of carbonyl-
ation (47).

Chronic obstructive pulmonary disease is associated with
muscular dysfunction as demonstrated by decreased periph-
eral muscle strength and exercise capacity. This is paralleled
by increased production of ROS and reduced antioxidant ca-
pacity (48), and there is an inverse relationship between
muscle carbonylation and both skeletal muscle exercise ca-
pacity and pulmonary function (48,49). Whether the find-
ings in chronic obstructive pulmonary disease relate to a
direct increase in inflammatory state or an indirect effect
of deconditioning and underuse of skeletal muscle is
unclear.

On the opposite end of the spectrum from these disease
states that require increased respiratory muscle activity, me-
chanical ventilation results in a prolonged underuse of res-
piratory muscles associated with muscle atrophy. Similar
to the findings in the muscles of sedentary animals, under-
used respiratory muscles show 50% increased levels in pro-
tein carbonylation and 8-isoprostane, a marker of lipid
peroxidation, after only 8 h of mechanical ventilation (50).
These findings underline the importance of ongoing muscu-
lar function to minimize oxidative stress–related changes in
skeletal muscle.

Another important cause of increased protein carbonyla-
tion is age. Studies in rats showed that fast-twitch glycolytic
muscle fibers had overall higher levels of protein carbonyla-
tion relative to slow-twitch muscles, and this difference was
increased with age. Furthermore, increased carbonylation in
fast-twitch muscles was associated with decreased antioxi-
dant capacity (51).

Finally, sepsis has been widely studied as a model of ox-
idative stress. In rats, sepsis is a strong trigger of oxidative
stress in skeletal muscle, and protein carbonylation increases
considerably within 12 h of induction of septic shock
(52,53). Pretreatment with the antioxidant N-acetylcysteine
can reduce levels of oxidative stress, and this is reflected in
the reversal of contractile dysfunction seen in sepsis (54).
In such a system, it is not clear whether N-acetylcysteine
functions to replenish glutathione pools or nonenzymati-
cally alkylate 4-ONE and potentially 4-HNE, thereby reduc-
ing carbonylation.

Targets and effects
The constellation of carbonylated proteins resulting from
exercise or other described stimuli of muscle oxidative stress
varies somewhat between models; however, there are com-
mon themes in the classes of proteins affected (Table 1), in-
cluding a large number of proteins that play a role in
mitochondrial function.

In muscle, creatine kinase is a frequently identified target
of carbonylation. This modification results in decreased ac-
tivity, and carbonylation was associated with increased ag-
gregation of creatine kinase into insoluble aggregates and
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high molecular weight oligomers (51). As a key signaling
molecule in the homeostasis of creatine phosphate and cre-
atine during increased muscle function, carbonylated crea-
tine kinase may contribute to the loss of muscle function
associated with age and disease.

In addition to muscle contractile function, there are sev-
eral lines of evidence linking increased production of ROS in
muscle with insulin resistance. Impaired insulin signaling

resulting from hyperlipidemia, glucocorticoid therapy, and
inflammation are all associated with increased myocellular
ROS (55). Although increased ROS is associated with insulin
resistance, decreasing ROS in rat skeletal muscle via in-
creased expression of MnSOD can reverse the deleterious ef-
fect of a high-fat diet on insulin sensitivity (9). In sedentary
humans, increased intramyocellular lipid content was asso-
ciated with increased protein carbonylation and insulin
resistance as measured by euglycemic-hyperinsulinemic
clamp (40). Recent studies of 4-HNE treatment of both
muscle tissue and L6 muscle cells showed decreased insulin
signaling and decreased glucose uptake (56). These toxic
effects on glucose metabolism in muscle are reversed by
pretreatment with the antioxidants 3H-1,2-dithiole-3-thione,
N-acetylcysteine, aminoguanidine, and S-adenosyl-methionine
(56).

Protein carbonylation in fat
Causes
Inflammation has been linked to oxidative stress in adipose
tissue, and the chronic low-grade inflammatory state associ-
ated with obesity is implicated as an important causal factor
in the development of type 2 diabetes mellitus (reviewed in
references 57 and 58). Increased protein carbonylation is ob-
served in the adipose tissue of diet-induced obese mice
(59,60), and subcutaneous human adipose tissue similarly
shows increased levels of protein carbonylation associated
with increasing body weight (61). It is hypothesized that
the increased carbonylation is due to tissue inflammation.
This is supported by the observation that treatment of
3T3-L1 adipocytes with TNF-a leads to increased lipid per-
oxidation, increased protein carbonylation, and mitochon-
drial dysfunction (62). Obesity also is associated with
decreased antioxidant capacity in adipose tissue, as demon-
strated by decrease in adipose-specific GSTA4 expression
(59). Other 4-HNE metabolizing enzymes such as aldehyde
dehydrogenases (ALDHs) (ALDH1A1, ALDH1A7, ALDH2)
and fatty ALDH (FALDH) were not significantly different
(59).

Treatment of 3T3-L1 adipocytes with nontoxic levels of
4-HNE was shown to lead to increased carbonylation and
decreased glutathione levels (59,63). This effect was reversed
by overexpression of FALDH and by treatment with rosigli-
tazone (63). Although rosiglitazone increases expression of
FALDH, the effect of rosiglitazone could also be via modu-
lation of other PPARg-dependent genes or by a nontran-
scriptional mechanism. Indirect increase of 4-HNE levels
via GSTA4 silencing in 3T3-L1 adipocytes was associated
with increased carbonylation as well (60).

Targets and effects
Among the proteins carbonylated in adipocytes are enzymes
involved in oxidative phosphorylation, branched chain
amino acid catabolism, tricarboxylic acid cycle, fatty acid
metabolism, insulin signaling, and the antioxidant response
(Table 1) (59,60).

Table 1. Carbonylation targets identified in adipose and muscle
tissue1

Gene Tissue Ref.

Metabolism
Aspartate aminotransferase M (45,69)
Aconitate hydratase (aconitase) M (45,70)
Enolase 3b A,M (59,70, 71)
Aldolase M (70,71)
Carbonic anyhdrase III M (70,71)
Citrate synthase M (69)
Triose-phosphate isomerase M (70)
Hydroxyacyl-CoA dehydrogenase, mitochondrial M (45)
NADH-ubiquinone oxidoreductase M (69,71)
3-Hydroxyacyl-CoA dehydrogenase M (69)
Succinate dehydrogenase M (69)
Short-chain 3-hydroxyacyl-CoA dehydrogenase M (69)
Acetyl-CoA acetyltransferase M (69)
Fumarate hydratase 1 A (59)
Glyceraldehyde 3-phosphate dehydrogenase A (59)

Mitochondrial function
Electron transfer flavoprotein M (70)
Dihydrolipoamide dehydrogenase M (70)
NADH dehydrogenase 1 M (45,69)
ATP synthase F0F1 complex M (45,69,71)
Voltage-dependent anion-selective
channel protein 2

M (69)

Voltage-dependent anion-selective
channel protein 1

M (45,69)

Cytochrome C M (45,69)
Antioxidant response
Superoxide dismutase [Mn] M (45)
Peroxiredoxin-1, -3, and -5 A,M (59,69)
Glutathione peroxidase 1 A (59)
Glutathione S-transferase M1/ A4 A (59)
Aldehyde dehydrogenase A,M (59,69,71)

Signal transduction
Creatine kinase M (45,70,71)
Insulin receptor substrate 1 A (63)
Insulin receptor substrate 2 A (63)

Protein synthesis/degradation
Heat-shock protein beta-3 M (45)
Eukaryotic translation elongation
factors 1b2 and 1a1

A (59)

Serine proteinase inhibitor, clade A, member 1a A (59)
Structure/contractile machinery
Actin M (71)
Myosin light and heavy chains A,M (59,71)
Tropomysin M (71)

Lipid metabolism
Fatty acid binding protein 4 A (59,61)
Fatty acid binding protein 5 A (61,65)
Acyl-CoA dehydrogenases
(short-, medium-, long-, and very long chain)

M (45,69)

Fatty acid synthetase A (59)
Triosephosphate isomerase 1 A (59)

1 A, adipose; M, muscle.
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Reduced antioxidant activity by knockout of GSTA4 in
mice or knockdown of GSTA4 in 3T3-L1 adipocytes is as-
sociated with increased mitochondrial ROS, decreased mito-
chondrial membrane potential, and increased carbonylation
(59,60). These changes were associated with decreased mito-
chondrial respiration and inhibition of complex I, leading to
increased superoxide anion production (62). As such, in-
creased ROS leads to increased carbonylation, and, conversely,
increased carbonylation leads to increased ROS, implying a
feed-forward control loop amplifying small changes in cellular
ROS or carbonylation level. Interestingly, overexpression of
GSTA4 did not result in increased mitochondrial respiratory
capacity over baseline (62). Although GSTA4 knockdown ad-
ipocytes had a generalized increase in protein carbonylation,
the most prominent differentially carbonylated protein in
knockdown versus GSTA4 overexpressing adipocytes was the
mitochondrial inner membrane phosphate carrier that is
thought to work in conjunction with F0F1 ATPase to facilitate
ATP generation in response to electrochemical gradient across
inner mitochondrial membrane (62). Directed knockdown of
the phosphate carrier resulted in reduced basal, coupled, and
maximal respiration (62). These changes in mitochondrial
function were accompanied by a 75% reduction in mitochon-
drial DNA content and morphologic changes with irregularly
shaped mitochondria and disorganized cristae, despite no
change in mitochondrial number, area, or density (62). The
mitochondrial dysfunction noted in GSTA4 knockdown adi-
pocytes was accompanied by increased basal lipolysis, altered
glucose transport, and decreased b-oxidation of fatty acids
(62).

In both mouse and human, two of the major carbony-
lated proteins are adipocyte fatty acid binding protein
(FABP4) and epidermal FABP (FABP5) (59,61). The crystal
structure of carbonylated FABP4 was solved, representing
the first crystal structure of a 4-HNE–modified endogenous
protein (59,61). When covalently bound, 4-HNE does not
reach as far into the binding cavity as a fatty acid; however,
this modification of FABPs has been shown to inhibit their
ability to bind fatty acids (64). In contrast, the noncovalently
bound 4-HNE aldehyde extends as far into the binding cav-
ity as a fatty acid carboxyl group. Because 4-HNE aligns in
the binding cavity in a manner to similar that of fatty acids,
this supports the hypothesis that bioactive aldehydes are a
newly identified class of in vivo ligands for FABPs (59,65).
It remains to be determined whether either covalent or non-
covalent binding of lipid peroxidation products by FABPs
has an important biological function.

Two other targets of modification by products of lipid
peroxidation include insulin receptor substrates 1 and 2.
Treatment of 3T3-L1 adipocytes with 4-HNE results in car-
bonylation-mediated reduction in protein levels of insulin
receptor substrates 1 and 2 by targeted degradation (63).
Similar to the effect of 4-HNE treatment in muscle, adipo-
cytes also exhibited impaired insulin signaling with reduction
in both basal and insulin-stimulated phosphatidylinositol 3
kinase and protein kinase B activity (63). Treated adipocytes
had impaired insulin-induced tyrosine phosphorylation of

insulin receptor b, insulin receptor substrates 1 and 2, and
increased serine 307 phosphorylation of insulin receptor b
(63). These changes were associated with decreased basal
and insulin-stimulated glucose transport and lipogenesis
(63). Carbonylation may affect insulin signaling in other
ways as well. In hepatocytes, the phosphatase and tensin ho-
molog has been shown to be carbonylated, leading to inhi-
bition of its lipid phosphatase activity (66,67). Because
phosphatase and tensin homolog activity inhibits insulin
signaling, in this case carbonylation would have an activat-
ing effect (68).

Summary
Protein carbonylation is a product of elevated levels of ROS
that occur when increased metabolic demand produces
higher amounts of superoxide anion in the context of in-
adequate antioxidant mechanisms. Both myocytes and adi-
pocytes are vulnerable to oxidative protein damage in
pathologic states such as long-term underuse of muscle ca-
pacity or overnutrition resulting in obesity. Proteins impor-
tant for mitochondrial function are targeted in both tissues,
and oxidative stress has been associated with mitochondrial
dysfunction.

The observation that carbonylation is transiently in-
creased after exercise, a metabolically beneficial event, con-
trasted with increased carbonylation noted in long-term
inactive muscle and obese adipose tissue implies that the
timing and targets of carbonylation may play an important
role in its effect on tissue function. Additionally, the relative
abundance of carbonylated protein in healthy or dysfunc-
tional tissue is likely to be important. Further study is nec-
essary to understand the importance of the context of
carbonylation in determining its relative beneficial or delete-
rious effects.

Although carbonylation of proteins plays a role in cellular
signaling, modification of proteins by lipid aldehydes can
have either an activating effect, as in the case of carbonyla-
tion of KEAP1 in antioxidant response and phosphatase
and tensin homolog in insulin signaling, or an inactivating
effect, as seen in the carbonylation of insulin receptor sub-
strates 1 and 2, which decreases insulin signaling. In assess-
ing the overall influence of carbonylation, there is little
likelihood that alkylation will be a stoichiometric event.
Although the activation of a small percentage of a given pro-
tein may be sufficient to exert demonstrable effect, inactivat-
ing modifications must typically affect a larger portion of the
cellular protein pool to manifest changes in function. In this
way, carbonylation may have opposing effects in times of
low ROS production relative to higher ROS production. Fu-
ture studies will need to further elucidate the importance of
carbonylation in the function and abundance of key meta-
bolic proteins.
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