Accepted Manuscript

Redox lipidomics and adductomics - advanced analytical strategies to study oxidized
lipids and lipid-protein adducts

Gabriele Cruciani, Pedro Domingues, Maria Fedorova, Francesco Galli, Corinne M.
Spickett, Guest Editor

PII: S0891-5849(19)31231-6
DOI: https://doi.org/10.1016/j.freeradbiomed.2019.07.027
Reference: FRB 14357

To appearin:  Free Radical Biology and Medicine

Please cite this article as: G. Cruciani, P. Domingues, M. Fedorova, F. Galli, C.M. Spickett, Redox
lipidomics and adductomics - advanced analytical strategies to study oxidized lipids and lipid-protein
adducts, Free Radical Biology and Medicine, https://doi.org/10.1016/j.freeradbiomed.2019.07.027.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.freeradbiomed.2019.07.027
https://doi.org/10.1016/j.freeradbiomed.2019.07.027

FRBM Special Issue Editorial:
Redox lipidomics and adductomics - advanced analytical strategies to study oxidized lipids

and lipid-protein adducts

Gabriele Cruciari Pedro Domingués Maria Fedorovd® Francesco Gafli and Corinne M.
Spickett”

'Department of Chemistry, Biology and Biotechnolo@niversita degli Studi di Perugia, Italy;
’Mass Spectrometry Centre, Department of Chemist@@PNA, University of Aveiro, Campus
Universitario de Santiago, 3810-193, Aveiro, Paaludinstitute of Bioanalytical Chemistry,
Faculty of Chemistry and Mineralogy, University lafipzig, Germany“Center for Biotechnology
and Biomedicine, University of LeipzigiDepartment of Pharmaceutical Sciences, Universigii d
Studi di Perugia, Italy’Department of Biosciences, School of Life and He&tiences, Aston

University, Birmingham, UK.
* All Guest Editors contributed equally

Correspondence to:

gabriele.cruciani@unipg.it

p.domingues@ua.pt

maria.fedorova@bbz.uni-leipzig.de

francesco.galli@unipg.it

c.m.spickett@aston.ac.uk

I ntroduction

As the importance of redox balance in physiologg ancurrence of redox imbalance in a
variety of pathological conditions is becoming m@ecepted scientifically [1], so the need to
measure the levels of oxidized biomolecules ancetstdnd their biological effects is increasingly
necessary. Oxidized lipids and proteins are reaeghas important indicators of pathological redox
imbalance and have potential value as diagnostimaikers for oxidative stress related diseases.
There is no shortage of evidence that protein didadacan modulate enzyme activity and signaling
pathways, with both beneficial or detrimental effedepending on the circumstances [2-4]. Most

attention in this area has focused on thiol-didelfexchanges on cysteine residues with lowspK



which are the ones most susceptible to oxidationhjpgrogen peroxide [5]. It is less widely
understood that cysteines, as well as the othdeaojpicilic residues such as histidine and lysing, ca
also be modified by reactive lipid peroxidation gwots, which are often produced in parallel with
direct protein oxidation products during conditionfs oxidative stress such as acute or chronic
inflammation [6, 7]. Lipid peroxidation initiallynivolves addition of oxygen into the lipid structure
but subsequent fragmentation close to sites ofatixid damage often results in formation of
reactive aldehydes, ketones anfunsaturated species that are able to form covalgahticts with
proteins, DNA or nucleophilic headgroups of phosiphads [8]. The process of adduct formation by
reactive lipid peroxidation products is referreda® lipoxidation, by analogy with the process of
glycoxidation that involves adduction by oxidizeattmohydrate products [7]. Furthermore, oxidized
lipids themselves are recognized nowadays as aatgulators of multiple cellular and
physiological functions. Imbalance in the contrdllproduction of oxidized lipids has been
associated with different types of cell death [, well as induction of immune responses and
chronic inflammation [10, 11].

In recent years, interest in oxidized lipids angoXidation has been growing, as it is
becoming clear that as well as disrupting the fionmodf lipids and proteins, these modifications can
cause gain of function through altering biomolecuiateractions and subcellular location.
Consequently, the European innovative training nehdWMASSTRPLAN (Mass Spectrometry
Training Network on Protein Lipid Adduct Analysiglas set up to improve the methodology for
identifying both oxidized lipid species and the al@nt adducts that result, and to apply these
approaches to investigate the variety of oxidizgedl Ispecies as well as the cellular targets of
lipoxidation. This Special Issue brings togetherieers and original articles presenting the latest
developments on these methods and their applicatiorkey pathological conditions from
researchers within the MASSTRPLAN network and wartte. It forms a companion to a Special
Issue in the sister journal Redox Biology, entitlegboxidation targets: From basic mechanisms to
pathophysiology”, which focuses on the more biatagiquestion of what proteins are targets for
lipoxidation and how this modification alters thdimction in health and disease. The FRBM
Special Issue is divided into 4 sections: 1) adeanao analysis of oxidized lipids; 2) advances in
analysis of nitrated lipids; 3) advances in analysi oxidized and lipoxidized proteins; and 4)
oxidized lipids and proteins in diseases. Togetlieey provide a broad overview of recent

developments in this trending field.

1. Advancesin analysisof oxidized lipids



Two manuscripts in this section cover the analgsid diagnostic potential of oxysterols,
which are cholesterol derivatives formed via enziyenand free radical driven pathways. The
review by Sottercet al. describes analytical challenges and advancesgysterol lipidomics [12],
and provides a comprehensive overview on the sffatiee-art applications of oxysterol analysis in
a variety of human pathologies including cancesedses associated with defects in cholesterol
metabolism (e.g. neurodegenerative and hereditegrders), as well as hypercholesterolemia
accompanying cardiovascular diseases and metayoldrome. The current knowledge in the field
allows us to propose that modulation of the mosjdently formed oxysterols might be a generic
indicator of redox imbalance and inflammation, @ad also be influenced by external factors such
as inappropriate diet. However, the authors sugpassome oxysterol patterns might be specific to
the onset and progression of certain diseasesjdimg Smith-Lemli-Opitz syndrome and breast
cancer. This aspect of specificity of certain oryst patterns and their metabolites in lysosomal
storage diseases is further developed by Grifétla. (2019) in an original contribution where they
describe a novel branch of the acidic pathway lef &cid biosynthesis [13]. Using blood plasma of
patients characterized by high concentrations of-erzymatically formed 7-oxocholesterof3-7
hydroxycholesterol and %a,6p-triol, and an LC-MS method based on the charggiep
approach, the authors were able to identify moghefintermediates of this new pathway branch
converting oxysterols to the corresponding bilelacwhich could potentially serve as a diagnostic
markers for lysosomal storage diseases.

Within the high diversity of oxidized lipids, oxygated polyunsaturated fatty acids or
oxylipins represent the most studied sub-class. réliew by Gladinest al. provides an excellent
overview of the oxylipin structural heterogeneithdaassociated biological functions [14]. Although
current analytical methods allow coverage of ov&r @xylipins derived from up to six PUFAs, the
authors highlight high variances in the reportedcemtrations for commonly measured oxylipins.
Preanalytical variability (sample collection, sigpea extraction, enrichment) and analytical
variability (LC separation, availability of isotagally labelled standards and MS methods), which
are both crucial for accurate quantification of gegyated PUFAs in biological matrixes, are
reviewed and discussed, as well as important aspddhter-individual variances associated with
age, gender, life style and even circadian reguiatif the level of circulating oxylipins. Dasilva
and Medina further develop the topic of oxylipinabysis in biological samples with a specific
focus onw-3 andw-6 lipid mediators in nutritional research in theaview [15]. In addition to a
comprehensive overview of the synthesis, modextdraand analysis of oxylipins formed from
arachidonic, eicosapentaenoic and docosahexaeattycatids, the authors consider the therapeutic

options for regulating oxylipin formation as web autritional intervention approaches based on



increased consumption af3 PUFA rich food. Despite great advances in thaldical strategies

for oxylipin research, several challenges suclsaser separation still require careful optimization
of the analytical protocols. Consequently, laehial. reviewed application of chiral stationary
phases for HPLC analysis of oxygenated PUFAs [IBley provide a detailed overview of
available analytical systems used for the separatimxygenated PUFA enantiomers with a special
focus on the successful applications of polysaddbarased chiral phases. Furthermore, to increase
the coverage of analytes classes and provide simadus detection of PUFASs, their oxygenated
derivates, main vitamin E forms and their metabslitGiuseppongt al. provide a validated
protocol based on the optimized sample preparai$hchromatographic separation and multiple
reaction monitoring (MRM) quantification [17].

In comparison to the analysis of oxidized PUFAstedigon and identification of their
phospholipid (PL) esterified forms is so far lessnenon. However, advanced mass spectrometry-
based methods have also become a valuable tobisratea of research. Thus, Philippova et al.
compared MRM based quantification of eight oxidipédsphatidylcholine (oxPC) lipids in human
blood plasma with relative quantification basedef}6-oxPC and oxLDL ELISA assays and found
only weak or no correlation between MS- and antyplbdsed methods [18]. However, the results of
LC-MS methods showed significant correlation witkgence of hypertension in the cohort studied.
The authors indicate the lack of commercially aafal# isotopically labelled standards necessary for
absolute quantification as one of the limitations the wide-spread application of LC-MS based
methods for analysis of oxidized phospholipidsdel®d, many studies evaluating the levels and
biological effects of oxPL rely on standards preplain-house, of which oxidized PAPC is the most
often used. Therefore, Ni et al. performed a mialibratory evaluation of oxidized molecular
species present in oxPAPC preparations generatear liyxidation at four different location and
report the results [19]. Using RP separation andé¢en mass spectrometry they identified over 50
lipid peroxidation products in each of the samplag,the relative quantities of formed oxidization
products varied significantly. The authors proptise use of a “truncation score”, which is an
abundance ratio of short to long chain oxidatioodpicts, to characterize and standardize oxPAPC
preparations used by different groups.

Lipid modifications might occur not only via perdation of polyunsaturated acyl chains
present in PL but also at their polar head gronphis issue, Shadyro et al review the mechanisms
of free-radical and biochemical reactions involvppmjar headgroups of PLs, for instance after the
cleavage by different phospholipases [20]. They lemsjze the importance of hydroxy groups as
necessary for such ROS-induced destruction andligighbiological activities of the products

formed. An example of another type of PL head grogglification is provided by Colombo et al
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[21]. Here, modification of phosphatidylethanolami{fPE) lipids via oxidation on unsaturated acyl
chains and glycation and glycoxidation on the teahamino group of the head group moiety were
characterized by means of reverse phase chromatogrand tandem mass spectrometry.
Specifically, a C30 stationary phase was used pars¢e modified lipids, which allowed high
resolution capacity for multiple positional andustural isomers.

Finally in this section, two reviews highlight tlgreat variety of modern LC and MS
techniques as well as computational solutions fatadprocessing available for the analysis
modified lipids. Li et al describe diversity andblugical activities of possible oxidation products
formed within different lipid classes, includinge& PUFA, PUFA-containing PLs, glycerolipids
and cholesteryl esters, followed by the review ld state-of-the-art analytical methods for the
detection and identification including common (E&id APCI) and more specific ionization
techniques (e.g. silver ion coordination ionsprag)well as MS methods and application of ion
mobility [22]. The large datasets obtained by madanalytical methods, especially from complex
biological samples, require high-throughput datalysis tools, and an informative overview is
provided by Ni et al. [23]. They introduce a newneg “epilipidome”, to describe the subset of the
natural lipidome that is formed by lipid modifioais via enzymatic and non-enzymatic reaction
(e.g. oxidation, nitration, sulfation, halogena)ioaquired to regulate complex biological functions
and provide the review of computational tools afa# to perform accurate and robust high-
throughput identification of modified lipids fromd-MS/MS datasets.

2. Advancesin analysis of nitrated lipids

Over the past two decades, nitric oxide and reactifrogen species (RNS) have been
recognized as major regulators of redox signalliftgese species can elicit various modifications of
macromolecules, with impact in several cellular gesses. Nitrated lipid derivatives are now
considered important mediators in several physlagagical processes, remarkably, inflammation.
In this issue, Woodkt al reviewed the interactions of prostaglandin endoxide H synthase
(PGHS) with nitro-arachidonic acid (N@®A), as a mechanism of regulation of the activity o
PGHS [24]. Based on a review of the literature andnew results, they suggested that PGHS-2
activity is inhibited by NGQAA via a free radical-dependent inhibitory mechamisMass
spectrometry has been the method of choice fortift=tion and quantification of nitrated lipid
derivatives, and its application for analysis ofrated lipids has been further developed by the
group of Domingues in a study characterizing higgregrgy C-trap dissociation (HCD)
fragmentation patterns of nitrated cardiolipins][Z3ased on defined fragmentation mechanisms,

they developed a new LC-MSMS method for the idamatifon of nitroso, nitrated and nitroxidized



cardiolipin derivatives involving separation by &0dCcolumn, which has previously been reported
to be very effective for oxidized lipids [26]. Naled phospholipids have also been identified in
biological systems, and associated with antioxigand anti-inflammatory properties. An original
article by Duarte et al. describes the effectsn vitro of nitrated 1-palmitoyl-2-oleyl-
phosphatidylcholine (N®POPC) in cellular models [27]. Surprisingly, N®OPC induced
cellular changes that led to the loss of cell amimesr impaired cell attachment. The results
suggested that NEPOPC interacted with protein targets through égsteesidues, thus inducing
effects different from those of NO donors or nictoleic acid, and should be considered as a
different class of electrophilic lipid mediator gt via protein lipoxidation.

3. Advancesin analysis of oxidized and lipoxidized proteins

Understanding the effects of lipid peroxidation guwots on proteins is also an important
area of research. In their review in this issueip&h and Uchida introduce several important
concepts, such as the exposome (i.e. the factatsathindividual is exposed to that that may alter
biomolecules), which in the case of reactive etgattiles leads to the adductome, or the complete
profile of adducts formed on biomolecules, inclgdiadvanced glycation products (AGEs) and
advanced lipoxidation products (ALEs) [28]. Analysof the adducts (adductomics) is most
commonly studied by mass spectrometry. The appmhicab DNA adducts is mentioned briefly, but
the main focus of the article is on the analysidipmixidation adducts on serum proteins including
albumin, hemoglobin and lipoproteins. The authotglan their development of an LC-MSMS
method for separating, identifying and quantifyadgducts on histidine and lysine residues, which
led to the discovery several novel adducts. Thisaegents a powerful approach that can be applied
to clinical samples, but has the limitation thdbrmation on the site of modification in the praotei
is lost. Thus methods involving sequencing of lipeed peptides, such as reported previously
[29], are complementary. Sousa et al now reporafi@ication of this approach to study the effect
of lipoxidation on pyruvate kinasa vitro and in cultured cells, and were able to identifyuanber
of differentially susceptible residues that couddaalducted by the lipid oxidation products acrolein
and 4-hydroxyhexanal, with concomitant loss of ematic activity [30]. Martinez Fernandez et al.
also applied mass spectrometry to quantify thelsew€ adducts of proteins, but in this case the
formation of glycated albumin in the plasma of gats with heart failure was monitored on the
native protein, without digestion and sequencing].[3n this original article, they report that
glycated albumin was significantly increased inssldV heart failure, and also that it had pro-
inflammatory effects on HL-1 cardiomyocytes, aheriits secretome and increasing release of

inflammatory cytokines IL-6 and TN



The theme of adducts on human serum albumin isiraged in the original article by
Campos-Pinto et al, who describe work to develo@@atibody with specificity to albumin-HNE
adducts [32]. Antibody-based techniques are wedkdshed as important approaches to detecting
and investigating the effects of lipoxidation [38].order to investigate sites on modified albumin
recognized by an in-house antiserum and compakeitit a commercial polyclonal antibody,
Campo-Pintos et al. devised a novel approach uaingontrol and HNE-modified array of
overlapping 13-mer peptides, and showed that thiepgs recognized by both polyclonals were
similar, but not all sites in albumin found by LCSMIS to be modified by HNE were
immunogenic. The application of in-situ modifiedags offer good potential for investigating both
antibody specificity but also interactions with etlioiomolecules.

Zorrilla et al. expand our knowledge on the effaxftipoxidative adduct formation in their
review on the effects of lipoxidation on proteirof@in interactions [34]. They emphasize the need
for multidisciplinary approaches such as ultradilion, size exclusion chromatography, affinity
purification methods, fluorescence spectroscopyhodg and proximity assays, and genetic
approaches, although LC-MSMS methods undoubtedlye haalue in the identification of
interactors. They provide details on a variety oftgins that have been investigated using these
methods and found to interact with other protemembranes or DNA, which include structural
protein (vimentin, surfactant protein A), many sting proteins (H-ras, JNK, Pin-1, RhoP21) and
transcription factors (Nrf2, PPARc-Jun) as well as heat shock proteins. Analysitgractions in
simple model systems readily provides informatiomtechanisms or sites of interactions but may
not exactly reflect the situation in cells, wheréney biomolecules may affect the interactions.
Zorrilla et al. also explain the importance of kodation-induced interactions, giving examples of

its role in altering subcellular localization anshtributing to the formation of amyloid structures.

4. Oxidized lipidsand proteinsin diseases

For several years now researchers have been wotticgnical translation of lipidomics
and redox lipidomics. Applications have been désdiin the investigation of biomarkers and
mechanistic aspects of human ailments as well aseindentification of therapeutic targets, drug
development and validation. In this issue, Zhongaktcomment that while the oxidative
modification theory of LDL in atherosclerosis wasposed 30 years ago, our understanding of the
action of oxidized lipids in CVDs is far from beimgmplete [35]. Oxidized lipids have been shown
to be involved in all stages of atherosclerosinfruptake of oxidized LDL by macrophages, foam
cell formation, recruitment of numerous immune €&l the formed plaque and role of oxPLs in

modulation of platelet function and thrombosis. Ta#thors review current knowledge on the



association between oxidized phospholipids and ipail cholesterol esters with several
cardiovascular diseases, and significance of diffesubpopulations of oxidized lipids pools based
on their association with lipoproteins (LDL or Lp &r plasminogen. They propose that not only
lipid-lowering therapy, but also Lp(a) lowering @ntentions, might provide a significant reduction
the levels of circulating oxPL and oxCE, especiatlymyocardial infarction and calcific aortic
valve stenosis.

Another human disease closely associated with lipietabolism dysfunction is non-
alcoholic fatty liver disease (NAFLD). Svegliati-Bai et al. present a comprehensive overview of
the mechanisms and analytical strategies to iryestilipotoxicity in NAFLD and non-alcoholic
steatohepatitis (NASH) [36]. NAFLD is the most coomform of chronic liver disease worldwide
and its progression to NASH strongly increasesrisie of developing cirrhosis and hepatocellular
carcinoma (HCC) [37]. NAFLD and NASH are also ass®e with insulin resistance and
development of metabolic syndrome. Lipotoxicityisonsequence of the lipid excess and a leading
cause of hepatocellular damage and inflammatiarhionic steatosis. This review article describes
the toxicity of specific lipid classes and theiteran liver damage, focusing on cellular mechanisms
and their association with oxidative stress and Igeroxidation. The role of gut microbiota, which
provides signals through the intestine, in lipotityi is also described in this article, togethethwi
an overview of lipidomic strategies available tgplexe the liver lipidome, its modifications in
NALFD and NASH, and the efficacy of nutritional apdarmacological interventions, for example
those recently investigated in clinical trials atamin E and omega-3 fatty acids.

Dermatology is another topical field where eviderafethe role of lipid oxidation is
emerging. Gruber et al. have reviewed the liteeton recent translations of redox lipidomic
technology to this field, focusing on homeostatspects and skin development, as well as on
inflammatory diseases of the skin, such as enviertal and irritant stress, acne, atopic dermatitis
and psoriasis [38]. They describe general lipidaherations, as well as increased production of
enzymatically generated oxylipins such as HETE, HEQDrostaglandins and thromboxanes;
accumulation of non-enzymatically formed oxidizeabgpholipids upon UV irradiation and their
possible role in downstream transcriptional actoratis also acknowledged. Furthermore, the
importance of knowledge of skin (redox)-lipidomendelling in the development and efficacy
assessment of dietary intervention and skin car®pols is explained.

The last two review articles in this issue addtessrole of redox imbalance and associated
processes in brain ageing and different forms aireo@egeneration. Redox metabolism and
signaling regulate CNS pathophysiology at differlevels and brain aging, one of the major risk

factors for neurodegeneration and loss of cognifisrection, is closely associated with the



accumulation of oxidized biomolecules and cellidanescence [39]. Nevertheless, the molecular
mechanisms that sustain the preservation or dedtioa of neurons and other cell components in
the brain areas are still poorly understood. Fstance, Parkinson disease is one of the main forms
of age-related neurodegeneration, characterizeanbgberrant redox metabolism in dopaminergic
neurons of the substantia nigra, but the underlyimadecular mechanisms of pathogenesis remain
enigmatic. Iron dysregulation and accumulation al s mitochondria damage are now reported
as key players in neurodegeneration and dopammesetdji death, according to the review article of
Artyukhova et al. [40]. In this stimulating revieavticle the application of the genome editing tool
CRISPR/Cas9 in deciphering molecular changes dyiPD-related impairments is considered with
a focus on redox metabolism and lipid peroxidatbneuronal cells, their molecular and functional
relationship to mishandling of iron, aggregationd aoligomerization of alpha-synuclein and
mitochondrial injury, mitophagy and programmed cdikath by apoptosis and ferroptosis.
Identification of new targets for therapeutic im@mtions and innovative approaches to genome
editing are also discussed. In contrast, Pampéra. focus on the role of lipids in the human
prefrontal cortex (PFC), a recently evolutionaeiyrerged brain region involved in cognitive
functions [41]. Specific lipid profiles charactezx by the presence of a high content of PUFAs
appear to sustain human PFC degeneration and iv@gmiecline during aging. Oxidation of
polyunsaturated substrates results in generatiotargie number of reactive carbonyl species
inducing lipoxidation damage on PFC proteins aratlileg to the decline in energy metabolism,
cytoskeletal alterations, changes in efficiencynetirotransmission and proteostasis. The authors
also discuss an array of possible interventionteggras that might help to delay aging, including

calorie restriction and intermediate fasting.

5. Perspectives

The combination of reviews and original articlaggented in this Special Issue, together
with those in the Special Issue in Redox Biologgpresent a very comprehensive view of the
current knowledge and recent developments on talysia and biological roles of oxidized lipids
and the resulting modified proteins, through tol@agions of this information in medical science.
However, it is clear that there are still many tangling questions on molecular mechanisms and

translational potential, so without doubt the fielil continue to expand in coming years.
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