Lipoxidation End-Product Malondialdehyde-Lysine in Aging and Longevity | Encyclopedia.pub

Lipoxidation End-Product Malondialdehyde-
Lysine in Aging and Longevity

Subjects: Physiology
Contributor: Mariona Jové , Natalia Mota-Martorell , Irene Pradas , Meritxell Martin-Gari , Victoria Ayala , Reinald

Pamplona

The nonenzymatic adduction of malondialdehyde (MDA) to the protein amino groups leads to the formation of
malondialdehyde-lysine (MDALys). The degree of unsaturation of biological membranes and the intracellular
oxidative conditions are the main factors that modulate MDALys formation. The low concentration of this
modification in the different cellular components, found in a wide diversity of tissues and animal species, is

indicative of the presence of a complex network of cellular protection mechanisms that avoid its cytotoxic effects.
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| 1. Introduction

An enzymatic post-translational modification (PTM) is a chemical modification of one or more amino acids of a
protein in a given biological system W, These modifications can be, either irreversible or reversible. Examples of
PTMs are protein acetylation, glycosylation, methylation, phosphorylation, sumoylation, and ubiquitylation. Indeed,
several hundred types of enzymatic PTMs have been described as affecting a significant portion of the cell
proteome &, PTMs alter the structure and function of proteins in the cells I, All cells of living organisms utilize the
PTMs to control their signaling networks and physiological processes, further expanding their protein functions.
Among these functions are: Determination or regulation of catalytic activity, interaction with ligands, protein-protein

interaction, protein folding, protein turnover, signaling function, and targeting specific subcellular compartments 2!
4]

In contrast, a non-enzymatic PTM is a chemical modification, reversible or irreversible, mediated by reactive
compounds on one or more amino acids of proteins, but as an inescapable event of endogenous chemical cell
damage. Examples of non-enzymatic PTMs are glycation, glycoxidation, nitrosylation, oxidation, succination, and
lipoxidation R,

| 2. The Protein Adduct Malondialdehyde-Lysine

The reaction of malondialdehyde (MDA) with the amino group of the side chain of lysine (Lys) residues in proteins

via a Schiff base reaction (reversible covalent adduct) leads to the formation of the malondialdehyde-lysine
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(MDALys) adduct and the lys-MDA-lys cross-link EIRILAILLA2ANA4]ILS] MDA can also generate a Lys fluorescent
adduct and Arg-Lys cross-link adduct LYLSII6IL7I18] This non-enzymatic reaction is called protein lipoxidation &

and the generated products are called Advanced Lipoxidation End-products (ALEs) 2119,

Although, MDA can be also generated enzymatically as a byproduct of the cyclooxygenase reaction in
thromboxane and prostaglandin biosynthesis, this compound results mainly from the oxidative degradation of
polyunsaturated fatty acids (PUFASs), being arachidonic (20:4n6) and docosahexaenoic (22:6n3) acids the main
precursors 29, In biological systems, MDA is a product of lipid peroxidation of cell membranes as a consequence
of reaction of PUFAs and radical species 29211221123 Therefore, lipid peroxidation generates hydroperoxides,
which undergo fragmentation to produce the reactive intermediate with three carbons in length called MDA 29,
More specifically, MDA is a reactive di-aldehydes (alkanedial) characterized by two carbonyl groups (the common

group R-CHO consisting of a carbonyl center bonded to hydrogen), able to form two Schiff bases.

MDA is a ubiquitously generated product since lipid rich bilayers - for example both plasma and mitochondrial
membranes - are present in all cells and provide an optimal environment for producing a large abundance of this
compound. Compared with reactive oxygen species (ROS), MDA has a relatively long half-life (minutes-hours) and
a non-charged structure, which makes it a potentially more destructive compound. The reason is that MDA can

affect cell structures, located in its vicinity, and also distant macromolecular targets from the MDA source [24],

Under physiological conditions, MDA is not a highly reactive compound, increasing its reactivity at lower pH. At
strong acidic conditions, MDA can react with amino acids such as glycine, leucine, valine, and the guanidino group
of arginine, to yield different adducts. In vitro experiments, with conditions more similar to physiological ones,
showed that MDA can react with a broad variety of amino acids such as histidine, tyrosine, and arginine exclusively
at the alpha amino group, and even cysteine. However, the reaction of MDA with cysteine at pH 7.4 is virtually non-
existent. Findings from different experimental conditions indicate that MDA is low reactive, and its reaction with the
alpha-amino groups of amino acids is in fact not favored BlI2I29 |n the reaction of MDA with secondary amines, the
epsilon amino group of lysine is the main target 2929 |n comparison with free amino acids, proteins seem to be
more readily modified by MDA under physiological conditions, probably due to the more favorable (but
undetermined) environmental conditions provided by proteins [RIA2A |n vitro experiments incubating MDA with
proteins, such as albumin and RNase, demonstrated that the free epsilon-amino group of lysine is the main target
of MDA, although other amino acids like histidine, tyrosine, arginine, and methionine might also be altered to some
extent [QILAMLLIE0] |y vivo, the main compounds detected, characterized, and quantified in proteins are the adduct

MDALys and the cross-link lys-MDA-lys (see next sections).

MDA can generate a diversity of adducts and intra- and inter-molecular cross-links resulting of the chemical and
non-enzymatic modification of nucleophilic groups in macromolecules like proteins, but also nucleic acids and
aminophospholipids (phosphatidylethanolamine (PE) and phosphatidylserine (PS)). Therefore, MDA can also react
with the exocyclic amino groups of nucleosides to form alkylated products. Among DNA bases, the high

nucleophilicity of guanine results in a higher vulnerability to generate adducts, MDA-deoxyguanosine (M1dG) being
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the most common 23281271 Finally, MDA can also react with amino groups of aminophospholipids to generate
adducts as MDA-PE (28],

Considering the origin of MDALYys, it is plausible to postulate that MDALys is an integrator biomarker of oxidative
stress and lipid peroxidation [LLI14](19][20](29]

| 3. Methods to Detect and Quantify MDALYys in Proteins

Although the most used methods to detect MDALys adducts are based on mass spectrometry (MS)-based and
antibody-based techniques (for more details, see %), other approaches which are currently in use are
fluorescence-based methods BB high-performance liquid chromatography (HPLC) 21, or nuclear magnetic
resonance 13l MS is the preferred method for the detection of MDA-dG detection, whereas MDA-

aminophospholipids are analyzed using both fluorescence and MS based methods 28!,

When an antibody-based technique is chosen, the recognition site is crucial. Thus, there are a number of
antibodies (monoclonal and polyclonal) that recognized MDA-modified proteins which have been used for
immunohistochemistry B2IE3I34] immunoblot analysis BEEIB7EEIS  two-dimensional PAGE analysis 49, and
ELISA [B4l41]i42] Al these approaches have the limitation that they do not per se provide information about the
specific modified protein or the precise site of modification within the protein 2. However, its excellent sensitivity
allows a semi-quantitative approach to the degree of protein modification in a biological system, as well as

visualizing the selectivity of modified proteins, which will require additional methods for their identification.

Other techniques, such as liquid chromatography-electrospray ionization or matrix-assisted laser
desorption/ionization-MS (LC-ESI or MALDI-MS)-based proteomics analysis would be useful to overcome these
limitations and obtain information about the specific site of MDA adducts formation 221431 This approach would be
an excellent source of information in order to learn about the molecular mechanism, features related to specificity,

and the meaning of the non-enzymatic modification.

| 4. The MDA-Lipoxidized Proteome

Despite the fact that any protein is potentially a target for modification by MDA — as studies carried out in vitro in
proteins, such as hemoglobin, albumin, RNase, insulin B-chain, spermidine, and ubiquitin, among others, seem to
suggest — our knowledge on the MDA-modified proteome is currently very limited, and is restricted to studies

basically carried out in human brain and plasma.

Although MDA-modified proteins are mainly located in the mitochondria, they are also described in other locations
like nucleus, cytosol and cell membrane, as well as extracellular compartments such as plasma. These

observations demonstrate the facility of migration of MDA due to their chemical traits.
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The analysis of the MDA-lipoxidized proteome indicates that these modifications are not specific of a biological
process or molecular function and suggest a wide-ranging effect of this product in cell structure and metabolism.
Therefore, proteins involved in energy metabolism (glycolysis, TCA cycle, oxidative phosphorylation, energy
transduction, and fatty acid beta-oxidation), cytoskeleton, neurotransmission, proteostasis, plasma transport, and
structural components of extracellular matrix are modified. These results reinforce the heterogeneity of this specific
PTM and suggest that not all Lys residues can interact and react with MDA to generate MDALys. In line with this, it
can be postulated that the specific structural traits and spatial location of Lys residues determine the generation of

MDALys and, consequently, the molecular damage.

| 5. Metabolism of MDA-Modified Proteins

The MDALys concentration of a particular cell type, or even of a specific subcellular compartment, tissue, organ or
animal species, is the result of a complex system of interactions with the participation of multiple mechanisms. As a
starting point, there are two determining factors: the lipid composition of a cell membrane, and the homeostasis of
oxidative stress. In relation to membrane lipids, we know that there is a direct relationship between the degree of
unsaturation and their susceptibility to lipid peroxidation [24]. Therefore, the cell tries to maintain the integrity of the
membrane without giving up its composition by using defense, repair, and replacement systems to reduce its
vulnerability and the impact of oxidative stress 44143l This will determine the MDA levels generated. Regarding
oxidative stress, the net flow of free radicals generated at the mitochondrial level plays a key role since these free
radicals are responsible for damaging cellular components and, among them, lipids. These two biological
characteristics are determinants of the MDA levels generated 2924 and both traits are related to the aging
process and the determination of longevity 431[461[47]48]

Once MDA is formed, a cellular response to maintain basal concentration of this and other aldehydes within
physiological limits is initiated. This adaptive response involves different mechanisms, such as enzyme-mediated
detoxification, urinary excretion, and antioxidant responses 231241 |n relation to the latter, carbonyl species can
work by sending regulatory signals to activate specific protein targets in order to decrease lipoxidation-derived
damage and improve antioxidant defenses. This adaptive response is, at least, partially mediated by the carbonyl
compound hydroxynonenal that (i) modifies and activates the uncoupling proteins (UCPSs), resulting in a reduction
in mitochondrial ROS production “9: and (i) induces the activation of the antioxidant response signaling pathway
Nrf2 that includes, among others, the expression of enzymes such as glutathione-S-transferase (GST), specifically
designed to detoxify reactive carbonyl compounds, and GPx4 (phospholipid hydroperoxide glutathione
peroxidase), designed to restore reduced states of membrane fatty acids from phospholipids to ensure membrane
lipid homeostasis BYB152] To date, this hydroxynonenal mediated antioxidant response is not described in MDA.
In fact, the low or null reactivity of MDA with cysteine suggests that MDA does not have a regulatory signal activity.
Although, the potential effects under special conditions of concentration or environment cannot be dismissed, it
seems that MDA possesses a preponderantly cytotoxic role instead of a regulatory function. Furthermore, the non-
reactivity of MDA toward glutathione significantly limits the capacity of enzymes designed to detoxify carbonyl

compounds via conjugation with glutathione (GSH) to degrade it. Consequently, MDA demands alternative
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enzymatic detoxification ways. Among them are the enzymes aldehyde dehydrogenase and aldoketoreductases

(20153154 '\which participate in the maintenance of MDA levels within physiological levels.

The fact that MDALys is an adduct or a cross-link depends on whether the protein can be degraded B3 or
accumulated forming aggregates. In line with this, evidence showed that MDALys can be degraded, as it has been
detected in the urine of various animal species, such as mice, rats and humans [2UBSIB8IE7B8] - Therefore, the

balance between all these factors will determine the concentration of MDALys in a given biological system.

| 6. Cytotoxic Effects of MDALys Adducts

The molecular consequences of MDALys adducts formation in proteins mostly include detrimental structural and
functional changes. Thus, MDALys formation induces alterations in physico-chemical properties such as
conformation [, charge 59 and solubility (691 formation of intra- and inter-molecular protein cross-links and
aggregates [LUEAI61 955 of enzymatic activity 1362 and accelerated rate (for MDALys) or resistance to
proteolysis (cross-links) 3. When biological effects are considered, deleterious consequences such as
immunogenicity (MDA generates immunoreactive materials in proteins) 4161 pinder to the receptor for advanced
glycation end-products (RAGE) 52, and induction of monocyte activation and vascular complications 63 have been
described. Additionally, MDA-adducts formation on nucleic acids induces DNA damage and mutagenesis [221[28]127]
as well as alterations in physico-chemical and biological properties of the lipid bilayer when aminophospholipids
are modified (28l As an in vivo example of their cytotoxic effects at cellular level, a relevant recent study
demonstrated that MDA causes neuronal mitochondrial dysfunction by directly promoting ROS generation and

modifying mitochondrial proteins (641,

7. Protein Lipoxidation by MDA in Physiological and
Pathological Models

Previous data showed that MDA-lipoxidation is detected in all tissues analyzed using immunoblotting and MS
techniques, although the degree of modification varies significantly among them. In line with this, the presence of
MDALys was described at both mitochondrial and tissue levels in a diversity of animal species. A relation of

tissues, includes the brain, heart, liver, kidney, skeletal muscle, and plasma.

Notably, the higher MDALys concentration seems to be more present at mitochondrial levels in comparison to the
tissue as a whole, probably as an expression of specific traits in mitochondria (high lipid content, high degree of
membrane unsaturation, and high free radical generation) favoring MDALys formation. Likewise, it is remarkable
that the higher MDALys concentration is reported in long-lived tissues like brain and heart which, in addition, have
higher energy demands, and share identical traits to mitochondria: High lipid content, high degree of unsaturation,

and high flux of mitochondrial free radical generation.

During the last 30 years, this post-translational modification has also been detected in several pathological models

including metabolic diseases such as chronic iron overload 83, metabolic syndrome [68 and type 2 diabetes and
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its complications [“2IE7I68IEA: jn yascular diseases like atherosclerosis W2 gnd in a diversity of
neurodegenerative diseases such as Alzheimer’s disease 3249 |ncidental Lewy Body Disease 23, Creutzfeldt-
Jakob Disease 3l Pick's disease € Lewy Body diseases 69, familial Parkinson’s disease 4! and X-
adrenoleukodystrophy 2781 |n all these cases the pathological state presented increased steady-state levels of

MDALys ascribed to alteration in lipid profiles and/or oxidative stress.

Together, these findings indicate that increased MDALys content in tissue proteins is a direct consequence of
increased intracellular MDA concentration. For this reason, MDALys can be proposed as a biomarker of

lipoxidative stress.

| 8. Malondialdehyde-Lysine in Aging and Longevity

Studies based on different experimental paradigms link MDALys to aging and longevity. These paradigms include
studies performed (i) On individuals during aging, (ii) using species with different longevity, or specific strains and
mutants within a species with different species, and (iii) applying physiological treatments that modified the aging

rate and longevity.

8.1. Changes in MDALys During Aging

There are several studies that directly relate the aging process with MDA lipoxidation-derived molecular damage
accumulation. Globally, this lipoxidation damage, measured in tissue homogenate and mitochondria, increases with
age, with tissues composed of long-lived, postmitotic cells (brain, heart, and skeletal muscle) being the most
affected. Notably, in reference to the brain, the accumulation of MDALys seems to be region-specific but the
reasons for this fact remain to be elucidated. Reinforcing these findings, lipofuscin, a complex age-pigment derived
from lipoxidation reactions (including reactions derived from MDA) and considered a hallmark of aging B9, also
shows an accumulation that correlates with age A8l This age-related accrual of molecular oxidative damage is
concomitant with the increase PUFA content during aging described in several tissues and animal species, as well
as detrimental changes in oxidative stress, both factors favoring lipid peroxidation and the subsequent formation of
the lipoxidation derived products MDALys. This increase in MDALys concentration at the tissue level can also be
extended to changes with age in MDA-dG 2, and MDA-aminophospholipids (reviewed in [28)). Importantly, the
degree of change with age varies in a tissue-dependent way. The changes described could occur on the basis of
the age-related changes in membrane physico-chemical properties, such as fluidity leading to an increased
membrane rigidity and loss of function, which has been systematically described in diverse studies [2818081][82][83]
[84] As a consequence of this accumulation of MDALys with age, and considering the selective pool of proteins that
seem to be modified, it can be proposed that specific cellular biological processes such as energy production and
proteostasis, biological functions, which require the participation of cytoskeleton, and functional properties of the
extracellular matrix may be preferentially affected during aging by this nonenzymatic modification. The answer as
to whether the link between MDALys and agingg is causation or correlation requires of additional studies, but it
must be considered that MDALys is only one of many indicators of more widespread chemical damage in biological

systems.
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8.2. MDALys and Animal Longevity

The connection between lipoxidation-derived damage and animal longevity was first reported by Pamplona and
collaborators B2, The study demonstrated that the MDALys concentration of heart mitochondria from a long-lived
pigeon was significantly lower than the one detected in a short-lived rat. Later, these results were observed in a
wide range of tissues and animal species, including both vertebrates (mammals and birds) and invertebrates,
where a lower concentration of MDALys at both, mitochondria and tissue was detected in long-lived vertebrates
(birds and mammals), compared to short-lived ones. In agreement with this, it was described that longevous
species have a low degree of total tissue and mitochondrial fatty acid unsaturation resulting in a low sensitivity to in
vivo and in vitro lipid peroxidation and a low mitochondrial free radical production 241881871 Fyrthermore, lipofuscin
also showed an accumulation rate that inversely correlates with longevity 8. Altogether, these results suggest that

the lipoxidative damage is an optimized feature associated with animal longevity.

8.3. MDALys in Experimental Studies of Longevity Extension by Nutritional and
Pharmacological Interventions

The study of how “anti-aging” nutritional and pharmacological interventions affect the lipoxidation-derived molecular
damage associated with aging rate and longevity is crucial to establishing a causative role for membranes,
oxidative stress and lipoxidation-derived damage in the determination of longevity. In line with this, several studies
applying dietary modification have been performed, and membrane fatty acid composition and lipoxidative-derived
damage have been evaluated B8R0 These studies were specifically designed to partially circumvent the
homeostatic system of compensation of dietary-induced changes in membrane unsaturation which operates at
cellular level. The findings obtained demonstrate that lowering the membrane unsaturation of cellular membranes

protects tissues against lipid peroxidation and MDALys formation.

Available evidence from both nutritional and pharmacological interventions that extend longevity in experimental
models reinforces the relationship between MDA-derived lipoxidation damage and longevity. So, dietary
interventions such as caloric- (CR), protein- (PR) and methionine (MetR) restriction and pharmacological
interventions such as rapamycin decreased the degree of membrane unsaturation (reviewed in [28l[83111192]) gng
especially the level of MDALys in a variety of tissues (for instance, liver, heart, and brain) and animal species

(mainly rodents). Furthermore, it has been demonstrated that CR is able to reduce the levels of lipofuscin in tissues
of rodents and C. elegans [Z8][931[24][95][96]
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