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GENERAL INTRODUCTION

1. THE PATHOLOGY OF HEART FAILURE

Heart failure (HF) is a condition characterized by the inability of the heart to supply enough blood
to the peripheral tissues. Consequently, body organs and tissues are not well perfused and cannot
meet their metabolic demands giving rise to cell death and multiple organ dysfunction that may
eventually result in a fatal outcome. HF is one of the leading causes of death worldwide and is
rapidly becoming a major public health problem, constituting an enormous economic burden for
the healthcare systems in industrialized countries [1]. Moreover, HF is an age-related syndrome
and its prevalence is increasing in accordance with the longer life expectancy.

HF is considered a progressive disorder triggered from a previous cardiac injury. Coronary artery
disease, mainly originated from atherosclerotic coronary arteries, represents the predominant
cardiac injury in industrialized western countries that can lead to HF. Other main risk factors are
hypertension, diabetes, cardiomyopathies, valvular diseases, congenital defects or
hypercholesterolemia [2].

In the first place, upon cardiac damage, the harmed heart undergoes cardiac remodeling as
compensatory effect in order to maintaining or restore the normal cardiac function. Cardiac
remodeling is strictly associated with the progression of HF, is a determinant of its clinical course
after a cardiac insult, and might be associated with changes at genome expression, molecular,
cellular and interstitial levels, which are clinically manifested as changes in size, shape, and
function of the heart [3].

Hence, several compensatory mechanisms may take place at first, such as the activation of the
renin-angiotensin-aldosterone system and the sympathetic adrenergic nervous system, as well as
the increase of cytokine production, which in turn trigger the release of neurohormonal factors
and stimulation of stretch receptors in the circulatory system [4]. These changes trigger a
structural adaptation of the heart pursuing to enhance the impaired pumping function. For
example, cardiomyocytes become hypertrophic, with the result of a heightened wall mass, aiming
to pump the blood stronger within each beat, while ventricles enlarge holding larger volumes of
blood inside the chamber [3]. However, after sustained stress, those changes cause in turn more
stress to the heart leading to uncontrolled cardiac hypertrophy, myocyte loss, alteration of
extracellular matrix homeostasis, fibroblast proliferation or metalloproteinases activation [5,6],
which lead to decompensation and failure. Indeed, the damaged heart muscle declines in the
number of functional cardiomyocytes, therefore reducing the myocardium’s ability to fill with or
eject blood; thus, the systolic and/or diastolic function is weakened (i.e., reduced contractility
and/or relaxation finally precluding the heart from contracting normally [7]), contributing to a

progressive and irreversible dysfunction that ultimately leads to heart failure progression.
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Indeed, therapies targeting pathological cardiac remodeling have demonstrated significant
effectiveness in reducing morbidity and mortality in HF patients [8]. Although cardiac remodeling
is multifactorial, in the last decades, considerable experimental evidence has demonstrated the
involvement of oxidative stress as a key player in the pathophysiology of HF (Figure 1) [9-11].

This relationship will be explained hereinafter.

HF is often characterized either by non-specific clinical symptoms (breathlessness, fluid retention
in ankles, legs or lungs, nocturnal dyspnea, tiredness or fatigue even at rest) or by signs (elevated
jugular venous pressure, pulmonary crackles, kidney dysfunction and peripheral edema). Owing
to pulmonary congestion, gas exchange in the alveoli is hampered and the maximum amount of
oxygen used during intense exercise is reduced, meaning that HF patients usually show a reduced
value of peak of oxygen uptake (VO, peak/Kg).

HF diagnosis relies mainly on history and clinical examination, and therefore, it is detected once
severe damage has already occurred in the heart. (Figure 1) [12]. Furthermore, the non-specificity

of symptoms and signs might not help to discriminate between HF and other pathologies.

Kidney dysfunction - g Cardiac dysfunction
leading to fluid build-up - Possible reduced or preserved EF
Third heart sound
Tachycardia

Difficulty or inability to

carry out physical exercise
Tiredness \
Fatigue Breathless

Dyspnea
Pulmonary congestion
Swollen ankles (when congestive HF)

Figure 1. Most common symptoms and signs of heart failure [13].

Many imaging modalities, such as echocardiography, give assistance in the evaluation of
myocardial performance at rest and allow the measurement of the left ventricular ejection fraction
(LVEF), which is the central measure of left ventricular systolic function [14]. LVEF represents
the ratio of blood volume ejected in systole (stroke volume) in relation to the blood volume in the

ventricle at the end of diastole, expressed in percentage units [15]. HF patients are typically
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classified in 3 groups according to the LVEF value: patients with normal (>50%) LVEF; patients
with mid-range ejection fraction or preserved EF (HFpEF) that present a LVEF in the range of
40-49%; and those with reduced EF (HFrEF), typically considered as <40%. Differentiation of
patients with HF based on LVEF is important due to different underlying etiologies,

demographics, co-morbidities, and response to therapies [12].

Likewise, HF patients can also be classified according to the severity of the symptoms and
impairment of physical activity. Thus, the New York Heart Association (NYHA) has clinically
graded HF severity into four classes (Table 1).

NYHA Symptoms description
Class ymp P

I No limitation of physical activity. Ordinary physical activity does not cause
) undue fatigue, palpitation, dyspnea (shortness of breath).

1 Slight limitation of physical activity. Comfortable at rest. Ordinary physical
) activity results in fatigue, palpitation, and dyspnea.

I Marked limitation of physical activity. Comfortable at rest. Less than ordinary

) activity causes fatigue, palpitation, or dyspnea.
v Unable to carry on any physical activity without discomfort. Symptoms of heart

failure at rest. If any physical activity is undertaken, discomfort increases.

Table 1. New York Heart Association (NYHA) functional classification

2. INVOLVEMENT OF OXIDATIVE STRESS IN HEART FAILURE

2.1. Oxidative stress, ROS and ROS sources

Oxidative stress is defined as an imbalance between the production of reactive oxygen and
nitrogen species (ROS and RNS respectively) and the antioxidant capacity levels in favor of the
former, disrupting the redox equilibrium [16]. When low and balanced, reactive species
participate in a great number of physiological processes (proliferation, host defense, signal
transduction, gene expression, etc.). However, when ROS levels increase uncontrolled, either due
to its excessive production or due to a decrease in the antioxidant capacity, they are prone to react
with all biomolecules, altering their properties and resulting in cell damage and, ultimately, cell
death.

ROS are chemical species containing oxygen characterized by a high reactivity and capable of
initiating deleterious reactions. The variety of ROS-dependent effects relies on their distinct

properties and their different sites of distribution.
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For the majority of cardiovascular diseases (CVDs) some of the most important sources of ROS
are the mitochondrial respiratory chain, the nicotinamide adenine dinucleotide phosphate
(NADPH) oxidases, xanthine oxidase (XO), uncoupled nitric oxide synthase (NOS), and
myeloperoxidase (MPO) [17].

Mitochondria are the primary source of ROS in the cardiovascular system and, simultaneously,
the major target of ROS-induced cellular damage [18]. Since the heart meets high energy
requirements to maintain sustained contraction and relaxation activities, mitochondria are
especially abundant in the heart owing to its important role as ATP generators [19]. However,
during the aerobic synthesis of ATP carried out by the electron transport chain (ETC), an amount
of molecular oxygen is converted into superoxide anion (O,”) by the NADH-ubiquinone
oxidoreductase or complex I and the ubiquinone-cytochrome ¢ oxidoreductase or complex III.
Thus, a small amount of O, escapes as byproduct, becoming into the primary radical [20]. O~
can bring eventually on the formation of more reactive secondary species.

Xanthine oxidase represents another source of ROS and catalyses the oxidation of hypoxanthine
and xanthine at the expense of molecular oxygen reduction to form O™ and hydrogen peroxide
(H20y), the latter being able to penetrate biological membranes [21].

In the cardiac context, the multi-subunit cytoplasmic NADPH oxidase enzymes is a ROS source
of particular interest, specifically those containing a Nox2 or Nox4 catalytic subunits, the most
abundant in the heart. NADPH oxidases catalyze O, production by transferring electrons from
NADPH to molecular oxygen [22]. Moreover, myeloperoxidase, a member of the heme
peroxidase family of enzymes, consumes H»>O, to produce hypochlorous acid, among other
oxidizing products [23] (Figure 2).

Together with the endogenous mechanisms for ROS generation, exogenous sources such as UV
radiation, pollution, or cigarette smoking amid others may contribute to the overproduction of
ROS.

In biological systems, O™ is rapidly dismutated by superoxide dismutase (SOD) enzymes into
H>O, which, in turn, in the presence of iron or other transition metals, is reduced leading to the
formation of the highly reactive hydroxyl radical (*OH) via the Fenton reaction (Figure 2) [24].
Likewise, the interaction between superoxide (O,") and hydrogen peroxide (H.O.) can trigger the
formation of *OH through the iron-catalyzed Harber-Weiss reaction, which easily oxidizes the
surrounding biomolecules [25].

On the other hand, reactive nitrogen species are also secondary products of superoxide anion.
When O," and NO (nitric oxide) -the latter synthesized by nitric oxide synthase enzymes- are
spatially close enough, both molecules may interact with each other yielding peroxynitrite
(ONOQO) that has the capacity to oxidize lipids and proteins (Figure 2) [26].

To certain extent, both the intracellular non-enzymatic ( -carotene, ascorbic acid, and

tocopherols) and the enzymatic antioxidant defense systems neutralize ROS to maintain the redox

9
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balance. Some antioxidant enzymes are superoxide dismutase (SOD) that catalyzes the reduction
of superoxide anion into hydrogen peroxide [9,11]; glutathione peroxidase (GSHPx) and
catalases, involved in the neutralization of hydrogen peroxide with the production of water
[11,27]; or thioredoxin, which reduces oxidized thiol groups by cysteine thiol-disulfide exchange
[28].

ETC
NADPH oxidase
XA XA

i
é—)ml

O «——
No

wv
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GSHPx/Catalase

H,0+0,

~
N

Fenton reaction

Protein ONOO
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/ *OH \LH
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Protein /

Short-chain
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Figure 2. Schematic representation of reactive oxygen and nitrogen free radical-mediated oxidation of
proteins, lipids and DNA with the subsequent formation of protein nitration/oxidation, DNA damage, lipid

peroxidation and lipoxidation products.

However, when ROS production is uninterrupted, and the antioxidant defense capacity reaches
its maximum, the balance is disrupted and oxidative stress becomes harmful to the organism

significantly contributing to the onset and worsening of a wide set of diseases.

2.2. Oxidative damage to biomolecules

All the above-mentioned reactive oxygen species can mediate to some extent reversible or
irreversible oxidative modifications on the neighboring macromolecules (lipids, proteins or

nucleic acids), thus regulating their redox status and triggering the formation of protein oxidation,
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lipid peroxidation and lipoxidation products, as well as DNA damage [29]. Oxidative
modification of these biomolecules may impair their physiological role giving rise to the

development of diseases such as cardiovascular diseases, including HF.

2.2.1. Protein oxidation

Proteins are the major target of ROS due to their abundance and ubiquity in the organism. Among
all amino acid, the majority of reversible and irreversible oxidative modifications take place
mainly in cysteine, methionine, histidine, lysine, arginine, tyrosine, and threonine residues, owing
to their chemical characteristics [30]. Proteins might undergo various forms of oxidation. For
example, ROS radicals, mainly *OH, can abstract a hydrogen from target residues (Figure 2)
giving rise to carbon-centered radicals (or protein thiyl radicals if cysteine is the target residue)
that react rapidly with molecular oxygen to form hydroxyl protein derivatives [31]. On the other
side, carbon-containing radical proteins may also react with another protein carbon radical to form
protein-protein cross-linked derivatives. Additionally, oxidized proteins may undergo
fragmentation, unfolding or altered conformation [32]. All forms of protein oxidation may
eventually participate in human diseases.

Direct oxidation of the amino acid side chains or peptide bond cleavage ROS-mediated might
lead to carbonylated proteins. Protein carbonylation is known to be a significant hallmark of
oxidative stress. In addition, protein carbonyl derivatives may be formed when reactive carbonyl
groups derived from reducing sugar or their oxidation products interact with the amino group of
lysine or arginine residues, eventually triggering the formation of advanced glycation end-
products (AGEs), or by the adduction of lipid peroxidation products to proteins, giving rise to
advanced lipoxidation end-products (ALEs) [33,34]. Carbonylated proteins tend to lose their
function forming degradation-resistant aggregates, owing to the augmented hydrophobicity of

side-chain residues [34].

2.2.2. Lipid oxidation

Lipids are well known structural elements of biological membranes and mediate key signaling
pathways in several biological mechanisms. Modifications that hamper these roles, such as lipid
peroxidation, can result into cell death.

Unsaturated and, specially, polyunsaturated fatty acids (PUFAs) are susceptible targets of lipid
peroxidation due to the presence of reactive double bonds in their structure that facilitate the
abstraction of an allylic hydrogen atom by oxidants such as ROS, which leads to the formation of
lipid radicals (L) [35]. This is known to be the initiation step of the lipid peroxidation process.
Further, within the propagation step, molecular oxygen is added to the radical Le, which generates
the formation of peroxyl radicals (LOOe¢), the main primary unstable oxidation product. Lipid

peroxyl radicals may successively be transformed into lipid hydroperoxides (LOOH) after

11



General introduction

abstracting a hydrogen from another unsaturated lipid (LH), in a vicious propagation circle [36]
(Figure 2).

This chain reaction mechanism stops when two radicals react and produce non-radical derivative.
Because of the instability of LOOH, a wide range of secondary reactive products are generated,
from full-chain length to chain-shortened oxidized lipids as well as small fragmentation products.
As well-reviewed by Domingues et al., lipid peroxidation breakdown products can be classified
into 5 reactive groups: alkanals, 2-alkenals, 4-hydroxy-2-alkenals, keto-alkenals, and dialdehydes
[37]. The identification of lipid peroxidation products has largely relied on the assessment of
small lipid oxidation breakdown products. Indeed, two of the major and most studied aldehyde-
derivative secondary products in HF are 4-hydroxy-2-nonenal (4-HNE) and malondialdehyde
(MDA), 4-hydroxyalkenal and dialdehyde products, respectively. Those, in turn, may react with

proteins that results in the formation of lipoxidation adducts (Figure 2) [38].

2.2.3. DNA damage
Hydrogen peroxide can interact with DNA by its addition to double bonds of DNA bases and by
abstraction of a hydrogen atom from the methyl group of thymine. Indeed, hydrogen peroxide
easily modifies guanine bases, which are particularly sensitive to oxidation, giving rise to 8-
hydroxydeoxyguanosine (8-OHdG) formation, a reliable biomarker for DNA oxidative injury
(Figure 2). Additionally, hydroxyl radical may abstract a hydrogen from the sugar moiety of
DNA leading to sugar modification and strand breaks [32].

2.3. Evidence of oxidative stress and oxidative damage in the clinical course of heart

failure

Increasing body of evidence supports that oxidative stress is involved systolic and diastolic
myocardial dysfunction in HF. Indeed, it has been well established an association between cardiac
remodeling (hypertrophy, apoptosis or contractile dysfunction) and oxidative stress [40,41], as
summarized in Figure 3.

The development of chemical, chemiluminescent or fluorogenic assays has greatly contributed to
demonstrate a relation between HF and oxidative stress. For example, raised levels of ROS have
been detected in rat hearts suffering from HF [42], while enhanced superoxide production was
pointed out in left and right ventricles from failing human hearts [43]. Additionally, the
measurement of the expression level and/or the activity of ROS sources, as indirect markers of
oxidative stress, have also confirmed the redox imbalance statement in the pathology of HF. For
example, elevated plasma levels of myeloperoxidase were detected in HF patients compared to

control subjects, and this increase was more marked when raising the severity degree of HF, a
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fact that may provide prognostic value in predicting long-term clinical outcome [44]. Moreover,
activity of NADPH oxidase and xanthine oxidase were significantly higher in end-stage hearts
and in plasma samples from HF patients, respectively, when compared to the control subjects
[45,46].

In turn, ROS can modulate downstream hypertrophy and inflammatory signaling pathways, such
as the activation of the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB)
[47] or the p38MAP kinase [48] that enhance cardiac hypertrophy finally driving to maladaptive
hypertrophy and cardiac remodeling. Oxidative stress also induces the dysregulation of cardiac
excitation-contraction coupling processes, for instance cysteine residues in the cardiac ryanodine
receptor (RyR2) become oxidized leading to an activated form that enlarges Ca?" leakage into the
cytosol affecting the cardiac contraction, while elevated ROS levels irreversibly oxidize the
cardiac Sarco-/endoplasmic reticulum Ca?*-ATPase (SERCA2a) inhibiting its function and,
hence, impairing the systolic and/or diastolic cardiac function [49]. In addition, Canton et al.
detected raised levels of S-nitrosylated tropomyosin in human failing hearts and demonstrated

that S-nitrosylated tropomyosin contributed to contractile function impairment [50].

[ I

O)ud_atlc_)n of Cardiomyocyte Modulation of )
excitation- hypertrophy and . Collagen matrix
X - apoptotic
contraction fibroblast rupture
\ : - | e . processes \
~| coupling proteins \ proliferation \ \
— 7 : v _ 4
\
; Maladaptive Extracellular
Contractile « . .
: cardiac Cardiac cell death matrix
dysfunction ‘ B
\ \ hypertrophy | § reorganization
& S &

HF development and progression are, at least in part, a
consequence of oxidative stress

J

Identification of biomolecules target of
oxidation associated to HF

Figure 3. Consequences of oxidative stress in the development of heart failure. Increased reactive oxygen
species in the heart lead to the activation of hypertrophic and apoptotic signaling pathways together with a
contractile dysfunction and reorganization of the extracellular matrix (ECM). All these changes in turn

induce the development and progression of heart failure.
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The contribution of ROS to cardiac death processes has been also well documented. For example,
ROS activate the c-Jun N-terminal kinase protein (JNK) that successively phosphorylates p53
which in turn stimulates cardiomyocyte apoptosis [S1]. In addition, cardiolipin peroxidation-ROS
dependent could lead to the release of cytochrome C into the cytoplasm and, ultimately, in the
onset of apoptosis through caspase activation [52].

Finally, oxidation of matrix metalloproteinase-1 thiol group ROS-mediated boost the enzymatic
activity whereby collagen, the major component of the extracellular matrix (ECM), is degraded,
which results in ECM remodeling [53]. Interestingly, the expression of matrix metalloproteinases
is up-regulated in the end-stage failing human myocardium [54].

Despite the myriad of evidence relating oxidative stress with HF, specific biomarkers of oxidative
stress in plasma of HF are still needed. Only conventional biomarkers have been validated and

daily used in clinical practice.

3. PLASMA BIOMARKERS IN HEART FAILURE ASSOCIATED TO OXIDATIVE
STRESS: ADVANTAGES AND LIMITATIONS

Since oxidative stress is involved in the pathology of HF, the identification of reactive species
and oxidized biomolecules present in HF patients can contribute not only to understand the
mechanisms responsible for disease development but also as biological markers, where plasma
stands out as the most advantageous biological sample to look for biomarkers since it is abundant,
easy to be collected, and its composition reflects the physiological or pathological state of the
body. Because ROS are highly reactive and have a short lifetime, the majority of research
performed so far has been focused both in the assessment of the general plasma redox status and
in the detection and quantification of the classical and more stable derivatives of oxidative stress
and oxidative damage (Table 2). To summarize, levels of 4-HNE, MDA, carboxymethyl lysine
(CML) derivatives, carbonyl adducts, isoprostanes, and other oxidative stress biomarkers have
been found significantly increased in the plasma of patients belonging to the four NYHA classes
(from NHYA 1 to IV), being most prominent in the most severe HF group. Conversely, lower
plasma levels of free sulthydryl groups within proteins are present in HF patients with respect to
the healthy group [55-60]. Interestingly, the higher the amount of oxidized proteins or lipids, the
worse the severity of HF and the cardiac outcome. However, an important limitation of the
mentioned biomarkers is that they are not cardiac- or HF-specific but rather inform about a general
oxidative status common to other diseases. Hence, to understand the role of the oxidized
biomolecules in HF development and progression and to translate this information into
biomedical and biotechnological applications, it is required to apply comprehensive methods in

order to provide precise and quantitative information on the specific modified protein and type of
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Biomarker Utility as oxidative stress biomarker of heart failure Ref.
- positive correlation between plasma free thiols and left (58]
ventricular ejection fraction
Free thiol group
(-SH) - positive correlation with severity degree of HF [57]
- negative correlation between free thiols and disease outcome [61]
Nitrotyrosine - positive correlation between nitrotyrosine levels and the (56]
protein derivative severity degree of HF
- carbonylated proteins lose their function [34,62,63]
Carbonyl groups - increased carbonyl levels are most prominent in severe CHF
- association between reactive carbonyl plasma levels and the [57]
degree of left ventricular remodeling
- CML levels at baseline were associated with a higher mortality
rate [64]
CML - predicted hospitalization events
- increased levels are associated with severity and prognosis of [65]
AGEs patients with HF
- contribution to risk stratification of patients (increased levels
in patients with cardiac events than in those without cardiac [66]
Pentosidine events)
- increased pentosidine levels are associated with worse [64]
prognosis
Lipid - significantly positive relation between NYHA class and LPO [67]
hydroperoxides levels
Aldehyde - significantly inverse relationship between total aldehyde [60]
derivatives concentration and cardiac output
- MDA levels negatively correlate with the LVEF [57,68]
- MDA contributes as predictor of death ?
MDA - MDA levels are strongly associated with the chronicity of (59]
heart failure
- significantly positive relation between MDA levels and the [59,67]
severity degree of HF ’
- increased 4-HNE levels correlate with higher heart rate and [60]
impaired left ventricular contractility
4-HNE . .
- decreased levels after therapy with beta-blockers along with [69]
amelioration of cardiac function
- association between increased levels and clinical severity of
HF
Isoprostanes - raised levels are positively correlated with the progression of [55,70]
the disease, ventricular remodeling and deterioration of
functional cardiac capacity
- levels inversely correlates with survival rate and positively
Oxidized LDL correlates with cardiac event. Prognostic value [71,72]
- contribution in predicting hospitalization events
8-OHAG - increased levels in HF patients. Therapy with beta-blockers (73]

along with amelioration of cardiac function

Table 2: Summary table of products of oxidative stress and oxidative damage found in plasma or serum

samples from heart failure patients, and their utility as potential oxidative biomarkers.
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modification. While well validated methods have been implemented for detecting the general
status of oxidative stress in clinical samples, the development of protocols aiming to detect and
characterize either particular proteins target of oxidation or specific target residues undergoing
redox reactions in HF patients is still one step behind. Indeed, the analysis of heterogeneous
oxidative post-translational modifications (0xPTMs) is not standard and continues to be very
challenging, where further multidisciplinary research is required.

A similar situation occurs with the identification of long-chain lipid peroxidation products.
Although several groups have determined that plasma of patients with HF presented significantly
higher levels of lipid hydroperoxides with respect to the healthy subjects, which correlated with
NYHA class severity [67], their specific characterization is still lacking.

Fully characterization of oxidized biomolecules requires the development of sample handling
methods that avoid adventitious atmospheric oxidations, and specially tailored instrument
routines, often combined with chemical labelling and enrichment strategies and advanced
chromatographic separations, supported by extensive and complex manual data analysis. A
powerful method for detecting not only oxPTMs of proteins but also lipid peroxidation and
lipoxidation products at molecular level is mass spectrometry (MS) that allows distinguishing
between modified and native biomolecules owing to the shifted m/z value [74], though the lack
of databases hinder the process.

A reduced number of works have resolved which are the specific proteins and residues undergoing
the oxPTMs in HF plasma samples. For instance, Brioschi et al. identified two proteins, alpha-1-
antitrypsin and fibrinogen, which underwent carbonylation in a higher extent in the plasma of HF
patients than in the plasma of healthy subjects [62]. Also, ATP synthase alpha-subunit Cys294
has been identified as a sensitive target for S-glutathionylation and S-nitrosylation in the left
ventricle myocardium of a HF dog model, which trigger a profound conformational change in the
protein leading to its inactivation, hence diminishing the essential ATP cardiac supplies [75];
however, heart tissue is not the prototype biological sample for biomarker detection due to tissue
collection complexity. Nevertheless, much remains to be done.

On the other hand, plasma is a rich source of biomarkers with clinical relevance since it contains
traces of all activities in the body. As such, it is a valuable biological sample. However, the overall
protein dynamic range in human plasma is greater than ten orders of magnitude. While the levels
of high abundance proteins, such as human serum albumin (HSA) or immunoglobulin G (IgG),
range from mg/L to g/L, those of low abundance proteins, such as oxidized or tissue leakage
proteins, are usually less than one pg/L [76], meaning that their straightforward identification is
not possible. Additionally, levels of oxPMTs may fluctuate according to disease state. Because
of these issues, plasma immunodepletion, affinity enrichment or fractionation methods arise as
key tools to reduce plasma complexity [76]. Immunodepletion of the high abundance proteins is

the most applied strategy to increase the proportion of potential low abundance proteins of clinical
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interest. However, depletion of non-specific bound proteins with resin and antibodies, or even of
proteins that specifically interact with the removed abundant proteins may also happen. Moreover,
the most abundant proteins are more prone to undergo oxidative modifications due, indeed, to the
higher concentration in circulation, as in the case of HSA. By contrast, affinity enrichment
methods, such as the enrichment strategy based on the affinity of RAGE (receptor for advanced
glycation end products) [77], have been generally designed in order to trap the low abundance
proteins. Unfortunately, these methods present elevated costs and limited sample capacity [76].
Finally plasma fractionating is another method used to simplify plasma complexity but, in this
case, plasma components are separated according to their biophysical properties, such as
molecular weight or solubility. However, fractionation has showed a limitation in the
standardization of methods and reproducibility of the results.

Hence, for the detection of 0xPTMs and lipid peroxidation products in HF plasma samples it is
urgently needed the development and evolution of efficient protocols for reducing plasma
complexity, aiming to raise the presence of the low abundant oxidized species, together with

improved untargeted and semi-targeted bottom-up mass spectrometry-based methods [78].

Considering that the current guidelines for the diagnosis of HF are based mainly on clinical
examination, its diagnosis is often confirmed once severe damage to the heart has already
happened. Thus, the identification of specific oxidized proteins, lipids, and lipoxidation products
in easy-to-collect human samples, such as plasma, may be used as potential biomarkers of HF.
Therefore, they could assist the clinicians in the early diagnosis, prognosis, stratification or
treatment effectiveness to achieve the best possible outcomes. Moreover, understanding the
residues target of oxidative damage within proteins might be of relevance as therapeutic targets

for drug candidates.
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AIM OF THE PROJECT

Products of oxidative damage, such as lipoxidation or lipid peroxidation, contribute to the onset
of a number of inflammatory diseases, including HF, and may be used as biomarkers providing
information of pathophysiological and therapeutic interest in the management, treatment, and risk
assessment of the patients. Although classic biomarkers of oxidative stress have been identified
in plasma of patients suffering from HF, they are not specific of this pathology but report about a
general oxidative stress status common to other cardiovascular diseases. Consequently, it is
necessary to unveil a more comprehensive oxidative proteomic and lipidomic plasma profile
associated to HF for a better understanding of the pathology, which could in turn be helpful either

for the clinicians to detect earlier the disease or for drug therapy design.

Thus, the first objective of this project was to identify oxidative post-translational modifications
of a wide range of plasma proteins by means of mass spectrometry analysis. Since human serum
albumin is the most abundant protein in blood and therefore highly prone to suffer oxidative
damage, we aimed to detect, relatively quantify, and fully characterize the most relevant albumin
isoforms, as well as to correlate their plasma levels with the severity of the pathology. Likewise,
we pursued to characterize medium and low abundant lipoxidation products in circulation,
specifically, AGEs and ALEs. However, their analysis is not standard and continues to be very
challenging, being essential to apply prefractionation strategies which enhance their concentration
and, ultimately, their detection. To circumvent this problem, we took advantage of the VC1 pull-
down technique that has been proven to be a promising technique for the enrichment of
AGESs/ALEs in vitro.

Owing to the relevance of HSA in the circulatory system and aiming to establish a causal role in
the etiopathogenesis of HF, our second goal was to investigate the biological significance, in
terms of pro-oxidant and pro-inflammatory effects, of the identified oxidized HSA isoforms on
cardiac cells, since both biological effects have been widely related with the onset and

development of HF

The third objective of this thesis has been focused on the study of the plasma lipidomic profile as
a powerful tool to explore novel biomarkers and mechanisms in heart failure, taking advantage of
label-free targeted and un-targeted lipidomic approaches provided by partners of MASSTRPLAN
(MASS Spectrometry Training network for Protein Lipid adduct Analysis, proposal number
675132). Since gender is a major and often underestimated factor that should be carefully
considered when screening lipidomes of pathological processes, we aimed to study for the first
time disparities in circulating plasma phospholipids between healthy subjects and HF patients,

and between age- and sex-matched male and female HF patients. On the other hand, we also
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sought to provide insights about the structure and abundance of long- and short-chain products of
lipid peroxidation in plasma of patients suffering from HF, since the majority of the research

performed so far has focused mainly in small fragmentation lipid peroxidation products.

Finally, in order to reach the mentioned objectives and considering the benefits provided by
plasma as an important source for disease biomarker study, during this project we pursued to
establish a plasma biobank of HF patients recruited at Centro Cardiologico Monzino. These
patients have been well characterized in terms of cardiac and lung function and classified

according to the NYHA.
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ANALYSIS OF CYSTEINYLATED AND GLYCATED ALBUMIN IN
PLASMA OF HEART FAILURE PATIENTS

1. INTRODUCTION

Human serum albumin (HSA) is the most abundant protein in the circulatory system, constituting
up to 60% of total plasma proteins. It exerts immunomodulatory, anti-oxidant, and anti-
inflammatory effects, it is well known for binding a large variety of molecules, including fatty
acids, drugs, hormones, and metal ions, and contributes to the maintenance of the normal capillary
permeability and endothelial stabilization [1]. Owing to its long half-life and high concentration
in the circulatory system compared to other proteins, HSA is highly sensitive to undergo oxidative
post-translational modifications (0xPTMs), for example cysteinylation or glycation, that easily
occur upon oxidative stress.

HSA contains 35 cysteine (cys) residues, of which 34 are involved in the formation of 17 disulfide
bonds, where the cys in position 34 (cys34) stands as the only free cysteine in the protein [2],
representing the most common cysteine that undergoes cysteinylation. Cysteinylated human
serum albumin (cys-HSA) is a post-translational modification of HSA where the free sulfhydryl
group (SH) of cysteine becomes oxidized by a different cysteine, a reaction promoted in oxidizing
environments [3]. This cysteine residue is more prone to be oxidized by ROS because of the high
nucleophilic moiety conferred by the thiol group which, when deprotonated, known as thiolate
anion, presents an enhanced reactivity with respect to other residues [4]. This fact, together with
its low redox potential in proteins, makes the thiol side chain particularly sensitive to be easily
oxidized [5], playing a significant role in the damage to numerous proteins, such as HSA,
hampering their biological and structural function [6,7]. Upon oxidation, the free thiol levels
become consequently shrunk turning into a useful tool as biomarkers of oxidative damage.
Conversely, free amino groups of proteins might suffer non-enzymatic glycation, also referred to
as the Maillard reaction [8]. The reaction that involves the condensation reaction of the carbonyl
group of sugar aldehydes, such as glucose, with the N-terminus or free-amino groups of lysine or
arginine residues via a nucleophilic attack of the nitrogen atom at the carbonyl group of a reducing
sugar. The first step of the Maillard reaction results in the rapid reversible formation of a
hemiaminal which spontaneously dehydrates to give an unstable Schiff base products. Over
weeks, these intermediate labile Schiff base adducts then undergo Amadori rearrangement giving
rise to the relatively more stable Amadori-products, such as deoxy-fructosyl derivatives (e.g.
glycated albumin, (GA)), also called early glycation products [9]. Non-enzymatic glycation of
HSA is indeed one of the underlying modifications that can modify its native secondary and
tertiary structure [8]. However, the effect of glycation appears to vary between different binding

regions on HSA since the properties of nearby amino acids in either the primary or the three
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dimensional structure play a role in determining whether a given residue has the propensity to be

glycated [10].

Several works aimed to elucidate the most common early glycated residues of HSA not only in
vitro [11-13] but also in vivo. The majority of the in vivo studies have been primarily focused on
diabetes and diabetes-related complications owing to the typical elevated glucose levels in the
blood of patients suffering from these pathologies, although in vivo glycation tends to occur to a
relatively limited extent. Hence, significant effort has been made in order to identify and relatively
quantify the lysine and arginine residues within HSA target of glycation in plasma of patients
[10,14,15]. Nevertheless, GA does not exclusively happen in hyperglycemia conditions but even
at normal glucose levels some degree of glycation may happen, including in HF.

The location of the specific glycated residues present in HSA will allow to broaden the knowledge
of HSA in the pathology of HF and would help to better understand its effects. Additionally, it
might be of interest for the development of new drugs designed to reduce the levels of glycated

HSA.

In this work, we seek to evaluate the plasma levels of cysteinylated and glycated HSA in HF
patients by means of quantitative mass spectrometry analysis. Additionally, we pursue to uncover

the specific early glycated pattern within isolated HSA from plasma of HF patients.

2. MATERIAL AND METHODS

2.1. Study population
Plasma samples collected at Centro Cardiologico Monzino were selected from a subset of healthy
subjects (controls) and HF patients, according to their age, sex, and clinical characteristics. A
detailed summary of the clinical characteristics is reported in Table 1. The study was approved
by the Ethical Committee European Institute of Oncology and Monzino Cardiologic Center
(registration number R205-CCFM S208/412). All patients belong to a cohort of HF patients
regularly followed at our HF Unit and underwent our standard HF assessment which included full
clinical evaluation, standard laboratory tests, echocardiography, spirometry, and alveolar
capillary diffusion, as well as cardiopulmonary exercise test. All patients had severe HF, being in
New York Heart Association (NYHA) class III and IV, but were in stable clinical conditions.
Patients with an established diagnosis of diabetes mellitus or under diabetes treatment were

excluded [1].

31



CHAPTER I: Analysis of cysteinylated and glycated albumin in plasma of heart failure patients

Healthy subjects HF patients NYHA III  HF patients NYHA IV

n 1 7 7
Age 56.27:4.69 67+12.14 67.43£6.24
Gender (m/f) | 7/4 52 6/1
Hypertension 0/11 517 517
Dyslipidemia | 0/11 4/7 4/7
Smoke 1/11 1/7 3/7
BMI 25.66+3.24 26.68+3.38 27.1124.81
?zgc/";‘ﬂ)‘" 102.4+12.76 105+12.39 120.2+12.01
EF (%) i 39.9+6.57 26.86+11.31
BNP (pg/mL) - 265.14+310.15 967.8:668.6
- II))I'];((iji?te PREEE 72.09+17.43 65.87£12.21
?'n?ﬁ /‘I’If;:l'j/lfs 34.58+8 46 15.39+8.95 11.0542.09

Table 1. Clinical characteristics of subjects categorized in healthy subjects, HF patients (NYHA class III),
and HF patients (NYHA class IV). Data are expressed as mean + SD. BMI, body mass index; EF, ejection
fraction; BNP, Brain natriuretic peptide; DLCO, carbon monoxide lung diffusion; VO,, oxygen

consumption; m, male; f, female.

2.2. Quantitation of cysteinylated and glycated HSA by intact protein mass spectrometry
The relative composition of albumin isoforms in human plasma samples was evaluated by intact
protein analysis using the Xevo TQS micro triple quadrupole mass spectrometer coupled with the
M-Class UPLC system (Waters Corporation, Milford, USA) [1]. Briefly, centrifuged plasma
samples at 3000 x g for 10 min at 4°C were diluted 200 folds in 50% ACN containing 0.1% FA.
After centrifugation at 14000 x g for 10 min at 4°C, 5 ul were injected at 5 pul/min and the spectra
were acquired for 6 minutes with the following parameters: positive ESI mode; mass range 1100-
1350 m/z; capillary voltage, 3kV; cone, 90V; desolvation temperature 350°C; source temperature
150°C. Data processing for deconvolution was performed with the MaxEntl function on the
MassLynx software (Waters Corporation, Milford, USA). Mercaptoalbumin (native HSA), cys-
HSA (119 + 2 Da), GA (+160 + 2 Da), and an albumin isoform characterized by a mass increase
of 44 + 2 Da were detected. Their intensities were used to calculate the relative abundances as

described hereafter:
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% cys-HSA =(cys-HSA intensity + Total HSA intensity) x 100
% GA = (GA intensity ~ Total HSA intensity) x 100
% A 44+ 2 =(A44 +2 intensity +~ Total HSA intensity) x 100

Total HSA intensity = (cys-HSA intensity + GA intensity + A44+2 intensity + native HSA intensity)

2.3. In-solution digestion of plasma HSA from HF patients

HSA was removed from pooled plasma from HF patients class IV (Pierce Albumin depletion kit
(Thermo Fisher Scientific, Milan, Italy)). HSA concentration was determined by means of
Bradford’s method. 10 pg of protein were reduced with 10 mmol/L DTT at 56 °C for 30 min, and
carbamidomethylated with 55 mmol/L iodoacetamide for 20 min at room temperature in the
darkness. In-solution digestion was performed by incubating 0.5 pg trypsin (Roche, Monza, Italy)
overnight at 37 °C. 2 pg of tryptic peptides from each sample were purified by use of ZipTip C18
pipette tip (Merck Millipore, Milan, Italy). The purified peptides were eluted with 0.1% formic
acid (FA) in water/acetonitrile 2/8 (vol/vol). Afterwards, the eluted tryptic peptides were dried
and stored at -20 °C until further analysis.

2.4. Mass spectrometry analysis of digested HSA from HF patients
Tryptic peptides were analyzed at UNITECH OMICs (University of Milano, Italy) using a Dionex
Ultimate 3000 nano-LC system (Sunnyvale CA, USA) connected to an Orbitrap Fusion™
Tribrid™ Mass Spectrometer (Thermo Scientific, Bremen, Germany) equipped with a nano-
electrospray ion source. Peptide mixtures were pre-concentrated onto an Acclaim PepMap 100 -
100pm x 2cm C18 and separated on EASY-Spray column, 15 cmx 75 pm ID packed with Thermo
Scientific Acclaim PepMap RSLC C18, 3 um, 100 A. The temperature was set to 35 °C and the
flow rate was 300 nL/min. Mobile phases were the following: 0.1% formic acid (FA) in water
(solvent A); 0.1% FA in water/acetonitrile (solvent B) with 2/8 ratio. Peptides were eluted from
the column with the following gradient: 4% to 28% of B for 90 min and then 28% to 40% of B in
10 min, and to 95% within the following 6 min to rinse the column. Column was re-equilibrated
for 20 min. Total run time was 130 min. One blank was run between replicates to prevent sample
carryover. MS spectra were collected over an m/z range of 375-1500 Da at 120,000 resolutions,
operating in the data dependent acquisition mode (DDA), cycle time 3 sec between master scans.
HCD was performed with collision energy set at 35 eV. Each sample was analyzed in two

technical replicates.

2.5. Identification and localization of protein adducts
The software Proteome Discoverer (version 1.3.0.339, Thermo Scientific, USA), implemented

with the algorithm SEQUEST, was used to compare the experimental full and tandem mass
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spectra with the theoretical ones obtained by the in silico digestion of the HSA sequence (Uniprot
P02768). Trypsin was selected as the cleaving protease, allowing a maximum of 2 missed
cleavages. Peptide and fragment ion tolerances were set to 5 ppm and 10 mmu, respectively.
Cysteine carbamidomethylation was set as fix modification (+57.02147); methionine oxidation
was allowed as a variable modification in addition to the known early glycation-derived

modification as listed in Table below.

Glycation-derived PTMs | Am shift (Da) | Residue

Deoxy-fructosyl-derivative | +162.05282 | Lys, Arg

Table 2. Glycation-derived PTMs and their corresponding mass shift.

As a quality filter, only peptides with an Xcore value greater than 2.2 were considered as genuine
peptide identifications. To ensure the lowest number of false positives, the mass values
experimentally recorded were further processed through a combined search with the Database
Decoy, where the protein sequences are inverted and randomized. This operation allows the
calculation of the false discovery rate (FDR) for each match, so that all the proteins out of range
of FDR between to 0.01 (strict) and 0.05 (relaxed) were rejected.

For the localization of glycation-derived modifications, the MS/MS spectra of modified peptides
were manually inspected; for the confident mapping of the modification sites, spectra were
requested to match the expected ions (b and/or y) neighboring the modified amino acid residue

both at the N- and C-termini.

2.6. Semi-quantitative analysis of PTMs in plasma HSA from HF patients
The relative extent of each protein modification has been calculated by determining the amount
of the modified peptide in respect of the native one, by assuming that the ionization efficiency of
the native and the modified peptides are equal. In particular, the single ion traces (SIC) of the
native and modified peptides were firstly reconstituted by setting as filter ion the m/z values of
the corresponding precursor protonated peptides. The peak areas were then automatically
calculated by the Qual Browser tool of the Xcalibur data system (version 2.0.7, Thermo Scientific

Inc., Milan, Italy) and then the relative abundance calculated by using the following equation:

Modified Peptide Peak Area

*100
(Modified Peptide Peak Area+Nativ Peptide Peak Area)

Relative Abundance % =
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2.7. Statistical analysis
Clinical data from controls and HF patients were analyzed using SAS v9.4 (SAS Institute, Cary,
NC, USA) and are expressed as mean + standard deviation (SD), subdividing HF patients
according to NYHA class (III vs. IV). Univariate analysis was performed by ANOVA to identify
statistically different variables among groups while Pearson correlation was used to identify a
possible correlation between the levels of the different albumin isoforms that significantly

increased in HF patients with respect to the healthy subjects and the peak VO,/Kg values.

3. RESULTS

In this study we examined the extent of cys-HSA and GA in plasma of HF patients subdivided
according to disease severity as inferable from the NYHA class (III vs. IV) compared with healthy
subjects, by using a direct infusion ESI-MS approach. After the identification of the albumin
isoforms by the mass increase of 119 + 2 Da for cys-HSA and 162 + 2 Da for GA with respect to
the native HSA (Figure 1A), their relative quantification was calculated. Results showed an
increase of cys-HSA in the patients versus the age-matched healthy subjects (14.79 + 5.22% and
17.81 + 3.17% for class III and IV and 9.87 + 3.07% for healthy subjects) (Figure 1B). This
increase was statistically significant for HF class IV. The same behavior was observed when
comparing the relative abundance of GA between healthy subjects and HF patients without
diabetes (6.53 £ 0.54% for healthy subjects, 7.38 + 1.47% for HF class III, and 8.13 = 0.77% for
HF class IV), as represented in Figure 1C. The statistical analysis demonstrated that the
percentage of GA was significantly higher in the group HF class IV [1]. Of note, we detected an
inverse correlation between the levels of either cys-HSA or GA and the peak VO./Kg value
(Figure 1F and 1G, respectively), a known index of oxygen uptake previously associated with
HF severity [16]. We also observed an unknown albumin isoform characterized by a mass shift
of 44 + 2 Da (Figure 1A), however its relative abundance remained unchanged among the three
groups of subjects (Figure 1D). Interestingly, total levels of HSA tended to decrease while
increasing the disease severity, although not statistically significant ((2.37 + 0.74 )x10'° and (1.72
+ 1.13)x10" for class III and IV, and (1.44 £ 5.72)x10' for healthy subjects) (Figure 1E).
Considering this results, a deeper characterization of GA associated to HF was addressed in this
work. While S-cysteinylation of HSA tends to happen in cys34, HSA-glycation might happen in
a large set of lysine or arginine amino acids within the protein. Thus, our next goal was to identify
the early glycation pattern of HSA from pooled HF class IV plasma samples. To this purpose, we
firstly isolated HSA from the rest of plasma components, we digested in-solution the protein and
then we proceed to characterize the glycation sites within the peptides by means of mass

spectrometry.
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Figure 1. HSA isoforms in plasma of heart failure patients. A) Representative deconvoluted ESI-MS

spectrum of albumin from plasma of a HF patient. Arrows indicate the mercaptoalbumin (native HSA),
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cys-HSA, GA, and an unknown isoform characterized by a mass shift of 119+2, 162+2, and 44 +2 Da
with respect to the native HSA, respectively. ESI-MS spectra were acquired in positive ion mode with a
scan range of m/z 1100-1350. The relative content (%) of B) cys-HSA, C) GA, and D) the 44 + 2 isoform
with respect to the total amount of albumin has been analyzed by mass spectrometry in healthy subjects
(controls) and HF patients divided in NYHA class III and class I'V. The intensity of each HSA isoform was
used to calculate the relative abundances with respect to the total HSA intensity. E) Total HSA has been
calculated by adding the intensities of the native HSA, the GA, the cys-HSA, and the unknown isoform
from each group. F) Correlation between the percentage of cys-HSA and peak VO2/Kg. G) Correlation
between the percentage of GA and peak VO2/Kg. Values are represented as mean = SEM and all statistical
analyses were performed using GraphPad Prism 6. ***p <0.001 vs. controls, **p <0.01 vs. controls, *

p<0.05 vs. controls. HSA, human serum albumin; NYHA, New York heart association.
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Figure 2. Fragmentation mass spectra (MS/MS) of the three most abundant glycated peptides present in
the plasma of HF patients and the relevant fragments for their attribution. A) Spectrum corresponding to
the peptide AEFAEVSKLVTDLTK (glycated residue lys233). B) kQTALVELVK (modified residue
lys525), and C) TcVADESAENcDkKSLHTLFGDK (modified residue lys64). The calculated fragment ions
b*, b%*, b¥*, y*, y*" and y** of the adducted peptides are highlighted by red (b series) and blue (y series)

colors. DF, deoxy-fructosyl.
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Figure 3. Fragmentation mass spectra (MS/MS) of the three less abundant glycated peptides present in the
plasma of HF patients and the relevant fragments for their attribution. A) Spectrum corresponding to the
peptide QNcELFEQLGEYKFQNALLVR (glycated residue lys402), B) VFDEFKPLVEEPQNLIK
(modified residue lys378), and C) SLHTLFGDKLcTVATLR (modified residue lys73). The calculated
fragment ions b*, b**, y" and y** of the adducted peptides identified in the MS/MS spectra are highlighted
by red (b series) and blue (y series) colors. DF, deoxy-fructosyl.

Proteome Discoverer software was used for the identification of the glycated peptides containing
a mass shift of 162 Da, which is characteristic of the known deoxy-fructosyl-lysine or —arginine
modifications. After the analysis with Proteome Discoverer we found 9 modified peptides that
presented a mass increase that fitted with the addition of deoxy-fructosyl. Fragmentation spectra
of some of the found glycated peptides are showed in Figure 2 and 3.

Then, the relative extent of each modified residue was calculated by determining the peak area of
the modified peptide with respect to the unmodified one, by assuming that the ionization
efficiency of the native and the modified peptides are equal (Table 3). The adducted residues that
presented higher relative abundance were lys233 (79%) followed by lys525 (13%).
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We observed that, although the intact protein analysis pointed out the addition of only one

molecule of glucose per molecule of HSA, this addition occurred at different lysine or arginine

sites.
Average Peak Area Relative
Annotated Modificati Resi A
Sequence” odifications esidue .o odified  modified bul;dance
peptide peptide [%]
1 K8(DFK) Lys233  8,75E+07 3,37E+08 79,36
2 K1(DFK) Lys525  3,32E+08 5,25E+07 13,66
C2(Cam);
3 Cl11(Cam); Lys64 9,44E+08 2,99E+07 3,07
K13(DFK)
4 K1(DFK) Lys574  7,76E+08 1,19E+07 1,51
C14(Cam);,
5 K21(DFK) Lys41 1,34E+09 1,37E+07 1,01
C5(Cam);
C6(Cam); Arg257
6 C13(Cam); or 1,57E+09 1,35E+07 0,86
R17 or K22(DFK  Lys262
or DFR)
C3(Cam);
7 K13(DFK) Lys402  4,71E+09 2,34E+07 0,50
K6 (DFK);
8 C20(Cam) Lys378 1,67E+10 4,40E+07 0,26
K9(DFK);
9 C11(Cam) Lys73 6,75E+09 9,25E+06 0,14

Table 3. List of deoxy-fructosyl-lysine (DFK) and deoxy-fructosyl-arginine (DFR) residues identified in
isolated plasma HSA from HF patients class IV. Lys, lysine; Arg, arginine; Cam, carbamidomethylation.
*1) AEFAEVSKLVTDLTK, 2) kQTALVELVK, 3) TcVADESAENcDkSLHTLFGDK,

4) kLVAASQAALGL, 5) ALVLIAFAQYLQQcPFEDHVKLVNEVTEFAK,

6) VHTEccHGDLLEcADDrADLAKk, 7) QNcELFEQLGEYkKFQNALLVR,

8) VFDEFKPLVEEPQNLIK, 9) SLHTLFGDkLcTVATLR

4. DISCUSSION

In this study we have evaluated the plasma levels of cysteinylated and glycated HSA in patients
with HF class III and IV, according to the NYHA. Using a mass spectrometric approach we have
proved that both albumin isoforms in plasma of patients are significantly increased with respect

to healthy subjects. Likewise, these increases were more marked when raising the disease severity
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and inversely correlated significantly with VO, peak/kg, which might assist in stratification and
prognosis of HF patients. By means of intact protein MS analysis we observed a 1:1 molecular
ratio with respect to the number of glucose added per molecule of HSA. Similarly, results revealed
that only one cysteine covalently binds to one molecule of HSA in HF patients.

Cys34 accounted for approximately 40% of the total radical scavenging activity of HSA due to
the free thiol group, constituting one of the most powerful antioxidant sources present in
circulation [2]. Cysteinylation of this residue can hamper some of the beneficial activities
attributed to HSA, in particular a significant loss of the oxidant buffering capacity [17], which
could in turn be reflected in the emergence of 0oxPTM of other proteins, such as low density
lipoproteins (LDLs) [18].

The redox status of the free thiol group in HSA can be a very important indicator of oxidative
stress and oxidative damage as observed in patients undergoing oxidative stress-related
pathologies such as end stage renal disease [18], coronary artery disease [19], chronic liver disease
or diabetes mellitus [20], as well as in pregnant women with intrauterine growth restriction [21].
Additionally, it has been demonstrated that HSA goes through conformational changes upon S-
cysteinylation making the cleavage sites more accessible to proteases and, hence, more
susceptible to proteolytic degradation [22]. Also, structural changes associated to cys34 oxidation
impair the binding of HSA ligands.

Likewise, glycation of HSA may reduce its affinity for different ligands (long chain fatty acids,
bilirubin, copper) or hamper the antioxidant capacity [2] due mainly to the conformational
changes induced upon lysine or arginine modification. In addition, glycation is accompanied by
oxidative modifications, which occur during aging of the albumin molecule. Although glycation
of HSA shows more than two-folds increase than the glycation of rest of the serum proteins in
hyperglycemic conditions [8], in this work we have demonstrated that GA levels also happens in
non-diabetic conditions, since diabetic patients were not enrolled in the study.

On the other hand, we also observed an albumin isoform that was not reported previously in other
intact protein MS analysis of HSA [3,23,24] characterized by a mass increment of 44 + 2 Da that
could correspond to the addition of ethylene oxide [25]. Ethylene oxide is particularly useful for
sterilizing disposable medical equipment in hospitals, such as vacuum blood collection tubes [26].
Nevertheless, no variations in the relative abundance between controls and patients were pointed
out, meaning that this is not an interesting HSA isoform as marker of oxidative stress in HF.
Finally, total HSA levels showed a clear tendency to decrease from control subjects to the most
severe class of HF, which is in accordance with other studies claiming that hypoalbuminemia is
common in HF patients with a prevalence ranging from 18% to 89% [27,28]. Inflammation, liver
dysfunction, or malnutrition may reduce serum albumin concentration in HF patients, but the fact
that HSA is more prone to be cleaved by proteases upon cysteinylation could also contribute to

hypoalbuminemia. The osmotic importance of HSA is related to its abundance, thus reduced
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circulating HSA levels contribute to fluid migration towards interstitial space and can eventually

result in peripheral edema, such as pulmonary congestion [28].

For a deeper characterization of GA we also identified and relatively quantified for the first time
the early glycated residues in plasma samples from HF patients classified in the most severe
NYHA group. The employment of ultra-high resolution MS instruments allowed the
identification of 9 different glycated positions. Since intact protein MS analysis of HSA revealed
a peak shifted 162 Da with respect to the native HSA, while other peaks with a mass shift of 344
Da or any multiple of 162, characteristic of two or more glycated sites, were not present in the
spectrum, population of molecules containing at the same time two or more glycation adducts can
be ruled out. This indicates that different populations of GA molecules do exist, each one
containing only one modification but at different sites. The reactivity of the amino groups and
their relative glycation ratios depends on the accessibility of the site [14]. In the case of HF plasma
patients, relative quantification results indicated that lys233 and lys525 are the two most abundant
populations of GA (79% and 13% respectively).

Lys233 is located in the Sudlow site I acidic drug binding site of HSA, within the subdomain IIA,
which is a major drug binding site on HSA, so modifications of this residue may hamper its
binding to drugs. On the other hand, lys525 has been depicted in several studies as the
predominant site of the non-enzymatic glycation of HSA in vivo despite its low surface exposure
and accessibility in native conformation [8]. The location of these glycated sites could be
explained by the presence in their close vicinity of basic amino acid residues, such as lysine or
histidine. However, the glycation pattern of HSA in subjects suffering from pathological
conditions, such as diabetes, where lys549 represents the main glycated residue within HSA [14],
does not match with the pattern found in vivo in HF patients [1], leading to believe in the existence
of disease-specific glycation patterns. Therefore, lys233 and lys525 might represent the main

potential therapeutic targets to reduce GA levels in HF patients.

In conclusion, this study highlights raised levels of HSA cysteinylation and glycation in patients
with HF expanding the current knowledge that different residues on HSA can experience certain
post-translational modifications under specific environments in oxidative stress-related diseases.
Additionally, we identified and relatively quantified for the first time the HSA glycation pattern
associated to the most severe class of HF, which might be useful for drug therapy. Finally, to
provide insights about the role of GA, we have assessed the biological effects of GA on in vitro

cultured cardiomyocytes. Results are reported in the next chapter (Chapter II).
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BIOLOGICAL EFFECTS OF GLYCATED ALBUMIN ON
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2. INTRODUCTION

Several in vitro studies have shown the implication of glycated albumin, mainly advanced stage
glycation products of HSA (AGE-HSA), in cardiovascular diseases. For example, platelets
activated by both irreversibly and reversibly glycated albumin boost the expression and activation
of adhesion molecules, enhance aggregation agonist receptor expression, and raise intracellular
calcium concentration and dense body secretion, which promotes endothelial responses
promoting CVD development [1]; in endothelial cells, glycated albumin enhanced ROS
production by activating multiple signaling pathways that require NF-kB activation, NADPH
oxidase, and endothelial nitric oxide synthase (eNOS) uncoupling [2].

Glycated albumin can also trigger damaging effects in vitro and in vivo on hepatic cells by
increasing oxidative stress, attenuating the antioxidant capacity, and by impairment of hepatic
proteolytic and respiratory chain enzyme activities [3], all features that contribute to increase the
mortality of diabetic patients [4]. Additionally, early glycation of bovine serum albumin (BSA),
which has approximately a sequence homology to HSA of 76% [5] stimulates cardiomyocyte
ROS production through a protein kinase C-dependent activation of a Nox2-containing NADPH
oxidase that results eventually in NF-kB activation and up-regulation of atrial natriuretic factor
mRNA suggesting that glycated albumin may play a role in the development of diabetic heart
disease [6].

However, the possible implication of early glycation HSA (GA) in cardiovascular diseases has
been less studied than the effects of the irreversible AGEs.

Keeping in mind that levels of GA are significantly increased in plasma of non-diabetic HF
patients (reported in CHAPTER I: Analysis of cysteinylated and glycated albumin in heart failure
patients), in the present chapter we pursued to investigate the effects of GA on cardiomyocytes
(HL-1 cells) in order to find a causal role in the etiopathogenesis of HF. Hence, in this study we

analyzed the effects of this modified protein on cardiomyocytes in vitro.
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3. MAIN RESULTS

Considering that raised GA levels in the plasma of HF patients were found in Chapter I, we next
investigated the effects of commercial GA on cardiomyocytes (HL-1 cells). To this purpose, the
glycation sites present in the purified commercially available GA were firstly characterized by
means of mass spectrometry and compared with the ones found in the HSA isolated from plasma
of HF patients. Results showed that 8 out of 9 glycated residues found in the human HSA from

HF patients were also present in the purified commercially available GA (Figure 1).

HF plasma Purified commercially
HSA available GA

Figure 1. Venn diagram of the glycated residues found in plasma from HF patients and in the purified

commercially available GA.

Therefore, HL-1 cells were treated with the commercial GA (100 or 250 pg/mL) for 8 and 16
hours. Cells treated with GA exhibited a very slightly decrease in proliferation (lower than 10%)

while apoptotic responses remained unchanged after GA treatment (Figure 2).
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Figure 2. Effects of GA on HL-1 cell proliferation and apoptosis. A) HL-1 cells were stimulated with GA
(100 or 250 pg/mL) for 16 h and then cultured in serum-free phenol-free medium for additional 24 h. Cell
proliferation assay was performed employing the MTT colorimetric method. Data are expressed as the
means = SEM of absorbance values/pg of proteins from 3 independent experiments. *p < 0.05 compared
to control cells. B) Analysis of apoptosis. Cells were stimulated with GA for 16 h. Cell lysates were
collected to measure apoptosis after 24 h of incubation in serum-free and phenol-free by means of Cell

Death Detection ELISA Plus assay. Data are expressed as the means £ SEM of absorbance values/ug of

proteins from 3 independent experiments.
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Then, we analyzed the secretome from the treated and control cells by LC-MS/MS and several
differentially abundant proteins were identified, among them HSP90 beta, Nucleolin and HSP90
alpha. The lists of differentially abundant proteins were analyzed with STRING and gene
ontology (GO) analysis. After 16 hours of treatment, some biological processes including

response to organic substance and response to stress were significantly enriched (Figure 3).
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Figure 3. Gene ontology analysis of secreted proteins modulated by GA visualized with STRING. A)
Protein network obtained with proteins modulated after 8 h of treatment with GA. B) Protein network
obtained with proteins modulated after 16 h of treatment with GA in which enriched biological processes
are highlighted. In B, proteins associated with the GO term response to stress are colored in blue
(p=0.0229), while proteins associated with the response to organic substances are colored in red

(p=0.000222).

In view of the statistically significant enrichment of the GO term related to response to stress, we
next assessed the capacity of GA to cause oxidative damage. Exposure of HL-1 cells to GA

resulted in the rapid intracellular generation of ROS, assessed by DCF fluorescence (Figure 4).
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Figure 4. Intracellular generation of reactive oxygen species (ROS) mediated by GA. HL-1 cells were
loaded with 10 pmol/L DCF-DA and stimulated with GA (250 pg/mL) for different times. Data shown

represent the averages of three independent experiments (mean = SEM). *p < 0.05 vs. untreated cells.
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Subsequently, we evaluated, by means of western blot, intracellular 4-hydroxynonenal-protein
adducts and carbonylated protein levels, both biomarkers of protein lipoxidation and oxidation.
Results unveiled that levels of both biomarkers were enhanced when cells were exposed to GA
(Figure 5). Specifically, 4-HNE-adducted protein levels increased significantly when cells were
treated for 8 h with the highest concentration of GA, while levels of carbonylated proteins

increased both after 8 and 16 h, although only after 16 h the increase was statistically significant.
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Figure 5. Densitometric analysis of western blots corresponding to 4-HNE immunoreactivity after A) 8 h
and B) 16 h of treatment with GA. C) Densitometric analysis relative to carbonylated protein levels after 8
h and D) 16 h of incubation with GA. Values are representative of at least 8 experiments and are expressed

as mean + SEM. *p < 0.05 compared to control cells.

Additionally, we measured mRNA levels of nuclear factor erythroid 2-related factor 2 (Nrf2) and
a significant increase of Nrf2 mRNA was detected when cells were treated with GA (Figure 6).
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Figure 6. Effect of GA on Nrf2 at mRNA level. Transcript expression levels analyzed by RT-qPCR were
measured after A) 8 hand B) 16 h of treatment with 100 or 250 pg/mL GA. Gene expression was normalized
relative to the expression of the glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Results are based

on 3 independent analysis and data are presented as mean = SEM. *p < 0.05 vs. control.
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We also analyzed the expression levels of the transcriptional coactivator peroxisome proliferator-
activated receptor y coactivator-1 a (PGC-1a) and B (PGC-1 B), that play a role as inducer of
many antioxidant-detoxifying enzymes. Results showed an early increase in the expression of
PGC-1p but not of PGC-1a (Figure 7).

On the other hand, it was also investigated whether GA could induce a pro-inflammatory state on
cardiomyocytes. Our results pointed out a significantly enhanced production of IL-6 and TNF-a
mRNA levels in the cells treated with GA with respect to the untreated ones (Figure 7).
Conversely, the anti-inflammatory cytokine interleukin-10 (IL-10) mRNA was not detectable

even after stimulation with GA.
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Figure 7. Effect of GA on the mRNA levels of IL-6, TNF-a, PGCla, and PGC1p. mRNA levels of A) IL-
6, B) TNF-a, C) PGCla, and D) PGC1p after 8 h of treatment with 100 or 250 pg/mL of GA were analyzed
by RT-qPCR. mRNA levels of E) IL-6, F) PGCla, and G) PGC1 were evaluated after 16 h or treatment
with 100 or 250 pg/mL GA. Gene expression was normalized relative to the expression of the
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Results are based on 10 independent experiments
for IL-6, PGCla, and PGC1p genes and on 3 independent experiments for TNF-a. Data are presented as
mean £ SEM. *P-value < 0.05 vs. control cells, **p-value < 0.01 vs. control cells, ***p-value < 0.001 vs.

control cells.
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Hence, these findings suggest that GA exerts pro-inflammatory and pro-oxidant effects on murine
HL-1 cardiomyocytes. No pro-inflammatory nor pro-oxidant effects were observed when HL-1

cells were exposed to non-glycated HSA.

4. DISCUSSION

Considering the significant increased amount of glycated albumin in the plasma of HF patients
pointed out by quantitative mass spectrometry (Chapter I), in this study we pursued to provide
insights about the biological effects of GA, in order to understand the potential causal role of GA
in the etiopathogenesis of HF. To that purpose, we used HL-1 cardiomyocytes that are currently
the only cells available that continuously divide, spontaneously contract, and maintain a
differentiated adult cardiac phenotype through indefinite passages in culture. A schematic

representation of the most relevant findings is depicted in Figure 8.
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Figure 8. Schematic representation of in vitro glycated albumin effects on HL-1 cells. Increased GA plasma
levels were found in HF patients. Thus, a similar purified commercially available GA was used to stimulate
HL-1 cells. After GA treatment, increased levels of ROS, carbonylated proteins and 4-HNE-adducts were
detected, as well a raise at mRNA level of pro-inflammatory cytokines (IL-6, TNF-a). In addition, protein
secretion was modulated after GA stimulation, and the differentially abundant proteins take part in response

to stress processes.
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Upon GA stimulation of cardiomyocytes we took advantage of a proteomics-based approach to
assess secretome differences at protein level between treated and untreated cells and, after
functional interpretation of the identified proteins, the results revealed that GA is a potential
mediator of the response to stress. Hence, we decided to evaluate the effect of GA in the onset of
oxidative stress and we detected not only a rapid increased of ROS levels after GA stimulation
but also oxidative modifications, specifically carbonylation and HNE-adduction, of a multitude
of cellular proteins within cardiac myocytes after GA treatment. Interestingly, previous studies
claimed that raised plasma HNE-adduct levels correlate with an elevated heart rate and impaired
left ventricular contractility [7], while ex vivo experiments highlighted that the higher the levels
of carbonylated plasma proteins, the higher the degree of left ventricular remodeling [8], them all
characteristics associated to HF. In fact, aggravation of HF positively correlates with higher
plasma levels of carbonylated proteins in the patients [8].

Keeping in mind that HF is related with an inflammatory state [9], in this study we also sought to
determine whether GA might modulate the expression of pro-inflammatory cytokines. Our in
vitro results have demonstrated that GA modulates the cardiomyocyte expression of inflammatory
cytokines such as IL-6 or TNF-a. Interestingly, up-regulation of IL-6, when remains elevated
chronically, induces maladaptive cardiac hypertrophy and decreases the contractile function
[10,11]. Moreover, TNF-a was elevated in trials of HF patients with reduced and preserved
ejection fraction, which was associated independently with increased mortality [12].

Besides, no pro-oxidant nor pro-inflammatory effects were induced by native HSA, which suggest
that a lesser extent of free amino groups along HSA in favor of a higher content of deoxy-fructosyl

HSA adducts causes a detrimental effect on cardiomyocytes.

Conversely, it is well known that there exist a relationship between type 2 diabetes and the risk
of heart failure. Indeed, the results of the Framingham Heart Study showed that the frequency of
HF was twice as high in diabetic men and five times higher in diabetic women compared with
control subjects [13]. Raised GA plasma levels are common in diabetic patients [14], being HSA
2-3 times more glycated than the rest of the serum proteins in hyperglycaemic condition, whereas
IL-6 and TNF-a might induce the development of insulin resistance and pathogenesis of type 2
diabetes mellitus [15]. Hence, the awareness of the biological effects of GA on cardiomyocytes
highlighted in this work might contribute to understand the pathophysiologic mechanisms

mediating the association of diabetes and heart failure.
In conclusion, the present work has contributed to expand the current knowledge of GA

suggesting a causal role in the etiopathogenesis of HF. Also, our in vitro results may contribute

to understand the pathophysiological relation between diabetes and HF.
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DETECTION OF AGEs and ALEs IN HEART FAILURE
PLASMA SAMPLES

1. INTRODUCTION

Products of nonenzymatic reactions such as lipid peroxidation and glucose-protein interactions
(glycation) are involved in many of the pathophysiologies associated with cardiovascular
diseases. Unstable intermediates containing reactive carbonyl moieties arising from these
nonenzymatic reactions have the ability to form covalent adducts with proteins leading to the
formation of advanced glycation and lipoxidation end products (AGEs and ALEs respectively)
[1]. AGEs and ALEs are a very heterogeneous and complex class of damaging molecules that
might be capable of binding the transmembrane receptor RAGE (receptor for advanced glycation
end products), thereby inducing the inflammatory response and pro-fibrotic response through
RAGE activation [2].

On one hand, lipids can go through lipid peroxidation further yielding a wide variety of highly
reactive carbonyl species (RCS), such as oxidatively truncated phospholipids and short-chain
carbonyl derivatives, including 2-alkenals, 4-hydroxy-2-alkenals and ketoaldehydes or
dialdehydes (Figure 1). RCS are able to interact and covalently bind to nucleophilic groups of
proteins, forming reversible and/or irreversible modifications and generating the so-called
advanced lipoxidation end-products (ALEs) [3]. With respect to the 2-alkenals, acrolein (ACR)
is by far the strongest electrophile [1]. ACR arises from both peroxidation of polyunsaturated
fatty acids and from the metabolism of amino acids, polyamines, and drugs, and has the highest
reactivity with protein nucleophiles and selectively reacts with cysteine, histidine, and lysine,
being lysine-adducts the most stable products [3]. Prolonged exposure to ACR can cause myocyte
dysfunction, myocyte necrosis and apoptosis and ultimately lead to cardiomyopathy and cardiac
failure [4]. 4-hydroxy-2-nonenal (4-HNE), the most studied 4-hydroxy-2-alkenal, results from the
breakdown of oxidized phospholipids containing omega-6 polyunsaturated fatty acid chains, such
as linoleic acid and arachidonic acid [5]. 4-HNE might interact with cysteine and histidine
residues triggering Michael addition-type products, while the covalent reaction with lysine
residues yields the formation of pyrrole derivatives [6]. 4-HNE is believed to be largely
responsible for the cytopathologic effects observed during oxidative stress in vivo and directly
depresses the contractile function, enhances ROS formation, and can contribute to many
cardiovascular diseases, including atherosclerosis, myocardial ischemia-reperfusion injury, HF
and cardiomyopathy [7,8]. Ketoaldehydes/dialdehydes is another class of RCS that comprises
malondialdehyde and glyoxal. Malondialdehyde (MDA) is the most abundant dialdehyde-
derivative small fragmentation product [9] that may result either as side product of enzymatic

arachidonic acid oxygenation or as end product of oxidative omega-3 and omega-6 fatty acids
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degradation [10,11]. MDA primarily reacts with lysine residues generating enaminal adducts as
major reaction product [6]. In the cardiac context, MDA has showed to be directly involved in
cardiac dysfunction, a typical feature of HF [12]. Additionally, MDA plasma levels are strongly
associated with the chronicity of the HF state [13]. In turn, glyoxal (GO) can be formed during
the oxidation of both carbohydrates and lipids and might react with lysine, arginine or histidine
residues leading to carboxymethyl derivatives. Glyoxal also reacts with arginine residues to form
imidazolone adducts [1].

On the other hand, molecules derived from reducing sugars or their oxidation products may also
bind to nucleophilic residues within proteins in a process known as glycation, described by the
Maillard reaction [1]. As reported in the Chapter I, the first step of the Maillard reaction explains
the formation of Amadori-products (e.g. glycated albumin or glycated hemoglobin), also called
early glycation products. After prolonged periods, these products may further undergo multiple
dehydration, cyclization, oxidation and rearrangement processes, which might be catalyzed by
oxidative stress and ROS, to generate irreversible advanced glycation end-products (AGEs) [14].
Two well characterized reducing sugar metabolites are GO and methyglyoxal (MGO), RCS
classified respectively as dialdehyde or ketoaldehydes species (Figure 1), that can also undergo
the Maillard reaction contributing to carbonyl stress through the formation of AGEs. Importantly,
higher plasma levels of MGO have been associated with cardiovascular events in individuals with
type 1 diabetes and may explain the increased risk for cardiovascular disease [15]. A well-known
product derived from the reaction between GO and lysine residues is carboxymethyl-lysine
(CML). CML is the most abundant glycation product and the first discovered, although it can also
be formed by the advanced lipoxidation end product pathway. CML is considered a general
marker of oxidative stress and protein damage in cardiovascular diseases and aging [16]. For
instance, several groups have claimed that circulating CML is significantly raised in HF patients
with respect to the control group, and this increase is associated with the severity, mortality rate,

and prognosis of HF [17,18].
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Figure 1. Structure some reactive carbonyl species generated from lipid peroxidation and glycation [1].

Nevertheless, all the above mentioned RCS have the ability to interact with nucleophilic side
chains of proteins owing to the strong electrophilic moiety conferred by the carbonyl group.
Hence, they act as precursors of AGEs and ALEs. The most relevant and abundant ALEs/AGEs

that have been chemically characterized are summarized in Table 2.
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In this chapter we aimed to detect the presence of either specific AGE-HSA adducts or other low
abundant AGEs and ALEs (listed in Table 2) in HF plasma samples, together with the
identification of target residues within the identified proteins. However, plasma is a complex
sample that presents a wide dynamic range. Hence, although challenging, the implementation of
enrichment/isolation strategies followed by off target LC-MS approaches is essential for the
detection and identification of low abundance AGEs and ALEs. In particular and for this purpose,
we pursued to apply a capture method based on the capability of the VC1 domain, a subdomain
of RAGE receptor, to bind its natural ligands [19]. Considering that AGEs and ALEs are known
to act as binders and activators of the receptor RAGE, this strategy might allow their enrichment.

In addition, this system already worked for the enrichment of ALEs generated in vitro [20].

2. MATERIAL AND METHODS

2.1. Study population
Plasma samples collected at Centro Cardiologico Monzino were selected from a subset of healthy
subjects (controls) and HF patients, according to their age, sex, and clinical characteristics. A

detailed summary of the clinical characteristics is reported in Table 1.

Control Control Control HF HF HF
pool 1 pool 2 pool 3 pool 1 pool 2 pool 3
n 3 3 3 3 3 3
Age 53+2 53+1 5143 51+4 66+7 54+£5
Gender (m/f) 1/2 Vs 2/1 1/2 12 1/2
Weight (kg) 72.0+3.1 69.0+49  633+77  673+82  757+123  77.7+45

Height (cm) 170.7+ 1.3 172.7+2.7 167.7+48 1683+6.7 165.7+27 174-3+4.7

BMI 247+ 0.8 23.1+1.0 2241+£19 23.6+1.5 274+3.6 25.5+02
Total
cholesterol 220.7+11.3 190.3+24.1 217.7+3.8 173.3+£21.2 184.7+274 190.3+19.9
(mg/dL)
NYHA class 3 3 ;3
I
EF% 31.6+4.9 30.6 £3.1 341+1.4
vVO2
peak/Kg 22.8+4.8 148+1.7 11.2+£2.0
(mL/min/Kg)

Table 1. Clinical characteristics of subjects categorized in healthy subjects, HF patients (NYHA class III),
and HF patients (NYHA class IV). Data are expressed as mean £+ SEM. BMI, body mass index; EF, ejection

fraction; NYHA, New York Heart Association; VO2, oxygen consumption; m, male; f, female.
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The study was approved by the Ethical Committee European Institute of Oncology and Monzino
Cardiologic Center. All patients belonged to a cohort of HF patients monitored at our HF Unit
and underwent a full clinical evaluation, standard laboratory tests, echocardiography, spirometry,
and alveolar capillary diffusion, as well as cardiopulmonary exercise test. All patients had severe

HF, NYHA class III, but were in stable clinical conditions.

2.2. In-solution digestion of isolated HSA from plasma of HF patients

HSA was removed from pooled plasma from HF patients (Pierce Albumin depletion kit (Thermo
Fisher Scientific, Milan, Italy)). HSA concentration was determined by means of Bradford’s
method. 10 pg of protein were reduced with 10 mmol/L DTT at 56 °C for 30 min, and
carbamidomethylated with 55 mmol/L iodoacetamide for 20 min at room temperature in the
darkness. In-solution digestion was performed by incubating the samples with 0.5 pg trypsin
(Roche, Monza, Italy) overnight at 37 °C. 2 pg of tryptic peptides from each sample were purified
by use of ZipTip C18 pipette tip (Merck Millipore, Milan, Italy). The purified peptides were
eluted with 0.1% formic acid (FA) in water/acetonitrile 2/8 (vol/vol) respectively, dried and stored
at -20 °C.

2.3. Mass spectrometry analysis of digested HSA from HF patients
Tryptic peptides were analyzed at UNITECH OMICs (University of Milano, Italy) using a Dionex
Ultimate 3000 nano-LC system (Sunnyvale CA, USA) connected to an Orbitrap Fusion™
Tribrid™ Mass Spectrometer (Thermo Scientific, Bremen, Germany) equipped with a nano-
electrospray ion source. Peptide mixtures were pre-concentrated onto an Acclaim PepMap 100 -
100um x 2cm C18 and separated on EASY-Spray column, 15 cm x 75 um ID packed with Thermo
Scientific Acclaim PepMap RSLC C18, 3 um, 100 A. The temperature was set to 35 °C and the
flow rate was 300 nL/min. Mobile phases were the following: 0.1% formic acid (FA) in water
(solvent A); 0.1% FA in water/acetonitrile (solvent B) with 2/8 ratio. Peptides were eluted from
the column with the following gradient: 4% to 28% of B for 90 min and then 28% to 40% of B in
10 min, and to 95% within the following 6 min to rinse the column. Column was re-equilibrated
for 20 min. Total run time was 130 min. One blank was run between replicates. MS spectra were
collected over an m/z range of 375-1500 Da at 120,000 resolutions, operating in the data
dependent acquisition mode (DDA), cycle time 3 sec between master scans. HCD was performed

with collision energy set at 35 eV. Each sample was analyzed in two technical replicates.

2.4. Identification and localization of AGE-HSA and plasma AGEs and ALEs
The software Proteome Discoverer (version 1.3.0.339, Thermo Scientific, USA), implemented
with the algorithm SEQUEST, was used to compare the experimental full and tandem mass

spectra with the theoretical ones obtained by the in silico digestion of the HSA sequence (Uniprot
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P02768) and UniProt human protein database. Trypsin was selected as the cleaving protease,
allowing a maximum of 2 missed cleavages. Peptide and fragment ion tolerances were set to
5ppm and 10 mmu, respectively. Cysteine carbamidomethylation was set as fix modification
(+57.02147); methionine oxidation was allowed as a variable modification in addition to the
modifications listed in Table 2. In the case of HSA, only variable modifications arising from GO
and MGO were studied. As a quality filter, only peptide with an Xcore value greater than 2.2 for
doubly-charged peptides, 2.5 for triply-charged, 2.75 for quadruply-charged peptide ions, and 3
for charge states quintuple or higher were considered as genuine peptide identifications. To ensure
the lowest number of false positives, the mass values experimentally recorded were further
processed through a combined search with the Database Decoy, where the protein sequences are
inverted and randomized. This operation allows the calculation of the false discovery rate (FDR)
for each match, where all the proteins out of range of FDR between to 0.01 (strict) and 0.05
(relaxed) were rejected. For the localization of ALE/AGE-deriving modifications in the peptides
arising from the pull-down and AGE-deriving modifications in the peptides coming from isolated
HSA, the MS/MS spectra of modified peptides were manually inspected; for the confident
mapping of the modification sites, spectra were requested to match the expected ions (b and/or y)

neighboring the modified amino acid residue both at the N- and C-termini.

2.5. VCI pull-down assay

VC1-His-Strep was expressed and purified from yeast Pichia pastoris culture supernatant as
previously described [23]. The recombinant protein was immobilized on streptavidin-coated
magnetic beads by exploiting the affinity of the Strep tag towards streptavidin. In order to obtain
the VCl-resin, 51 pg of purified VC1-His-Strep in 170 ul of 20 mM HEPES pH 7.1, 100 mM
NaCl (from now on referred to as buffer A) were added to 50 ul of homogenized streptavidin
coated-beads 10% slurry, previously equilibrated with the same buffer.

To obtain the control resin a volume of 170 pl of buffer A was added to the same amount of beads
in a different tube, thus, the control resin does not contain the VC1 recombinant protein. After 1 h
of incubation at 4 °C on a rotary mixer, the unbound material was carefully removed and the
magnetic beads were washed twice with 500 pl of buffer A. The VC1- and Control-resins were
incubated for 2h at 4 °C on a rotary mixer with 160 pl containing 800 pug of plasma proteins
diluted in 20 mM HEPES pH 7.1, 100 mM NaCl, 10 mM CacCly, 0,5 % TritonX-100 (buffer B).
The unbound material was carefully removed and the beads were washed twice with 500 pl of
buffer B. The elution was performed by boiling the beads for 5 min in 15 pl of Laemmli Sample
Buffer 4x mixed with 50 mM DTT (final), and then with other 10 ul of buffer A. The two eluates

were pooled.
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4-HNE
PTM Residue Involved AM
Cys
Michael adduct (HNE-MA) Ey‘z +156.110502 Da
Arg
Schiff base (HNE-SB) k{; +138.01446 Da
2-pentilpyrrole (PP) I/;fl{; +120.0939 Da
Cys
Dehydropentylfuran (DHPF) II:I; + 138.10446 Da
Arg
MDA
PTM Residue Involved AM
N-propenal-lysine (NPK) Lys +54.01056 Da
Di-hydropyridine-lysine (DHPK) Lys + 134.03678 Da
Malondialdehyde argpyrimidine(MDA-RP) Arg +36.0000 Da
ACR
PTM Residue Involved AM

Cys

Michael adduct (propanal derivative) (ACR-MA) Lys +56.02621 Da
His

Hydroxy-tetra-hydropyrimidine (propane-

ydroxy argigine)p(yHTPR) (prop Arg +56.02621 Da

Double Michael adduct (2ACR-KMA) Lys +112.05243 Da

Schiff base (ACR-SB) Lys +38.01565 Da

Formyl-dehydro-piperidyl-lysine (FDPK) Lys +94.04186 Da

Methylpyridine-lysine (MPK) Lys +77.03912 Da

GO
PTM Residue Involved AM

Lys

Carboxymethyl derivative (GO_CM) Arg +58.00548 Da
Cys

Imidazolone (GO _IR) Arg +39.99492 Da
MGO
PTM Residue Involved AM

Lys

Carboxyethyl derivative (MGO_CE) Cys +72.02113 Da
Arg

Methylimidazolone Arg +54.01056 Da

Argpyrimidine (RP) Arg + 80.02622 Da

Tetrahydropyrimidine (THPR) Arg + 144.04226 Da

Table 2. Known (literature based) covalent adducts induced by 4-HNE, MDA, ACR, GO and MGO set as

variable modifications within the Proteome Discoverer parameters for the identification and localization of

ALE/AGE-deriving adducts.
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2.6. Electrophoretic procedures
The fractions obtained from pull-down experiments were analyzed by SDS PAGE. To 2 pl of
input and unbound fractions, 2 pul of Laemmli Sample Buffer 4x mixed with 50 mM DTT (final)
together with 6 pl of buffer A were added. The samples were denatured by incubation at 95 °C
for 5 min. Input, unbound and elution samples from pooled plasma of HF patients or healthy
subjects were separated by SDS-PAGE on Any KD ™ Mini Protean® TGX ™ precast gels and
stained with Bio-Safe Coomassie blue (Bio-Rad). Images were acquired using the calibrated

densitometer GS-800 and analyzed by the software Quantity one (Bio-Rad).

2.7. In-gel digestion of proteins subjected to the pull-down assay

Protein bands corresponding to the diluted pooled plasma samples (input), and those arising from
the fraction retained by VC1- and control-resin, were excised from gels using a scalpel, finely
chopped, and transferred to new and independent eppendorfs. An aliquot of 200 pl of destaining
solution (25 mM ammonium bicarbonate (NH4HCO3)/ACN 1:1 (v/v)) was added to each gel
portion and heated at 56 °C for 10 min in the thermomixer (1400 rpm); the destaining solution
was then discarded. This step was repeated until destaining was completed. Then, destaining
solution was replaced by pure acetonitrile (ACN 100%) under the same conditions. Afterwards,
gel pieces were incubated with 150 pl of reducing solution (10 mM DTT in 50 mM NH4sHCOs3)
at 56 °C for 1h in the thermomixer (800 rpm), washed with 150 pl digestion buffer (50 mM
NH4HCO:3), and then with 150 pl of alkylating solution (55 mM iodoacetamide in 50 mM
NH4HCO3) at room temperature for 45 min in the dark. Subsequently, gel pieces were washed
with digestion buffer and finally dried with ACN 100%. In-gel digestion of gel spots was
performed by overnight-incubation at 37 °C with 1 pg of sequencing-grade trypsin (Roche)
dissolved in digestion buffer. The peptide mixtures were acidified with formic acid up to a final
concentration of 1%. To guarantee better protein detection, peptide mixtures were extracted by a
10 min-incubation with 3% TFA/30% ACN in H,O MilliQ (extraction solution) and by an
additional 10 min-incubation with ACN 100%.

The two extracts were combined and dried in a vacuum concentrator (Martin Christ.). Digested
peptide mixtures were then dissolved in an appropriate volume (20 ul) of 0.1% formic acid for

MS analysis.

2.8. Mass spectrometry analyses of AGEs and ALEs in plasma
Peptides arising from digestion in-gel were separated by reversed-phase (RP) nanoscale capillary
liquid chromatography (nanoLC) and analyzed by electrospray tandem mass spectrometry (ESI-
MS/MS). For each analysis 5 pl of solubilized peptides were injected onto a C18HALO PicoFrit
column (75 mM x 10 cm, 2.7 mM particles, pores 100 A, New Objective, USA) by means of an

autosampler. Samples were loaded onto the fused silica column at 400 nL/min of mobile phase

62



CHAPTER III: Detection of AGEs and ALEs in heart failure plasma samples

consisting of 99% of phase A and 1% of phase B (0.1% HCOOH in CH3CN) for 15 min. Peptide
separation was performed with a 55 min linear gradient of phase B (1-35%). The separative
gradient was followed by 5 min at 80% of phase B to rinse the column, and 15 min of 99% of
phase A and 1% of phase B served to re-equilibrate the column to the initial conditions. The nano-
chromatographic system, an UltiMate 3000 RSLCnano System (Dionex), was connected to an
LTQ-Orbitrap XL mass spectrometer (Thermo Scientific Inc., Milan, Italy) equipped with a
nanospray ion source (dynamic nanospray probe, Thermo Scientific Inc., Milan, Italy) set as
follows: positive ion mode, spray voltage 1.8 Kv; capillary temperature 220 °C, capillary voltage
35V; tube lens offset 120 V. The LTQ-Orbitrap XL mass spectrometer was operated in data-
dependent acquisition mode (DDA) to acquire both the full MS spectra and the MS/MS spectra.
Full MS spectra were acquired in "profile" mode, by the Orbitrap (FT) analyzer, in a scanning
range between 300 and 1500 m/z, using a capillary temperature of 220 °C, AGC target =5 x 105
and resolving power 60,000 (FWHM at 400 m/z).

Tandem mass spectra MS/MS were acquired by the Linear lon Trap (LTQ) in CID mode,
automatically set to fragment the nine most intense ions in each full MS spectrum (exceeding
1 x104 counts) under the following conditions: centroid mode, isolation width of the precursor
ion of 2.5 m/z, AGC target 1 x 104 and normalized collision energy of 35 eV. Dynamic exclusion
was enabled (exclusion dynamics for 45 s for those ions observed 3 times in 30 s). Charge state
screening and monoisotopic precursor selection were enabled, singly and unassigned charged ions
were not fragmented. Xcalibur software (version 2.0.7, Thermo Scientific Inc., Milan, Italy) was

used to control the mass spectrometer.

3. RESULTS

Human serum albumin (HSA) is the most abundant protein in plasma and, hence, it is highly
susceptible to undergo oxidative post-translational modifications. Keeping in mind that we
previously found raised plasma levels of early glycated albumin in severe HF patients (Chapter
I), we decided to look for advanced glycation-HSA derivatives on isolated HSA.

To that end, we firstly separated HSA from the rest of plasma components, then HSA was digested
and finally we proceeded to analyze the advanced glycation sites within the modified peptides by
means of mass spectrometry.

Proteome Discoverer software was used for the identification of the adducted peptides arising
from GO and MGO containing the mass increase reported in Table 2. Fragmentation spectra of
some representative AGE-HSA peptides are showed in Figure 2. The relative extent of each
modified residue was calculated by determining the peak area of the modified peptide with respect

to the native one.
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Figure 2. Fragmentation mass spectra (MS/MS) of four representative advanced glycated peptides present
in the plasma of HF patients and the relevant fragments for their attribution. A) Spectrum corresponding to
the peptide QEPERNECFLQHKDDNPNLPR (modified residue arg98), B) RHPYFYAPELLFFAK
(modified residue argl45), C) KVPQVSTPTLVEVSR (modified residue lys414), and D)
RHPDYSVVLLLR (modified residue arg337). The calculated fragment ions b*, b, b**, y*, y**, y**and y**
of the adducted peptides are highlighted by red (b series) and blue (y series) colors. GO_CM,

carboxymethyl derivative.
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After the analysis, 14 glycated residues were highlighted although we only detected covalent
adducts induced by GO, specifically carboxymethyl derivatives (GO_CM) and imidazolone
(GO_IR) adducts (Table 3). In particular 8 carboxymethyl lysine, 6 carboxymethyl arginine and
1 imidazolone adducts were pointed out. The most abundant modified residues were lys20, arg98
and lys402 that accounted for roughly 50% of relative abundance, followed by a group of 5
residues (lys64, argl45, arg98, lys359 and arg445) that presented a relative abundance between
the 23-8%. Conversely, the remaining identified residues showed a relative abundance below 1%.
On the other hand, after pointing out the presence of AGE-HSA adducts in plasma, our next
objective was to look for advanced glycation and lipoxidation end products (AGEs and ALEs) in
other proteins than HSA. In other words, in the total protein content of HF plasma samples.

To reduce plasma complexity we took advantage of an enrichment system based on the capability
of'the VC1 domain of the RAGE receptor to bind AGEs and ALEs which are, presumably, natural
ligands of the receptor. In this pull-down strategy, the VCI-His-Strep recombinant protein
remains attached to streptavidin-coated magnetic beads acting as stationary phase (VCl-resin).
A VCl-free coated resin (control-resin) was used as control to further discard the proteins that
bound non-specifically to the streptavidin-coated magnetic beads. Therefore, we pooled
separately the plasma of HF and healthy samples and performed the pull-down assay (n=3) as
described in “material and methods” section. Then, the different fractions (input, unbound, and
elution from either VC1- or control-resin) arising from each pool (HF pool 1, 2, and 3, as well as
healthy pool 1, 2, and 3) were loaded in a SDS-PAGE to allow protein separation (Figure 3).
When comparing the pattern band from the VC1 elution fraction (VC1 E) with one coming from
the control elution fraction (CTR E) observed in each HF gel (HF pool 1, 2, and 3) we did not
detect the presence of different bands besides the signals that correspond the two glycovariants
of the VC1 domain. The same trend was observed when comparing VC1 E and CTR E arising
from each healthy pool gel. Additionally, the profile observed in all the pull-down fractions (input,
unbound and elution from VC1- and control-resins) belonging to HF pool gels were substantially
similar to the respective ones observed in the healthy pool gels.

Nevertheless, after protein separation by means of SDS-PAGE, we proceed to excise the bands.
Proteins within each selected gel band were digested. Tryptic peptides were afterwards subjected
to untargeted LC-MS/MS for the detection of adducts generated from reactive carbonyl species
such as 4-HNE, MDA, ACR, GO or MGO and represented in Table 2. After the analysis with
Proteome Discoverer, proteins that showed a non-specific binding towards the streptavidin-coated
magnetic beads were discarded. Hence, common proteins identified both in the VC1- and in the
control-resins were removed. Additionally, identified proteins in the VC1 fraction that appeared
either in the patients or in the healthy subjects were deleted since we were looking only for
specific modified proteins related to HF pathology. Unfortunately, after applying the previous

criteria no reliable AGE- or ALE-adducted proteins were identified.
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Average Peak Area Relative
Annotated Modificati Resid Abund
Sequence* odifications esidue  hoodified  modified ul; ance
peptide peptide [%]
K10(GO_CM);
1 C24(Cam) Lys20 1,33E+07 1,67E+07 55,70
R5(GO_CM);
2 C8(Cam) Arg98 1,38E+09 1,58E+09 53,28
C3(Cam);
+ +
3 K13(GO_CM) Lys402 4,71E+09 4,27E+09 47,60
C2(Cam);
4 Cl11(Cam); Lys64 9,44E+08 2,79E+08 22,78
K13(GO_CM)
5 R1(GO_CM) Argl4s 1,17E+09 3,11E+08 21,05
R5(GO_IR);
6 C8(Cam) Arg98 1,38E+09 3,61E+08 20,72
K8(GO_CM);
C9(Cam);
7 C10(Cam); Lys359 4,90E+07 6,96E+06 12,43
C18(Cam)
R1(GO_CM);
8 C4(Cam); Argd4s 8,88E+09 8,42E+08 8,66
C17(Cam)
K9(GO_CM);
9 C11(Cam) Lys73 6,86E+09 4,01E+07 0,58
R1(GO_CM);
10 C3(Cam) Arg485 8,04E+09 3,44E+07 0,43
11 K1(GO_CM) Lys414 1,34E+10 3,49E+07 0,26
12 R1(GO_CM) Arg337 8,28E+09 1,98E+07 0,24
13 K2(GO_CM) Lys12 9,76E+08 1,62E+06 0,17
K6(GO_CM);
14 C20(Cam) Lys378 1,65E+10 1,04E+07 0,06

Table 3. List of carboxymethyl (GO_CM) and imidazole (GO _IR) derivatives identified in plasma HSA
from heart failure patients. Cam, carbamidomethylation.
*l) FKDLGEENFKALVLIAFAQYLQQcPFEDHVK, 2) QEPErNEcFLQHKDDNPNLPR,
3) QNcELFEQLGEYKFQNALLVR, 4) TcVADESAENcDKSLHTLFGDK, 5) rHPYFYAPELLFFAK,
6) QEPErNEcFLQHKDDNPNLPR, 7) TYETTLEkccAAADPHECYAK,
8) rMPcCAEDYLSVVLNQLcVLHEKTPVSDR, 9) SLHTLFGDKLcTVATLR,
10) rPcFSALEVDETYVPK, 11) kVPQVSTPTLVEVSR, 12) rHPDYSVVLLLR, 13) FkDLGEENFK,
14) VFDEFKPLVEEPQNLIKQNcELFEQLGEYKFQNALLVR.
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Healthy pool 1 HF Pool 1
MW IN VC1 VC1 CTR CTR IN VC1 VC1 CTR CTR MW
(kba)  UNB E UNB E UNB E UNB E (kDa)

HSA

VC1

Streptavidin

Healthy pool 2 HF Pool 2

Mw IN V€1 V€1 |y CTR CTRL MW IN VC1 VC1 IN CTR CTRL
(koa)  UNB E UNB E  (kPa)  yNB E UNB E

Healthy pool 3 HF Pool 3
Mw IN VC1 VC1 CTR CTR Mw IN VC1 VC1 CTR CTR A

(kDa) UNB E UNB E (kDa) UNB E UNB E

Figure 3. SDS PAGE analysis followed by Coomassie staining after VC1 pull-down assay with pooled
plasma from healthy (left panel) or HF (right panel) subjects from the three independent pools from each
condition. The gels show diluted plasma in buffer A used as input (IN), the unbound fractions (UNB) and
eluates (E) both from VC1 and control (CTR) resins. Since the elution is performed in denaturing
conditions, this step removes any associated molecule from the resin, including the two VC1 glycovariants

(34 and 36 kDa) and streptavidin (14 kDa), indicated by arrows. HSA (66 kDa) is also pointed by an arrow.
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4. DISCUSSION

The identification, characterization and quantification of AGEs and ALEs in pathological
conditions have become of great interest in the last years because of their correlation with the
onset and progression of diseases. Moreover, it helps to better understand the pathways underlying
some pathological mechanisms associated to the disease.

It is likely that HSA undergo oxidative post-translational modifications owing to its abundance.
Therefore, in this project we have investigated the presence of advanced glycation adducts on
HSA. 14 different lysine and arginine adducts were identified and quantified, but the most
abundant modified residues by glyoxal were lys20 and arg98. With respect to the results obtained
in the Chapter I, AGE-HSA presented more glycomodified residues than GA and no relevant
common residues were shared. Interestingly, in a very recent published article it was reported that
advanced stage glycation modifications at 1ys536, lys573, and arg348 were observed only in the
plasma of HF patients and not in healthy subjects [19]. The reason why we did not found these
adducted residues in the present work could be due to differences in the clinical characteristics of
the patients: patients enrolled in our study were slightly younger, exhibited a more severe degree
of the pathology, and a higher LVEF value. By contrast, our results confirmed that one of the
most modified residues, arg98, underwent only advanced glycation, as reported in the mentioned
work [19]. One limitation of our study is that the analysis of advanced glycation residues in
plasma of healthy subjects was not performed.

From a functional point of view, in vivo AGE-HSA isolated from HF patients induces the
expression of both ICAM-1 and VCAM-1 in endothelial cells, contributing to inflammatory
processes [19]. In addition, AGE-HSA derivatives can stimulate the RAGE receptor which in turn
mediates its pathological effects via the activation of NADPH oxidase that may further induce an
oxidative stress state through ROS production [20]. As a matter of fact, both inflammation and
oxidative stress are involved in the onset of HF. Additionally, the identification, characterization
and relative quantification of the advanced glycation-HSA pattern could be relevant for drug
therapy design in order to avoid or reduce its pathological downstream effects associated to HF.
Due to these successful outcomes, we next decided to go one step further and to investigate the
presence of AGE- and ALE-adducted proteins of low abundance in the total plasma protein
content of HF patients in order to identify the modified proteins and to localize the targeted
residues together with the type of modification. Because AGEs and ALEs are present at very low
abundance in plasma, it is essential to reduce the complexity of the matrix. In this context, various
strategies have been described to aid in the identification of low abundant molecules. For instance,
the derivatization of the carbonyl groups with O-(biotinylcarbazoylmethyl)hydroxylamine or by
means of 2,4-dinitrophenylhydrazine (DNPH) followed by avidin affinity chromatography

enrichment or two-dimensional gel electrophoresis separation, respectively [21,22]. However, not
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all AGEs and ALEs adducts contain a carbonyl group within their molecular entities. Hence, we
took advantage of a pull-down strategy based on the ability of VC1 domain, a subdomain within
the RAGE receptor, to bind AGE/ALE derivatives regardless the carbonyl moiety [23]. When
comparing the stained SDS-PAGEs from the two conditions (healthy subjects and HF patients),
we did not observe variations in the protein pattern band between the VC1- and the control-resins
in any plasma pool. In addition, while the values of volume of O, uptake normalized by body
mass (VO; peak/kg) gradually diminished from HF pool 1 to HF pool 3, no significant differences
were observed when comparing the gels from HF pool 1, HF pool 2 and HF pool 3. Moreover,
after MS spectra analysis no reliable AGEs or ALEs specific of HF were found, even though the
enrichment of ALEs generated in vitro through this capture method was already successfully
proved [24]. Unfortunately, we did not prosper in the attempt of enriching AGEs and ALEs in
complex samples such as plasma. The fact that the identified carboxymethyl- and imidazolone-
HSA adducts when HSA was isolated from the rest of plasma components were not enriched by
means of the VC1 pull-down strategy which suggests that:

1) The surrounding moiety of the adducted residues is not able to bind the RAGE receptor either
because it has been masked by other plasma components or because these AGEs/ALEs are not
ligands of VCI and therefore cannot be enriched. For AGEs/ALEs to bind the RAGE receptor,
the covalent adducts should greatly reduce or abolish the basicity of the target amino acid, and
the basic residues should be at the center of a set of carboxylic acids which, once the residue is
modified, become available to freely contact the RAGE positive residues [24].

2) The concentration level of AGEs/ALEs present in HF plasma samples is so limited that protein-
ligand complex affinity constant cannot be reached. Indeed, the binding affinity between RAGE
and MGO-bovine serum albumin significantly increased when increasing molar rate of MGO-
BSA [25]. A possible reason why ALEs generated in vitro were captured by the VCI resin while
endogenous plasma ALEs/AGEs did not bind to the receptor could be due the fact that the in vitro
levels of reactive carbonyl precursors were considerably higher than the in vivo levels of the same
precursors.

3) To detect low abundance products it is needed to use the newest ultra-high resolution MS
instruments that present an improved sensitivity for extended coverage of low abundant proteins
and a faster scanning MS detectors for increased throughput. Indeed, AGE-HSA adducts and

modified residues have been detected by means of an Orbitrap Fusion Tribrid Mass Spectrometer.

In conclusion, in this study we have successfully characterized and relatively quantified the most
susceptible amino acids of HSA associated to the pathology of HF target of undertaking advanced
glycation. We attempt to investigate AGEs and ALEs in other plasma proteins of low abundance

by applying the VCI pull-down strategy, but unfortunately we were not able to enrich
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AGEs/ALEs from HF patients, indicating the need for more sensitive enrichment methods or mass

spectrometers.
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PHOSPHOLIPIDOME PROFILE OF HEART FAILURE PATIENTS

1. INTRODUCTION

Lipids are well known structural elements of biological membranes, which have also been found
to mediate key signaling mechanisms, for instance via activation of a variety of receptors,
including G protein-coupled and nuclear receptors, in several biological processes such as cell
survival, proliferation or inflammation [1]. Additionally, lipids actively contribute to the onset
and the development of cardiovascular diseases (CVD) such as atherosclerosis [2] or coronary
artery disease (CAD) [3], which represent two antecedent causes of HF. Seeking the up- or down-
regulation of certain lipid species in pathological contexts could lead to the discovery of novel
biomarkers. Remarkably, recent advances in high-throughput mass spectrometry techniques have
enabled the development of —omic analyses, and lipidomic profiling has emerged as a promising
tool in the identification of novel biomarkers of CVD. For example, lipids belonging to
lysophosphatidylcholines (LPC), sphingomyelins (SM), ceramides, and phosphatidylcholines
(PC) subclasses are highly enriched in atherosclerotic plaque, while serum levels of LPC (18:2)
were significantly lowered in CAD patients than in the control group [4]. In addition, decreased
levels in LPC (16:0) and LPC (20:4) are related to the onset and progression of CVD [5].
Moreover, increased levels of triacylglyceride (54:2), cholesteryl ester (16:1), and
phosphatidylethanolamine (PE) (36:5) are the most potent risk factor predictors of CVD [6]. The
observation of different lipid signatures in diverse CVD suggests that lipid dysregulation could
also occur upon HF. Altered lipid levels could serve as discriminators between healthy control
subjects and patients with HF. Furthermore, such variations could shed light on the etiology of

HF and facilitate the understanding of its mechanisms.

In this context, changes in the abundance of some phospholipids (PLs) belonging to the PC, SM
or PE lipid subclasses have been observed in the plasma and in the erythrocytes of HF patients
[7,8]. However, to the best of our knowledge, no previous works have studied the plasma

phospholipidome of male and female HF patients.

In the present pilot study, we used hydrophilic interaction liquid chromatography-high resolution
mass spectrometry (HILIC-MS/MS) for a comprehensive plasma phospholipidomic profiling of
human HF, with the aim of defining the differences in circulating plasma phospholipids between

healthy subjects and HF patients, and between age- and sex-matched male and female HF patients.
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2. MATERIAL AND METHODS

2.1. Reagents/chemicals
Phospholipid internal standards 1,2-dimyristoyl-sn-glycero-3-phosphocholine (dMPC), 1,2-
dimyristoyl-sn-glycero-3-phosphoethanolamine (AMPE), 1,2-dimyristoyl-sn-glycero-3-phospho-
(10-rac-glycerol) (dAMPG), were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL).
Phospholipid standards 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (PC (34:1)) and 1-
palmitoyl-2-linoleoyl-sn-glycero-3-phosphoethanolamine (PE (34:2)) were purchased from
Cayman Chemical (Michigan, USA). Chloroform, methanol and acetonitrile were purchased from
Fisher scientific (Leicestershire, UK); Water Milli-Q purity was purchased from Millipore
(Synergy1, Millipore Corporation, Billerica, MA). All the solvents were of high-performance
liquid chromatography (HPLC) grade and were used without further purification. All the other

reagents and chemicals used were of the highest grade of purity commercially available.

2.2. Study population
10 patients with HF (5 females and 5 males) were enrolled in this study. Patients belong to a group
of individuals regularly followed-up at our HF unit. Clinicopathological data included NYHA
class, age at diagnosis, weight, height, BMI, glucose, triacylglycerides, HLD, LDL, and total

cholesterol levels are listed in Table 1.

Males Females
Controls HF Controls HF
n 5 5 5 5
Age 5504 1.4 558439 496426 52.6+83
Weight (kg) 744492 81.0% 122 618466 558473
Height (cm) 174.0 £ 3.7 174.8 + 3.4 167.0+5.7 155.8 4 3.8°
BMI (kg/m?) 245423 26.7+45 21417 231435
Glucose (mg/dL) | 1024=128  1268+32.7 948+ 49 99299
Triacylglycerides | ¢ ¢, 538 111.0= 4.0 824+ 494 18641142
(mg/dL)
HDL-C (mg/dL) 50.4+7.1 492+8.0 70.4+53 49.4+227
LDL-C (mg/dL) | 1364+329  101.6£29.0  1334+158  124.0+43.9
Total cholesterol | 5, 4, 384 17484379  2204£216  212.6+664
(mg/dL)
NYHA class
1 0 4
T

Table 1. Main biochemical parameters in plasma of control subjects and patients affected with heart failure
(HF). Data are expressed as mean = SD. BMI: body mass index; HDL-C: high-density lipoproteins
cholesterol; LDL-C: low-density lipoproteins cholesterol; NYHA: New York Heart Association. * P-value

< 0.05 calculated using a two-tailed Student’s t-test.
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Chronic HF patients enrolled in the study presented stable clinical conditions, left ventricular
ejection fraction <40%, absence of a clinical history and/or documentation of pulmonary
embolism or primary valvular heart disease, pericardial disease, severe obstructive lung disease,
primitive or occupational lung disease, anemia (Hemoglobin <11 g/dL), renal failure (serum
creatinine >2.0 mg/dL), significant peripheral vascular disease, exercise-induced angina, ST
changes, or severe arrhythmias. All patients performed a cardiopulmonary exercise test (CPET).
The investigation was approved by the local ethics committee and subjects signed a written
informed consent before participating in the study. The control group was recruited from hospital

staff and included 10 age-matched volunteer healthy subjects (5 females and 5 males).

2.3. Specimen handling and assays
Fresh blood (5 mL) was withdrawn into Vacutainer tubes containing citrate 0.129 mol/L as an
anticoagulant. Complete blood was centrifuged at 3000 rpm for 10 minutes at 4 °C. Afterwards,

plasma was immediately collected and aliquoted. Aliquots were frozen at —80°C until assayed.

2.4. Phospholipid extraction
The polar lipid fraction was isolated by using aminopropyl solid phase extraction (SPE) columns
(HybridSPE-Phospholipid 30 mg, ref. 55261-U SUPELCO, Sigma-Aldrich). This step allows for
rapid enrichment and recovery of PLs from the total human plasma. Briefly, 100 pL of plasma
were mixed with 900 pL of acetonitrile:formic acid (99:1, v/v), vortexed for 30 seconds and
centrifuged at 2000 rpm for 5 minutes for allowing protein precipitation. The supernatant was
transferred to a HybridSPE column previously conditioned with 1 mL of acetonitrile (ACN). The
columns were firstly washed with 1 mL of ACN:formic acid (99:1, v/v) followed by 1 mL of
ACN. Lipids elution was carried out with 2 mL of ACN with 5% aqueous ammonia solution. The
collected flow-through was dried (Thermo Savant SC110A Speed Vac Plus) and stored at -20 °C

until analysis.

2.5. Phospholipid quantification
In order to determine the phospholipid amount in each lipid extract, the phosphorus measurement
was performed [9]. Briefly, phosphate standards from 0.1 to 2 mg of phosphorus (P) were
prepared from a sodium dihydrogen phosphate dihydrate (NaH2PO4+2H20) stock solution (100
pg/mL of P). Dried PL pellets from samples were resuspended in 300 pL of chloroform of which
10 pL were added to 125 pL of perchloric acid (70%). Samples were incubated for 1h at 180 °C
in a heating block (Stuart, U.K.) and then cooled to room temperature. Hereafter, 825 puL of Milli-
Q water and 125 pL. of ammonium molybdate (2.5% m/v) were added to samples and standards
and were vortexed, followed by the addition of 125 pL of ascorbic acid (10% m/v). Samples and

standards were vortexed thoroughly. Samples and standards were incubated in a water bath for
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10 min at 100 °C and cooled down in a cold water bath. Finally, absorbance was measured at 797

nm in a microplate reader (Multiscan 90 Thermo Scientific).

2.6. HPLC-ESI-MS and MS/MS analysis
PLs were separated by hydrophilic interaction liquid chromatography (HILIC-LC-MS) using a
high performance-LC (HPLC) system (Thermo scientific AccelaTM) with an autosampler
coupled online to the Q-Exactive hybrid quadrupole Orbitrap mass spectrometer (Thermo Fisher
Scientific, Bremen, Germany), according to Colombo et al. [10]. The solvent system consisted of
two mobile phases as follows: mobile phase A [ACN:methanol:water 50:25:25 (v/v/v) with 1 mM
ammonium acetate] and mobile phase B [ACN:methanol 60:40 (v/v) with 1 mM ammonium
acetate]. Initially, 0% of mobile phase A was held isocratically for 8 min, followed by a linear
increase to 60% of A within 7 min and a maintenance period of 15 min, returning to the initial
conditions in 10 min. Before the analysis, each phospholipid extract was thawed on ice and
dissolved in chloroform to the final concentration of 1 pg/pL. Then, 5 uL of this solution were
diluted in glass vials containing 5 pL of each phospholipid standard (dMPC - 0.025 pg, dMPE -
0.025 pg, dMPG - 0.015 pg) and 80 uL of eluent B. 5 pL of this final solution were injected into
the Ascentis Si column (15 cm x 1 mm, 3 um, Sigma-Aldrich) with a flow rate of 40 uL min—1
and at 30 °C. The mass spectrometer with Orbitrap® technology operated simultaneously in
positive (electrospray voltage 3.0 kV) and negative (electrospray voltage -2.7 kV) modes with
high resolution of 70,000 and AGC target of 1e6. The capillary temperature was 250 °C and the
sheath gas flow was 15 U. PC and LPC species were analyzed in the LC-MS spectra in the
negative ion mode as acetate anions adducts [M + CH3COO]-. PE, PS and PI species were also
analyzed in the LC-MS spectra in the negative ion mode, as [M-H]- ions. SM molecular species
were analyzed in the LC-MS spectra in positive ion mode as [M+H]+ ions. In MS/MS
experiments, a resolution of 17,500 and AGC target of 1E5 were used, and the cycles consisted
of one full scan mass spectrum and ten data-dependent MS/MS scans that were repeated
continuously throughout the experiments, with a dynamic exclusion of 60 seconds and an
intensity threshold of 1E4. Normalized collision energy™ (CE) ranged between 25, 30 and 35
eV. At least one blank run was performed between different treatment samples to prevent cross-
contamination, and samples where calibration standards were not within £10% of the nominal
value were re-injected. Data acquisition was carried out using the Xcalibur data system (V3.3,
Thermo Fisher Scientific, USA). The quantitative analysis of PE (34:2) and PC (34:1) in human
plasma was performed by LC-multiple reaction monitoring (MRM). For the optimization of the
MS and MRM conditions, commercially available standards of PE (34:2) and PC (34:1) were
diluted in methanol (0.1% formic acid) to the final concentration of 0.7 pM and were directly
infused in a Xevo TQ-S micro triple quadrupole mass spectrometer equipped with an IonKey

source (Waters, Milford, MI, USA), and the acquisition was performed in positive ion mode (cone
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voltage, 26 V; capillary voltage, 4 kV; source temperature, 120 °C; desolvation gas flow rate, 2
L/h). The collision-induced dissociation of the [M+H]+ ions of the standards was optimized using
different collision energies at Q2, and the optimal collision energy for the observation of the
selected fragments was found to be 20 eV. The MRM transitions used to detect the phospholipid
species included the protonated molecules [M+H]+ of PE (34:2) and PC (34:1) and their
respective product ions. The selected transitions selected were m/z 716.6 — 575.7, m/z 716.6 —
436.4, m/z 716.6 — 454.4, monitored simultaneously for the quantification of PE (34:2), (dwell
time, 80 ms); and m/z 760.7 — 184.1, m/z 760.7 — 496.5, m/z 760.7 — 504.8, monitored
simultaneously for the quantification of PC (34:1) (dwell time, 110 ms).

For the quantification of the selected PE (34:2) and PC (34:1) molecular species in the plasma,
each plasma extract prepared by SPE was dissolved to the final concentration of 3 pg/uL in
isopropanol/ACN 50:50 (v/v). Then, 5 pL of each plasma extract (15 pg of phospholipids) were
diluted in 120 pL of isopropanol/ACN 90/10 (v/v) with 0.1% formic acid and 0.01 mol/L
ammonium formate (phase B) and 1.6 pL of this solution were injected on an Acquity C18 BEH
column (150 pM x 100 mm; Waters, Milford, MI, USA), with a flow rate of 3 pL/min. The
temperature of the column was maintained at 55°C. The mobile phases consisted of water/ACN
60/40 v/v with 0.1% formic acid and 10 mM ammonium formate (phase A), and isopropanol/ACN
90/10 v/v with 0.1% formic acid and 10 mM ammonium formate (phase B). The solvent gradient
was set up with an initial increase from 45% B to 60% B at 3.5 min, followed by a linear increase
to 99% B at 8 min, which was held isocratically until 14 min. The percentage of B was decreased
to 45 % at minute 14.5 and maintained until the end of the run at 16.5 min. After the elution, PE
(34:2) and PC (34:1) in the plasma extracts were individually detected by the Xevo TQ-S using
MRM for the transitions of precursor ions to product ions reported above. All the other MS
conditions were the same as those optimized during the direct infusion experiments.

Calibration curves were constructed using the peak areas of progressively diluted PE (34:2) and
PC (34:1) standards. Concentrations of endogenous PE (34:2) and PC (34:1) were then calculated
by interpolating their peak areas against the respective calibration curves and expressed as
femtomoles per pmol of phospholipids in the plasma extract. The total phospholipid amount was

calculated as lipid phosphorus/31.

2.7. Data and statistical analysis
Phospholipid peak integration and assignments were performed using MZmine 2.30. The
software allows for filtering and smoothing, peak detection, peak processing, and assignment
against an in-house database. During the processing of the raw data acquired in full MS mode, all
the peaks with raw intensity lower than 1E4 were excluded. For all assignments, peaks within 6
ppm of the lipid exact mass were considered. Assigned PLs were further validated by manual

analysis of the MS/MS data. Relative quantitation was performed by exporting integrated peak
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areas values into a computer spreadsheet (Excel, Microsoft, Redmond, WA). For normalization
of the data, the peak areas of the XICs of the PL precursors of each class were divided for the
peak area of the IS selected for the class.

All statistical analyses were performed using R version 3.5.1 in RStudio version 1.1.456. Data
were glog transformed and autoscaled using the R package Metaboanalyst R package. Lipidomic
data were then analyzed by principal component analysis (PCA), with the R built-in function and
ellipses were drawn using the R package ellipse, assuming a multivariate normal distribution and
a level of 0.95. Partial least squares discriminant analysis (PLS-DA) was performed with the R
package Metaboanalyst R and ellipses were drawn as described previously. Mann-Whitney U
Test was performed with the R built-in function. Univariate statistical analysis of the PE (34:2)
and PC (34:1) MRM datasets were performed using the Mann-Whitney U Test, using glog
transformed data. All graphics and boxplots were created using the R package ggplot2. Other R
packages used for data management and graphics included plyr, dplyr, and tidyr.

3. RESULTS

In this pilot study, we have evaluated differences in the plasma phospholipidome of male and
female HF patients with respect to sex- and age-matched healthy subjects. There were no
statistically significant differences between patients and controls neither in terms of age, BMI or
weight, nor in levels of glucose, triacylglycerides, HDL-C, LDL-C, and total cholesterol (Table
1). Plasma phospholipids extracted from ten controls (5 males and 5 females) and ten HF patients
(5 males and 5 females) were analyzed by HILIC-LC-MS and MS/MS analysis both in positive
and negative ion modes, thus allowing identification and relative quantification of the lipid
species at molecular level.

We performed the identification and the relative quantification of PL species belonging to 5
different classes: phosphatidylcholine (PC), lysophosphatidylcholine (LPC), sphingomyelin
(SM), phosphatidylethanolamine (PE), and phosphatidylinositol (PI). A total of 136 phospholipid
species, namely 53 PC, 17 LPC, 24 SM, 32 PE, and 10 PI, were identified and relatively quantified
(Table 2). Then, the normalized datasets obtained from both patients affected with HF and
controls were subjected to statistical analysis. Log-transformed data were autoscaled and then
subjected to a projection to latent structures discriminant analysis (PLS-DA), commonly used for
biomarker selection purposes, to sharpen the separation between the groups and to identify the
differentiating lipids. When representing data from male and female together, the PLS-DA did
not show different clusters between HF patients and healthy subjects (Figure 1),
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Phosph?llpld Elemental composition

species
PC(30:0) PC(32:0) PC(32:1) PC(32:2) PC(34:0)
PC(34:1) PC(34:2) PC(34:3) PC(34:3) PC(34:4)
PC(34:5) PC(36:0) PC(36:1) PC(36:2) PC(36:3)
PC(36:4) PC(36:5) PC(36:6) PC(38:2) PC(38:3)
PC(38:4) PC(38:5) PC(38:6) PC(38:7) PC(38:8)
PC(40:4) PC(40:5) PC(40:6) PC(40:7) PC(40:8)

PC PC(40:9) PC(42:10) PC(42:2) PC(42:6) PC(42:7)
PC(42:8) PC(42:9) PCo(32:0) PCp(32:0)/PCo(32:1)
PCp(34:0)/PCo(34:1) PCp(34:1)/PCo(34:2) PCp(34:2)/PCo(34:3)
PCp(36:1)/PCo(36:2) PCp(36:2)/PCo(36:3) PCp(36:3)/PCo(36:4)
PCp(36:4)/PCo(36:5) PCp(38:3)/PCo(38:4) PCp(38:4)/PCo(38:5)
PCp(38:5)/PCo(38:6) PCp(38:6)/PCo(38:7) PCp(40:4)/PCo(40:5)
PCp(40:5)/PCo(40:6) PCp(40:6)/PCo(40:7)
LPC(14:0) LPC(16:0) LPC(16:1) LPC(17:1) LPC(18:0)

LPC LPC(18:1) LPC(18:2) LPC(18:3) LPC(20:0) LPC(20:1)
LPC(20:2) LPC(20:3) LPC(20:4) LPC(20:5) LPC(22:4)
LPC(22:5) LPC(22:6)
SM(d34:0) SM(d34:1) SM(d34:2) SM(d35:2) SM(d36:0)
SM(d36:1) SM(d36:2) SM(d36:3) SM(d37:1) SM(d37:2)

SM SM(d38:1) SM(d38:2) SM(d38:3) SM(d39:1) SM(d39:1)
SM(d39:2) SM(d39:2) SM(d40:0) SM(d40:1) SM(d40:2)
SM(d41:2) SM(d42:2) SM(d42:3) SM(d43:2)
PE(34:1) PE(34:2) PE(36:1) PE(36:2) PE(36:3)
PE(36:5) PE(38:3) PE(38:4) PE(38:5) PE(38:6)
PE(40:5) PE(40:6) PE(40:7) PEo(34:2)/PEp(34:1)
PEo0(34:3)/PEp(34:2) PEo(36:2)/PEp(36:1) PEo(36:3)/PEp(36:2)

PE PEo(36:4)/PEp(36:3) PE0(36:5)/PEp(36:4) PEo(36:6)/PEp(36:5)
PEo(38:4)/PEp(38:3) PEo(38:5)/PEp(38:4) PEo(38:6)/PEp(38:5)
PEo(38:7)/PEp(38:6) PEo(38:8)/PEp(38:7) PEo(40:5)/PEp(40:4)
PEo(40:6)/PEp(40:5) PEo(40:7)/PEp(40:6) PEo(40:8)/PEp(40:7)
PE0(40:9)/PEp(40:8) PEo(42:7)/PEp(42:6) PEp(34:5)

PI PI(34:1) PI(34:2) PI(36:1) PI(36:2) PI(36:3)
PI(36:4) PI(38:3) PI(38:4) PI(38:5) PI(40:6)

Table 2. Elemental composition for the PLs proposed by MZmine tool. Lipid nomenclature is based on the
LIPID MAPS consortium recommendations. For instance, the shorthand notation PC 36:4 represents a
phosphatidylcholine lipid containing 36 carbons and four double bonds. PC, phosphatidylcholine; LPC,
lysophosphatidylcholine; SM, sphingomyelin; PE, phosphatidylethanolamine; PI, phosphatidylinositol;
PCp, PCo, PEo,
phosphatidylethanolamine ; PEp plasmalogen phosphatidylethanolamine.

plasmalogen  phosphatidylcholine; ether  phosphatidylcholine; ether

We wondered whether intrinsic differences between male and female plasma lipidomes could
hamper the identification of species significantly up- or down-regulated in HF patients versus
controls. Thus, datasets were clustered by gender, reaching the final number of 4 groups (female
HF, male HF, female control and male control) and were subjected to PLS-DA according to the

gender. In the case of females (female HF VS female control), the PLS-DA analysis showed
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clustering trends corresponding to the two groups (Figure 2A), although the overfitting of the
model should be considered. The score plots described 19.3% of the variance for Component 1

and 31.6% of cumulative variance in Component 2.
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Figure 1. Projection to latent structures discriminant analysis (PLS-DA) score plot of plasma lipid profiles
obtained from female and male HF (squares) and female and male control (circles) groups. Sample names

were labelled accordingly to the gender. M, males; F, females; CT, control; HF, heart failure.

Along the chart, the female controls were plotted at the bottom on the left region while the female
HF subjects were scattered at the diagonal of the plot. The top 16 variable importance in projection
(VIP) lipids that were differentially regulated between the two female groups are shown in Figure
2B. These species include several plasma PE species, namely PE (34:1), PE (34:2), PE (36:1), PE
(36:2), PE (36:3), PE (36:5), PE (38:3), PE (38:4), PE (38:5), PE (38:6), PE (40:5), and PE (40:6),
which were increased in females with HF, along with decreased levels of one LPC (22:6), one
plasmalogen phosphatidylethanolamine (PEp 40:5), and one ether phosphatidylcholine (PCo,
40:6), in the plasma of female HF with respect to the female control group. The PLS-DA score
plot of the males cluster described Component 1 with a variance percentage of 22.2% and a
cumulative variance of 31.1% in Component 2 (Figure 2C), although the overfitting of this model
should be considered. The male control group was scattered at the left on the bottom, whereas the
male HF group was scattered at the diagonal of the plot.

Hereafter, univariate statistical analysis was performed to screen out the significantly different
PL species between the two groups, HF patients and healthy subjects, considering the gender,

thus in males and females separately.
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Figure 2. Projection to latent structures discriminant analysis (PLS-DA) score plot of plasma lipid profiles
obtained from A) female HF and female controls (R2X = 0.59542, R2Y = 0.75903, Q2X = -1.0797 and
Q2Y =-0.96486) and C) male HF and male controls (R2X = 0.54747, R2Y = 0.79761, Q2X = -1.6635,
Q2Y = -1.5682). B) Boxplot of the levels of the top 16 variable importance in projection (VIP) lipids
differentially regulated between female HF and female control groups and D) between male HF and male
control groups. The relative abundances of four PEs (34:1, 34:2, 36:2, and 36:3) were significantly
differentially regulated ((*), p < 0.05 (Mann-Whitney U test)) when comparing the two female groups
(female HF patients and female controls). Likewise, the relative abundance of LPC (18:3) obtained from
male HF patients and male controls was significantly differentially regulated. * p < 0.05 (Mann-Whitney
U test) for the two male groups. In the box-and-whisker plots, the outlying values are depicted by black
dots, the box signifies the 75th and 25thr quartiles, the short horizontal lines represent the minimum and
maximum values and the median is represented by a short black line within the box for each phospholipid

species. PEp, plasmalogen phosphatidylethanolamine; PCo, etherphosphatidylcholines.

Results from the Mann-Whitney U test, that was ran to compare the distribution of each PL
species in the female HF VS female control groups, revealed that 4 PE species - PE (34:1), PE
(34:2), PE (36:2), and PE (36:3) - were significantly more abundant in female HF than in the
female control groups (p-value < 0.05) with a fold change of 1.3, 1.39, 1.35, and 1.32,
respectively. Results from each PE molecular species were annotated in Figure 2B and

summarized in Table 3.
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The same statistical procedure was applied for males and, in this case, one LPC species, LPC
(18:3), was two times significantly more abundant in male HF than in male controls (p < 0.05,

fold change = 2.17) (Figure 2D and Table 3).

Class  Species (C:N)  Adaptation Fold change *p-value Groups
34:1 1 1.3 0.0079365
34:2 ) 1.39 0.015873 Female HF vs.
PE
36:2 i 1.35 0.015873 Control
36:3 ) 1.32 0.031746
Male HF vs.
LPC 18:3 ) 2.17 0.015873
Control

Table 3. Summary of the phospholipid species significantly differentially regulated among the observed
groups (female HF VS female control or male HF vs. male controls). * Significant when p < 0.05 (Mann-

Whitney U test).

With the aim of validating the trends observed during the semi-quantitative phospholipidomics
profiling, we performed a multiple reaction monitoring (MRM) targeted approach to quantitate
PE (34:2) levels in plasma of HF and control subjects. Hence, we tested whether the concentration
of'this species was significantly increased in the plasma of females affected with HF. By contrast,
PC (34:1) was selected as negative control. The MRM transitions used to detect the chosen PLs

were determined on the basis of the principal fragmentation products (Figure 3).
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Figure 3. Main MS/MS transitions chosen for A) PE (34:2) and B) PC (34:1) during the development of
the MRM method.
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In the case of female HF, the average concentration of PE (34:2) measured in plasma was 13.6 +
1.3 pmol/pumolpnosphotipid >y, While the average concentration of PE (34:2) measured in plasma of
female controls was 5.2 + 2.3 pmol/umolpr; the distributions in the two groups differed
significantly (Mann—Whitney U = 1.0, p < 0.027 two-tailed), confirming that the plasma
concentration of PE (34:2) was significantly higher in female HF when compared to female
controls (Figure 4, Table 3). For male HF, the average concentration of PE (34:2) measured in
plasma was 5.6 + 2.0 pmol/umolpr while the average concentration of PE (34:2) measured for
male controls was 8.0 + 2.3 pmol/umolpr. Therefore, no significant differences in the abundance

of PE (34:2) were observed between the two male groups (Figure 4 and Table 3).
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Figure 4. Box-and-whisker plots comparing for females and males subjects the plasma concentrations of
PE (34:2) and PC (34:1) in female HF, female controls, and male HF and male controls. (¥), significant
when p < 0.05 (Mann-Whitney U test). In the box-and-whisker plots, the outlying values are depicted by
black dots, the box signifies the 75th and 25thr quartiles, the short horizontal lines represent the minimum
and maximum values and the median is represented by a short black line within the box for each

phospholipid species.
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As a test of negative control used to validate our targeted method, we also quantitated PC (34:1)
whose concentration, based on the previous phospholipidomics analysis, was not expected to
change between HF patients and control volunteers. Both for females and for males with HF
compared with control subjects, the average concentration of PC (34:1) in plasma did not show

statistical differences (Figure 4 and Table 3).

Females Males
Controls HF Controls HF
PE (34:2) X52+23 X13.6+1.3 (%) x80+23 X56+2.0
[pmol/umolpy] Md2.4 Md 14.4 Md 7.0 Md 6.5
PC (34:1) X 551.7 £ 46.7 X 621.2 +64.6 X 594.3+75.0 X 523.0+29.0
[pmol/umolpr ] Md 509.8 Md 568.7 Md 571.1 Md 555.9

Table 3. Average mean and median of plasma concentrations (pmol/umolPL) of PE (34:2) and PC (34:1)
in female HF, female controls, and male HF and male controls. * P-value < 0.05 (Mann-Whitney U test).

Md, sample median; X, sample mean £ SEM.

4. DISCUSSION

The knowledge of phospholipidome changes associated with HF could provide evidence at the
molecular level of the mechanisms underlying the development and progression of the disease,
and may help to the identification of promising diagnostic, risk stratification or prognostic
biomarkers. Importantly, the elucidation of the gender-specific plasma phospholipidome of HF
may contribute to the application of personalized medicine. Although the overall prevalence of
HF in males and females is quite similar [11], some limitations do exist when studying gender
differences in CVD. Firstly, many major clinical trials do not include a gender analysis [11].
Secondly, research studies involving women with CVD are still a lot less compared to that of
men, so that women are under-represented in most of the HF studies [12]. However, clinical
manifestations of HF differ between these two groups [13]. Furthermore, only 28% of the specific
predictors of mortality were common to male and female hospitalized HF patients [14].
Nevertheless, to the best of our knowledge, besides the present study, no other published works
have reported the adaptation of the phospholipid profile of HF patients with respect to the gender.

In this pilot study, we carried out a plasma phospholipidome profiling of male and female HF
patients looking for modulations associated either to the pathology or to the sex. Since lipidomes
of males and females are compositionally heterogeneous [15], we decided to cluster the groups

according to the gender for further statistical analysis. Multivariate and univariate analysis (PLS-
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DA and Mann-Whitney U test, respectively) unveiled that PE species were more abundant in
female HF patients while LPC species (specifically LPC (18:3)) was more abundant in the plasma

of male patients (Figure 5).

plasma collection

HILIC-MS/MS

PL quantification

Figure 5. Schematic representation of the preliminary differences found in the plasma phospholipidome
profile of male and female heart failure subjects. LPC, lysophosphatidylcholine; PE,
phosphatidylethanolamine; PL, phospholipid.

Additionally, regarding the female HF group, the semi-quantitative trend unveiled in the HILIC-
LC-MS/MS analysis was consolidated for PE (34:2) by means of MRM.

PE is the second most abundant phospholipid class in the in the inner cell and mitochondrial
membrane and participates in cellular membrane integrity, mediates signaling pathways, and
regulates membrane fluidity [16]. In comparison with other tissues, the heart muscle contains a
raised number of mitochondria, its primary energy source, responsible for the ATP production
needed by the heart to contract and keep functioning. Interestingly, van der Veen et al.
demonstrated that an increase of mitochondrial PE positively correlates with ATP levels in vitro
[17]. In addition, our results pinpointed raised levels of several PEs with mono- and
polyunsaturated fatty acyl moieties in the plasma of female HF patients. In this context, many
works have addressed that excess of polyunsaturated PE species under oxidative stress could
trigger the formation of PE hydroperoxides that may intensify membrane curvature which in turn
promotes higher accessibility to oxidants causing membrane destruction and, eventually, cellular

death via the ferroptosis pathway [18,19].
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On the other hand, PE is thought to be crucial in autophagy processes. Indeed, PE serves as an
anchor for LC3 to bind autophagosomal membranes through LC3-PE lipidation. LC3-PE
conjugation is involved in autophagosome maturation owing to its contribution to cargo
recognition, membrane extension, and closure of the autophagosome membrane [20]. Conflicting
results have been reported with respect to the role of raised autophagy in the failing heart. Some
studies indicated that elevated autophagy appears to be a sign of the repair of failed
cardiomyocytes as an adaptive response for protecting cells from hemodynamic stress [21].
Conversely, excessive autophagy can rise to maladaptive loss of cardiomyocytes, contributing to
the worsening of HF [22].

In view of our results regarding females, we can consider two hypotheses for the role of PEs:

1) PE may function in a protective manner, increasing the levels of ATP needed by the
failing heart for performing a proper cardiac function. In addition, PE is required in autophagy
and raised levels of PE could provide cardiomyocyte protection from stress processes in failing
hearts, thus improving HF prognosis for female patients. In fact, women have shown increased
short and long-term survival rates after the diagnosis of HF [23].

2) PE species can be related to cellular death via ferroptosis pathway through the formation
of PE hydroperoxides, although oxidized PE species have not been detected in this work, or via
autophagy, with the subsequent excessive loss of cardiomyocytes, thus leading to the death of

cardiac cells contributing to the pathological cardiac remodeling characteristic of HF.

In terms of male HF patients, only LPC (18:3) was observed to be significantly up-regulated in
comparison with the male control group. LPCs are considered important cell signaling molecules.
LPCs, a major lipid component of oxidized LDL, are thought to be important mediators of
inflammation and atherosclerosis contributing to the development of the atherosclerotic lesion
[24]. As such, LPCs have been detected in human plasma and atherosclerotic tissue from patients
with atherosclerotic lesions. Remarkably, persistent inflammation is a feature of chronic HF [25],
and atherosclerotic coronary arteries are one of the most common antecedent causes of HF. LPC
abundance seems to be increased downstream of caspase activation. LPC is considered to be a
chemoattractant of phagocytes in the clearance of dead cells. After induction of apoptosis and
caspase activation, the apoptotic cells secrete LPC for promoting the migration of macrophages
to apoptotic cells [26], and expose LPC in the outer leaflet of the membrane facilitating the
binding to the G-protein-coupled receptor G2A on macrophages for the destruction of apoptotic
cells [27]. Interestingly, cell death via the apoptotic pathway of cardiac muscle cells has been
identified as an essential process in the progression to HF [28]. Considering our results, we could
speculate that the increase of LPC (18:3) observed in male HF patients could be the product of
the increased apoptotic activity carried out in the heart. Indeed, myocyte apoptosis has been found

to be enhanced in men compared with women [29].
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A possible confounding factor in this study is the non-identical HF severity distribution between
males and females. However, in previous metabolomic studies, neither PE or LPC species were
found to contribute to the discrimination of patients belonging to different NYHA [30], which
suggest that a specific phospholipidome fingerprint of HF is independent of the NYHA

classification.

In conclusion, our pilot study points out a gender-dependent adaptation of the plasma
phospholipidome occurring in the HF pathology. We support that gender is a major and often
underestimated factor that should be carefully considered when screening lipidomes of
pathological processes. Although further studies increasing the number of samples are needed to
validate these preliminary data, our results reveal for the first time phospholipid disturbances
between HF patients and controls together with specific HF phospholipid signatures associated
with the gender. These results could contribute to a better understanding of the pathology and
open a window for a more in-depth investigation of the impact of those lipid species in the

development and progression of HF according to the gender.
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LONG- AND SHORT-CHAIN LIPID PEROXIDATION PRODUCTS IN
HEART FAILURE PLASMA SAMPLES

1. INTRODUCTION

Lipid peroxidation is an endogenous chain reaction that consists in the oxidative degradation of
lipids. It involves the formation and propagation of lipid radicals where double bonds within
unsaturated lipids further rearrange upon oxygen uptake leading to the production of a variety of
breakdown products, including alcohols, ketones, alkanes, aldehydes and ethers [1].

Lipid hydroperoxides are the primary peroxidation products and can be structurally rearranged
and converted into secondary highly reactive peroxidation products, known as reactive carbonyl
species (RCS) [2]. RCS are a heterogeneous group with different chain lengths, numbers and
locations of double bonds, and substituents, that can be classified into long-, short-chain (or
truncated) carbonyl derivatives and small lipid peroxidation products. All groups can covalently
react with proteins generating Michael adducts or Schiff bases, early products that are reversible
or can further rearrange forming additional specific reaction compounds [2].

From a biological point of view, lipid peroxidation causes a decrease in membrane fluidity, might
induce molecular damage and damaging cellular responses based on: inflammatory responses,
changes in gene expression, apoptosis and ferroptosis, protein synthesis inhibition, and alteration
in the activity of a wide range of enzymes [1,3].

To date, much more research has been carried out on small aldehyde breakdown products of lipid
peroxidation (for instance 4-hydroxynonenal (4-HNE), malondialdehyde (MDA), acrolein (ACR)
or glyoxal) than on their esterified counterparts, such as truncated phospholipid products.
Furthermore, studies focused on cholesteryl ester oxidation products are even fewer than those
on oxidized phospholipids (oxPLs), especially in the context of atherosclerosis and CVDs,
although in the past few years the interest has grown and the number of reports is increasing [4].
Despite the fact that natural lipidomes are characterized by extremely high complexity and
dynamic range, several works have identified and quantified some small lipid breakdown
products of peroxidation in the circulatory system associated to HF [5,6], partly thanks to the
development of commercial kits based on the reaction of chromogenic reagents with specific
RCS, such as MDA or 4-HNE, that turn into more stable and measurable chromophores
facilitating their study.

However, these methods have limitations with respect to the long-chain and fragmented-chain
lipid peroxidation products (LPPs) in terms of identification, characterization and quantification.
Lipidomics approaches can provide powerful tools to analyze complex biological samples with a
high throughput rate, offering an extremely useful and versatile analytical tool for biomedical

research [7]. Additionally, the development of sophisticated analytic platforms, i.e. LipidHunter
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[8] or LppTiger [9], to handle complex data enables the analysis of phospholipids and oxidized
lipids.

Even though the identification of oxidized phospholipids (oxPLs) have been carried out in plasma
of patients with cardiovascular diseases [10,11], to the best of our knowledge, no previous works

have characterized long-chain and truncated oxidized lipids in the plasma of HF patients.

In this chapter we took advantage of untargeted and targeted mass spectrometry approaches
together with analytical platforms aiming to detect long-chain oxidized phospholipids and

oxidized cholesteryl esters as well as truncated species in plasma samples from HF patients.

2. MATERIAL AND METHODS

2.1. Study population
Plasma samples collected at Centro Cardiologico Monzino were selected from a subset of healthy
subjects (controls) and HF patients according to their age, sex, and clinical characteristics. A

detailed summary of the clinical characteristics is reported in Table 1.

Healthy HF (VO: peak/kg)
subjects <12 12-16 >16
n 10 13 14 13
Age 53+1 61+2 57+2 54+2
Gender (m/f) 5/5 3/10 4/10 4/9
Weight (kg) 68.1+32 81.7+6.5 87.1+6.5 79.2+59
Height (cm) 170.5+ 1.8 168.5+2.7 171.9+£3.1 172.8£2.5
BMI 23.3+0.7 28.6+£1.9 29.1+£1.5 263+1.7
Total
cholesterol 2149+ 10.5 158.2+9.7" 187.8+11.8 173.7£11.6
(mg/dL)
EF% 31.6+4.9 30.6+3.1 341+1.4
VO, peak/kg - .
10.1+£04 13.5+04 194+1.1
(ml/min/kg)

Table 1. Clinical characteristics of subjects categorized in healthy subjects and HF patients grouped in
three groups (VO. peak/kg<l2, 12<VO, peak/kg<l6, VO, peak/kg>16). Data are expressed as
mean = SEM. BMI, body mass index; EF, ejection fraction; VO, peak, maximum oxygen uptake during
intense exercise; m, male; f, female. Data are presented as mean + SEM. *P-value < 0.05 *, **p-value <

0.01, ****p-value < 0.0001.

93



CHAPTER V: Long- and short-chain lipid peroxidation products in HF plasma samples

The study was approved by the Ethical Committee European Institute of Oncology and Centro
Cardiologico Monzino (registration number R205-CCFM S208/412). All subjects belonged to a
cohort of HF patients regularly followed at our HF Unit and underwent our standard HF
assessment which included full clinical evaluation, standard laboratory tests, echocardiography,
spirometry, and alveolar capillary diffusion, as well as cardiopulmonary exercise test. Patients
were classified according to VO, peak/kg value, which has been previously associated with the

severity of HF (Table 2).

VO; peak/kg HF severity

<12 Severe
12-16 Moderated
>16 Mild

Table 2. Classification of HF patients according to VO, peak/kg value

2.2. Lipid extraction
375 pL of methanol (MeOH) containing 0.1% butylated hydroxytoluene (BHT) were added to 50
LL of plasma and vortexed. Then, 1,25 mL of methyl tert-butyl ether (MTBE) was added and the
mixture was incubated for 1 h at 4 °C in a shaker. Phase separation was induced by adding 315
uL of MS-grade water containing 0.1% BHT. Upon 10 min of incubation at 4 °C in a shaker, the
samples were centrifuged at 4,500 rpm for 10 min. The upper (organic) phase was collected and
dried in a vacuum centrifuge. Lipid extracts were stored at -20 °C until their use. Before MS
analysis, pellets were dissolved in 300 pL of MeOH and incubated at room temperature in a shaker

and the supernatant was collected after centrifugation at 10,000 rpm for 5 min.

2.3. LC-MS/MS untargeted analysis and Parallel reaction monitoring targeted analysis
Chromatography method: Lipid UHPLC separations were performed on C18 reverse phase
column. The solvent system consisted of two mobile phases in which eluent A consisted of
acetonitrile:water, (50:50, v/v) and eluent B of isopropanol:acetonitrile:water, (85:10:5, v/v/v),
both containing ammonium formate (5 mmol/L) and formic acid (0.1%, v/v). UHPLC separation
was performed on a Vanquish Horizon UHPLC System equipped with a binary pump, an
autosampler and a column compartment. Lipid pellets were dissolved in MeOH and 2 puL were
loaded onto a C18 reverse phase column (150 x 2.1 mm, 2.6 um particle size, and 150 A pore size)
at 10% B and eluted using several gradient steps: ramp from 10% to 86% B (20 min; non-linear
slope, curve 4), then to 95% (2 min), followed by isocratic elution at 95% (4 min) before returning
to the initial conditions and equilibration for 8 min. The column temperature was set to 50 °C and

the flow rate to 300 pL/min.
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Tandem Mass Spectrometry: A Thermo Scientific™ Q Exactive™ Plus hybrid quadrupole-
Orbitrap mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) was operated in
positive (source voltage 3.5 kV) and negative (source voltage -2.5 kV) in data dependent
acquisition (DDA) mode. Ion source parameters were the following: ion transfer tube temperature
300°C, sheath gas 40 arbitrary units, aux gas 10 arbitrary units, sweep gas 1 arbitrary unit,
vaporizer temperature 370°C. The S-Lens RF level was set to 35%. The Orbitrap mass analyzer
was operated at a resolution setting of 140,000 at m/z 100 in full-scan mode (scan range: m/z
350-1200; automatic gain control target: 1e6; max. injection time: 100 ms). For MS/MS mode a
resolution of 17,500 at m/z 200 in Top 15 data-dependent mode (HCD, stepped normalized
collision energy: 15, 20 and 30; isolation width: 1.2 m/z; automatic gain control target: 1e5; max.
injection time: 60 ms; automatic gain control target: 1e5; Profile product spectra were collected.

For parallel reaction monitoring (PRM), the peptides were separated using the same column and
gradient (0—10% in 2 min, 10-86% in 20 min, and 86—95% in 2 min followed by isocratic elution
at 95% of solvent B). The Q Exactive was operated in the targeted MS/MS mode, resolution of
17,500, stepped normalized collision energy: 10, 20 and 30; isolation width: 1.2 m/z; automatic
gain control target: 2e5. Only selected m/z values at a specific rt were fragmented. Profile product
spectra were collected and were analyzed with Xcalibur software. At least one blank run was

performed between different treatment samples to prevent cross-contamination.

2.4. Automated identification of lipid peroxidation products (LPPs)
LPPtiger software source code version was used for oxPLs identification
(https://bitbucket.org/SysMedOs/lpptiger). The list of modifications included hydroperoxy,
hydroxy, epoxy, and keto groups with the maximum number equal to the number of bis-allylic
and allylic sites in the structure. The oxidative cleavage products with aldehyde and carboxylic
acid on the terminal carbon were included. All raw spectra were converted into mzML format
using ProteoWizard MSconvert (Version 3.0.9134 64bit) and the following parameters were used
for all files: m/z range 400—1000, isotope score filter 80, and overall score filter 40 and mass

tolerance of 10 ppm on MS and MS2 levels was applied.

2.5. Nomenclature
Nomenclature rules were applied as previously described [12]. Lipid nomenclature is based on
the LIPID MAPS consortium recommendations [13]. For instance, the shorthand notation PC
36:4 represents a phosphatidylcholine lipid containing 36 carbons and four double bonds. When
the fatty acid identities and sn-position are known, as in our case, the slash separator is used (e.g.,
PC 16:0/20:4). Since no unified nomenclature is available for oxidized lipids, the short hand

notations provided by LPPtiger tool were used [28]. Short chain oxidized lipids were indicated
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by the corresponding terminal enclosed in angular brackets (e.g. “<” and ‘“>>""), with the truncation
site indicated by the carbon atom number (e.g., <COOH@C9> and <CHO@C12). For long chain
products our recommendation is to indicate the number of oxygen addition after the fully
identified parent lipid (e.g. PC 16:0/20:4 + 10) when the type of addition is not known, or in
parenthesis for known functional groups (e.g. PC 16:0/20:4[1xXOH@C11]).

3. RESULTS

The objective of this work was to investigate the presence of long- and shortened-chain oxidized
lipids in plasma of HF patients with respect to healthy subjects. To that end, plasma samples from
40 HF patients (classified in 3 groups according to the degree severity, see Table 2) and 10
controls age- and sex-matched were collected upon informed consent. Plasma lipids were
extracted applying the methyl-tert-butyl ether (MTBE)/methanol method. Then, lipid extracts
were subjected to LC-MS/MS data dependent acquisition mode (DDA) in positive and negative
mode using a high resolution Orbitrap mass spectrometer (Figure 1). Once conditions were set,
acquired data were analyzed by LipidHunter [8] for phospholipid composition elucidation. As
result, 54 PC, 9 LPC, 9 PE and 6 PI species were identified (Table 3).
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Figure 1. Total ion chromatogram (TIC) of pooled plasma samples from HF patients. LPL,
Lysophospholipids; FFA, free fatty acid; PLs, phospholipids; SP, sphingolipids; TG, triacylglycerol

species; ChE, cholesteryl ester species.
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Phospholipid
species

Elemental composition

PC

PC(14:0/14:0)
PC(16:0/16:0)
PC(14:0/18:2)
PC(16:1/18:1)
PC(18:0/18:1)
PC(16:0/20:2)
PC(18:2/18:2)
PC(16:1/20:4)
PC(16:0/22:4)
PC(18:2/20:3)
PC(18:1/20:5)

PC(12:0/16:0)
PC(16:0/16:1)
PC(16:0/18:0)
PC(16:1/18:2)
PC(16:0/20:1)
PC(18:1/18:2)
PC(16:0/20:4)
PC(18:0/20:2)
PC(18:1/20:3)
PC(18:0/20:5)
PC(18:0/22:4)

PC(14:0/16:0)
PC(14:0/18:1)
PC(16:0/18:1)
PC(16:0/18:3)
PC(18:1/18:1)
PC(16:0/20:3)
PC(16:1/20:3)
PC(18:0/20:3)
PC(16:0/22:5)
PC(16:0/22:6)
PC(18:0/22:5)

PC(14:0/16:1)
PC(16:1/16:1)
PC(16:0/18:2)
PC(14:0/20:4)
PC(18:0/18:2)
PC(18:0/18:3)
PC(18:1/18:3)
PC(18:0/20:4)
PC(18:1/20:4)
PC(18:2/20:4)
PC(18:0/22:6)

PC(18:1/22:5) PC(18:1/22:6) PC(20:4/20:4) PC(O-16:0/20:4)
PC(O-18:0/20:4) PC(O-18:0/22:6) PC(P-16:0/18:1) PC(P-16:0/18:2)
PC(P-16:0/20:4) PC(P-18:0/20:4)

PE(18:0/18:1) PE(18:0/18:2) PE(18:1/18:1) PE(18:1/18:2)
PE PE(16:0/20:4) PE(18:2/20:0) PE(18:0/20:3) PE(18:0/20:4)
PE(18:0/22:6)

PI(16:1/18:0) PI(18:0/18:1) PI(18:1/18:1) PI(18:0/18:2)

L PI(18:0/20:3) PI(18:0/22:6)

LPC(14:0) LPC(16:1) LPC(18:0) LPC(18:1) LPC(18:2)

LPC LPC(18:3) LPC(20:3) LPC(20:5) LPC(22:6)

Table 3. Elemental composition for the PLs proposed by LipidHunter and manually checked with Xcalibur
software. PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; LPC,
lysophosphatidylcholine; PCp, plasmalogen phosphatidylcholine; PCo, ether phosphatidylcholines.

Data generated by LipidHunter were used in LppTiger, a software capable of predicting in silico
the oxidized phospholipidome and their fragmentation spectra on the basis of the plasma lipid
composition identified by LipidHunter. LppTiger compares the in silico oxidized lipid
fragmentation spectra with the observed ones in the sample, to identify oxidized species.

Unfortunately, LppTiger did not point out any reliable match due to the lack of fragmentation

spectra (MS2) from the suspected oxidized species.

To overcome this limitation, PRM targeted analysis was performed aiming to increase the MS2
peak intensity. In a PRM analysis, only selected precursor ions will undergo fragmentation. To
pick the oxidized phospholipids of interest 1,624 potential candidates previously suggested by

LppTiger and several cholesteryl esters found in other cardiovascular diseases [11] were carefully
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checked manually using the Xcalibur software. Those that presented a retention time (rt) and a
m/z values compatible with an oxidized lipid were included in the targeted fragmentation list. The
final list accounted for 146 species. After manual spectra analysis, so far we identified the long-

and short-chain oxidized lipids that appear in Table 4.

Positive mode Negative Mode
Oxidized lipid Pz}rent Precursor Pz.irent Precursor ASdeelgz:d RT
ion . ion .
k) ion (m/z) i) ion (m/z)
PC(16:0/4:0<CHO@C4) 624.3512 101, 255 580.3614 184 +HCOO 6.43
PC(16:0/5:0<CHO@CS) 638.3669 115, 255 594.3770 184 +HCOO 6
PC(16:0/9:0<CHO@C9) 694.4295 171,255 650.4396 184 +HCOO 8
PC(18:0/9:0<CHO@C9) 722.4608 171,283 678.4709 184 +HCOO 10
PC(16:0/18:2[2xDB,1XxKETO]) 816.5390 255,291 772.5492 184 -H 15.05
PC(18:1/16:0[1xDB,1xOH]) 820.5703 281,271 776.5805 184 -H 15.5
ChE9:0<CHO@C9> 558.4886 369.25 + NH4 18.62
ChE9:0<CHO@C9> 563.444  NL 368.36 + Na 19.02
ChE18:2[2xDB,1xKETO] 685.5535 NL 368.34 + Na 23.19
ChE18:2[2xDB,1xOH,1xO0OH] 714.6036 369.35 + NH4 23.18

Table 4. Elemental composition for the oxidized lipids manually checked with Xcalibur software after
PRM analysis. PC, phosphatidylcholine; ChE, cholesteryl ester; NL, neutral loss; CHO, aldehyde moiety;
DB, double bond.

The totality of the identified phospholipid- or cholesteryl ester-truncated forms contained a
terminal aldehyde (CHO) moiety. Representative spectra of some oxidized species are depicted
in Figure 2 and 3. With respect to the long-chain oxidized species, it was not possible to
determine the exact carbon that held a keto, hydroxyl (OH), or hydroperoxy (OOH) group within

the chain.
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Figure 2. Higher-energy collisional dissociation (HCD) tandem mass spectra in negative ion mode and
proposed of A) PC(16:0/4:0<CHO@C4), B) PC(16:0/5:0<CHO@C5) and C)
PC(18:0/9:0<CHO@(C9). Blue-coding of structure-related signals in the negative mode MS/MS spectra

structures

corresponds to the anion of oxidized or truncated fatty acid while green-coding corresponds to the

unmodified fatty acid anion.
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Figure 3. Higher-energy collisional dissociation (HCD) tandem mass spectra in positive ion mode and
of A) PC(16:0/4:0<CHO@C4), B) PC(16:0/5:0<CHO@C5) and C)
PC(18:0/9:0<CHO@(C9). Red-coding of structure-related signals in the positive mode MS/MS spectra

proposed  structures

corresponds to the characteristic fragment of phosphocholine at m/z 184.0727.

4. DISCUSSION

In this study, we performed a human plasma lipidomic analysis to investigate disturbed lipid
features associated to oxidative stress in healthy controls and HF patients, a challenging task
owing to the limited extent of oxPLs in plasma and to the lack of standard methods for their
detection. To reach our objective, we performed both untargeted and targeted MS strategies.

For the detection and identification of oxPLs in the discovery phase we took advantage of the
LppTiger analytical software for spectra analysis and oxPL matching, although no oxidized lipids
were identified due to the low fragmentation intensity or even the absence of MS2 spectra from

the parent ions of the suspected oxidized species. The most probable cause of the lack of MS2
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spectra associated to oxidized lipids is their low abundance in plasma, highlighting the need of
enrichment strategies or targeted MS analysis.

To increase the fragmentation peak intensity a PRM analysis was performed. PRM uses targeted
tandem MS to simultaneously monitor product ions of specific m/z values with high resolution
and mass accuracy [14]. The precursor ions of interest are then isolated at a specific retention time
by the quadrupole and fragmented in the high-energy collisional dissociation (HCD) cell and the
fragmented ions are then analyzed with an Orbitrap mass analyzer. So far, 9 oxidized lipids (6
PCs and 3 ChE) were successfully pointed out for the first time in the plasma of HF patients. PC
species were the major oxidized lipids identified in this work, together with cholesteryl esters.
Considering that PCs accounts for 40-50% of total phospholipids in mammalian cells or
lipoproteins [2], it is not surprising the fact that all oxidized phospholipids found up to now belong
to this class.

Lipid peroxidation occurs in a number of pathologies. Indeed, oxidation of cholesteryl esters and
phospholipids have been shown to play a crucial role in the onset and development of
cardiovascular disorders, especially those involving inflammation such as atherosclerosis, where
oxidized lipids are actively involved in the inflammatory responses by interacting with immune
cells (such as macrophages) and endothelial cells [11].

From a biological point of view, peroxidation of PLs not only generates a wide spectrum of
reactive molecules that can modify endogenous structures, including proteins and other lipids, but
also phosphocholine-containing OxPLs have been identified as important antigens that can be
recognized by soluble and cell-associated pattern-recognition receptors of innate immunity [15].
For example, the binding of OxPLs to CD36 promotes formation of foam cells characteristic of
atherosclerosis [2]. In human aortic endothelial cells, oxPLs modulate the expression of genes
related to angiogenesis, atherosclerosis, inflammation and wound healing [16]. OxPLs also
activate the electrophilic stress response and stimulate several types of signal-transducing
receptors on the cell surface or in the nucleus, including G protein-coupled receptors, receptor
tyrosine kinases, Toll-like receptors, receptors coupled to endocytosis, and nuclear ligand-
activated transcription factors [15]. Besides, oxidation of PLs can have drastic effects on cellular
functions via altering biophysical properties of the plasma and mitochondrial membranes, such
as membrane rigidity increase or reorientation of the modified side chains [17]. OxChE are the
major component of oxidized low density proteins and might induce atherogenic and
inflammatory responses such as monocyte adhesion to endothelial cells, CD36 expression,
production of ROS, expression of inflammatory cytokines, and macrophage lipid accumulation
[18].

Taking into account that, besides small peroxidation products (4-HNE, MDA, ACR, etc.), no

previous works have characterized long lipid peroxidation products in HF plasma samples, the
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results presented in this chapter contribute to expand the knowledge about plasma lipid changes
associated to HF induced under oxidative stress conditions, such as changes at functional group
level and their position within the carbon chain, which might be essential to understand
differences in the biological and in physiopathological activity of oxidized lipids.

Despite the positive preliminary results, a higher number of identified oxidized lipids was
expected. Indeed, we pursue to quantify the abundance of those lipid peroxidation products to
understand if their concentration levels in plasma of HF patients are raised with respect to the
controls, as presumed. It is also our objective to associate an oxidative pattern to the severity
degree of HF. Consequently, each individual sample together with internal standards will be
subjected to an optimized PRM analysis to be able to quantify and raise the number of detected
oxidized lipids. This work is still ongoing in collaboration with the University of Leipzig

(Germany) and therefore the results will not be discussed in this thesis.

To summarize, we have contributed with this study to identify for the first time nine long- and
short-chain oxidized PCs and ChE, products of oxidative stress, in the plasma of HF patients by
applying a parallel reaction monitoring (PRM) on a Q Exactive Plus mass spectrometer. This
promising results will be further quantified and the current protocol used here will be optimized
aiming to detect a larger number of oxPLs and oxChE. Additionally, the final list of oxidized
lipids along with their abundances will be confronted to those arising from the healthy group in

order to highlight the modified lipids present solely in HF patients.
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CONCLUDING REMARKS AND FUTURE PERSPECTIVES

CONCLUDING REMARKS

Products of oxidative stress contribute to the onset of a number of inflammatory diseases,
including HF. They might be used as biomarkers providing information about the pathological
pathway of HF development, the disease progression, and the clinical outcome [1]. However, the
classic biomarkers of oxidative stress identified in HF do not provide thoroughly information but
report about a general oxidative stress status. For a better understanding of the pathology of HF
it is needed to unveil not only protein and lipid targets of oxidative damage but also the residues
undergoing the modification within the protein and the structure of the oxidation products.
Analysis of all of these oxPTMs and lipid peroxidation products by mass spectrometry is
extremely challenging, and this is specially true for glycation and lipoxidation [2]. Indeed,
oxPTMs tend to occur randomly on a number of susceptible residues and proteins, making it
extremely difficult to define all protein species.

Along this project, plasma samples from HF patients belonging to different NYHA groups (from
class I to class IV) have been collected for the establishment of a biobank of HF biological
samples (Table 1). All patients underwent cardiopulmonary exercise tests, echocardiographic
evaluation or spirometry tests, once signed a written informed consent, and those that showed an
ejection fraction lower than 40% were enrolled. Blood was withdrawn in tubes containing EDTA

or citrate as anticoagulants to further collect the plasma fraction.

Male Female
n 101 22
Age 65.0+10.8 62.4+13.0

NYHA (MI/III/IV) 24/50/24/3  5/13/4/0
VO;peak/kg (ml/min/kg) | 148+5.7 13.9+3.4
EF (%) 207+£69 29.8+52

Table 1. Number of patients recruited and enrolled in the biobank along this project.
NYHA, New York Heart Association; VO, peak/kg, oxygen uptake; EF, ejection fraction.

These plasma samples were therefore used to identify oxidized biomolecules as potential
biomarkers of HF taking advantage of different plasma prefractionation strategies combined with
high-throughput untargeted and targeted mass spectrometry techniques. Consequently, part of this
project has been focused on the study of oxidative modifications in human serum albumin (HSA),

the most abundant protein in the circulatory system, associated to HF. HSA is involved in a wide
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range of biological functions. However, due to its long half-life and high concentration in plasma
compared to other proteins, HSA is highly sensitive to undergo oxPTMs that may lead to its
functional loss contributing to the progression of HF [3].

Taking advantage of the high abundance of HSA, we relatively quantified for the first time plasma
levels of cysteinylated HSA (cys-HSA) and also the levels of early glycated HSA (GA) in HF
patients, and we observed a significant increase in the patients with respect to the healthy subjects.
Additionally, a positive correlation between the levels of both isoforms and the severity of HF
was highlighted whereas the abundance of total HSA showed a tendency to decrease when raising
the severity degree of HF.

For a deeper characterization of GA, we elucidated for the first time the early glycation pattern of
HSA associated to HF by means of the newest generation of Tribrid MS instruments. Lys233 and
lys525 were observed as the two most abundant glycated amino acids (79% and 13% respectively)
[3]. Considering that further modifications of GA, such as rearrangement, oxidation,
polymerization, and cleavage give rise to irreversible conjugates, called advanced glycation end
products (AGEs), we also aimed to unveil the plasma advanced glycation pattern associated to
HF. In this case, lys20, arg98 and lys402 emerged as the three most abundant carboxymethylated
residues. Therefore, the results suggested that, on one hand lys233 and lys525, and on the other
lys20, arg98 and lys402, might represent the main potential therapeutic targets to reduce GA and
AGE-HSA levels in HF patients, respectively. Therefore, MS offers the potential advantage of
providing both structural and qualitative information to clarify the regions that are being modified
during the glycation process along with the form of these modifications.

Along this Ph.D. project, we have also evaluated the potential causal role of GA in the
etiopathogenesis of HF. While the pathological role of AGE-HSA has been widely studied (i.e.
AGEs bind with endothelial RAGE resulting in endothelial dysfunction, cross linking myocardial
collagen with AGEs cause myocardial stiffness affecting tissue mechanical properties,
physiological functions and diastolic dysfunction [4]), the possible effects of Amadori products
such as GA in cardiovascular diseases are less studied with respect to AGE-HSA. Hence, we
pursued to evaluate the biological effects of GA on cardiac myocytes. Results highlighted that in
vitro GA modulates the cardiomyocyte expression of inflammatory cytokines such as IL-6 or
TNF-a. Interestingly, it has been reported that HSA synthesis is suppressed by pro-inflammatory
cytokines, including interleukin 6 (IL-6) and TNF-a, in the context of the acute phase response,
leading to hypoalbuminemia [5], a condition that has also been highlighted in HF patients in this
Thesis. Furthermore, we reported that GA induces oxidative stress and oxidative modifications
of a multitude of cellular proteins within cardiac myocytes. In addition, GA modulates the
secretion of several cardiac proteins involved in response to stress biological process. In

conclusion, the present work has contributed to expand the current knowledge of GA [3].
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Besides the study of oxidized isoforms of HSA, we also tried to identify other less abundant
advanced glycation and lipoxidation end products (AGEs and ALEs) in plasma by means of an
enrichment strategy based on the ability of RAGE receptor to bind AGEs and ALEs [6].
Unfortunately, we did not succeed in this attempt. Different reasons could explain the negative
results: 1) AGEs and ALEs in HF plasma samples are not structurally able to bind the RAGE
receptor, and therefore cannot be enriched [7]. 2) The concentration level of AGEs/ALEs present
in HF plasma samples is so low that protein-ligand complex affinity constant cannot be reached.
3) To detect low abundance products it is needed the use of ultra-high resolution MS instruments

to improve sensitivity of low abundant proteins.

On the other hand, lipids play a crucial role in physiological processes and phospholipid
disruption may participate in cardiovascular disease events, therefore the phospholipidome
profiling has emerged as a powerful tool to explore novel biomarkers and mechanisms in several
pathologies. Hence, we have also studied for the first time the plasma phospholipidome of HF
patients. In this pilot study we have applied both untargeted and targeted (MRM) tools together
with fractionating methods to separate the phospholipid content from the rest of plasma
components, in order to decrease the heterogeneity and complexity of this biological matrix. The
results suggested that the plasma phospholipid profiles of male and female HF patients were
significantly altered when compared to their respective control groups. Furthermore, HF plasma
phospholipid signatures were gender-specific. In the case of females, several PE species were
more abundant in HF than in the control group. By the contrary, male HF patients mainly showed
a higher abundance of LPC species when compared to the male control group. Additionally,
lipidomic approaches (LC-MS/MS and PRM) have been carried out to define for the first time a
circulating oxidative lipid pattern associated to HF. In this case, we have focused on long- and
short-chain products of lipid peroxidation since their identification and characterization in the
pathology of HF were still lacking. Promising results have been pinpointed so far: we have
detected 9 lipid peroxidation products (full-chain oxidized lipids together with fragmented

species). Nevertheless, this study is still ongoing.

In conclusion, the results gathered along this Ph.D. project provide evidence at the molecular level
of the mechanisms associated to oxidative stress and oxidative damage underlying the
development and progression of HF, thus contributing to a better understanding of the pathology.
Indeed, the elucidation of specific modified residues within key circulating proteins such as HSA,
or the characterization of long-chain oxidized lipids present in HF plasma samples reported in

this thesis may pave the way to new therapies to reduce and treat HF. We have also contributed
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to expand the awareness of the biological effects of GA in the cardiac context. Additionally, this

project has pointed out a gender-dependent adaptation of the plasma phospholipidome occurring

in the pathology of HF, highlighting that gender is a major and often underestimated factor that

should be carefully considered when screening lipidomes or proteomes of pathological processes.

Finally, we have demonstrated that either proteomic or lipidomic technologies can provide deep

biological insight into human health and disease.

OUTLOOK

Although very exciting and novel results have been elucidated in this work, other parts of the

project have potential to be further developed.

1.

It would be of interest to investigate the effects of cys-HSA on cardiomyocytes in order
to find a causal role in the etiopathogenesis of HF. Unlike GA, cys-HSA cannot be
commercially purchased. Therefore, cys-HSA in vitro synthesis or isolation from
biological sources is required.

It would be attractive to test whether different antioxidants are capable of reducing the
plasma levels of cys-HSA and GA.

Since HSA has an established role as a blood stream carrier, it will be exciting to test how
these modifications can affect drug delivery of various pharmacological treatments in HF.
It should be also investigated the presence of other than glycated-, carboxymethylated-
or cysteinylated-HSA adducts in the plasma of HF subjects by means of MS after
isolation of HSA. It would be beneficial to analyze the samples according to the NYHA
classification and/or according to the gender to obtain a relation between the degree of
oxidative damage and the disease severity as well as to understand if there is a HSA
oxidation pattern linked to the gender. Additionally, it would be strongly recommended
to analyze the adducts in the plasma of the healthy group

With respect to the pilot study about disturbances in the plasma phospholipidome of male
and female HF patients, it is essential to raise significantly the number of enrolled HF
patient, at least three or four times, in order to confirm the preliminary results and aiming
to get more solid and sustainable data.

In the case of the identification of lipid peroxidation products, we still pursue to identify
more oxidized species as well as to quantify them in order to correlate the levels of lipid
peroxidation products with the disease severity and to compare them with those present

in the healthy group.
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ARTICLE INFO ABSTRACT

Keywords: Human serum albumin (HSA) is the most abundant circulating protein in the body and presents an extensive
Glycated albumin range of biological functions. As such, it is prone to undergo post-translational modifications (PTMs). The non-
Cardiomyocytes enzymatic early glycation of HSA, one of the several PTMs undergone by HSA, arises from the addition of

Oxidative stress

reducing sugars to amine group residues, thus modifying the structure of HSA. These changes may affect HSA
Inflammatory response

functions impairing its biological activity, finally leading to cell damage.

The aim of this study was to quantitate glycated-HSA (GA) levels in the plasma of heart failure (HF) patients
and to evaluate the biological effects of GA on HL-1 cardiomyocytes.

Plasma GA content from HF patients and healthy subjects was measured by direct infusion electrospray
ionization mass spectrometry (ESI-MS). Results pointed out a significant increase of GA in HF patients with
respect to the control group (p < 0.05). Additionally, after stimulation with GA, proteomic analysis of HL-1
secreted proteins showed the modulation of several proteins involved, among other processes, in the response to
stress. Further, stimulated cells showed a rapid increase in ROS generation, higher mRNA levels of the in-
flammatory cytokine interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-a), and higher levels of the
oxidative 4-HNE-protein adducts and carbonylated proteins.

Our findings show that plasma GA is increased in HF patients. Further, GA exerts pro-inflammatory and pro-
oxidant effects on cardiomyocytes, which suggest a causal role in the etiopathogenesis of HF.

1. Introduction crucial part of the endothelial surface, and contributes to the main-
tenance of the normal capillary permeability and endothelial stabili-
Human serum albumin (HSA) is the most abundant circulating zation (reviewed in Ref. [1]). Further, a plethora of drugs has been
protein in the body. Besides its well-known oncotic function, it has an determined to bind in specific sites of albumin, so that albumin has a
extensive range of physiological and pharmacological functions that fundamental drug-carrier role which interferes with drugs efficacy and
may be relevant under physiological circumstances and in disease [1]. availability at target organs [2].
It plays an important defensive role in oxidative stress, exerts im- Because of its long half-life (about 21 days) compared with other
munomodulatory, anti-inflammatory, and anti-coagulant effects; it is a proteins and its high concentration in the circulatory system, serum
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albumin is a plasmatic protein that is highly sensitive to post-transla-
tional modifications (PTMs), such as glycation.

Non-enzymatic glycation is indeed one of the underlying mod-
ifications that can modify its native secondary and tertiary structure
[3]. In this process, also known as the Maillard reaction, free amine
groups of albumin are initially attached by glucose or derivatives to
reversibly form a Schiff base product, followed by the formation of a
stable fructosamine residue by Amadori rearrangement. This is the
early glycation process: Schiff's base and fructosamine (Amadori pro-
duct) have been called early glycation adducts. Further modifications in
these early stage glycation products, such as rearrangement, oxidation,
polymerization, and cleavage give rise to irreversible conjugates, called
advanced glycation end products (AGEs) [4].

Non-enzymatic glycation occurs in normal conditions, but HSA is
typically 2-3 times more glycated than the rest of the serum proteins in
hyperglycaemic condition [3].

Several in vitro studies have shown the implication of glycated al-
bumin, mainly AGE-albumin, in cardiovascular diseases (CVD): for
example, platelets are activated by both irreversibly and reversibly
glycated albumin, thus promoting CVD development [5]; in endothelial
cells glycated albumin enhanced ROS production by activating multiple
signaling pathways [6]. Glycated albumin can also trigger damaging
effects in vitro and in vivo on hepatic cells [7], all features that con-
tribute to the increased mortality of diabetic patients [8]. Finally, bo-
vine glycated albumin stimulates cardiomyocyte ROS production,
which results in NF-xB activation and upregulation of atrial natriuretic
factor mRNA suggesting that glycated albumin may play a role in the
development of diabetic heart disease [9].

The relationship between AGEs and cardiovascular diseases is well
known [10]. Elevated levels of AGEs were first associated with diabetes,
where it was thought that AGEs formation was exclusively the result of
increased blood sugar concentrations [11]. However, recent studies
have extended this view and have shown that AGEs accumulation oc-
curs also in pathological situations such as cardiac dysfunction, and
renal failure, independent of diabetes [12-15].

Further, through decreased compliance of the heart and the vascu-
lature, AGE accumulation is considered to be related to the onset and
progression of heart failure (HF) [14,16].

However, the possible effects of early glycation products, such as
the Amadori product, in the cardiovascular system have been less stu-
died than the effects of the irreversible AGEs.

In this study we analyzed the levels of the Amadori product gly-
cated-albumin (GA) in non-diabetic patients with HF and the effects of
this modified protein on cardiomyocytes in vitro.

2. Materials and methods
2.1. Study population

Plasma samples were obtained from a subset of healthy subjects
(controls) and HF patients matched according to their age, sex, and
clinical characteristics, from a previously enrolled population [17]. The
study was approved by the Ethical Committee European Institute of
Oncology and Monzino Cardiologic Center (registration number R205-
CCFM S208/412) [17]. All patients belong to a cohort of HF patients
regularly followed at our HF Unit and underwent our standard HF as-
sessment which included full clinical evaluation, standard laboratory
tests, echocardiography, spirometry, and alveolar capillary diffusion, as
well as cardiopulmonary exercise test. All patients had severe HF, being
in New York Heart Association (NYHA) class III and IV, but were in
stable clinical conditions. Patients with an established diagnosis of
diabetes mellitus or under diabetes treatment were excluded. A detailed
summary of the clinical characteristics, obtained as previously de-
scribed [17], is reported in Table 1.
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Table 1
Clinical characteristics of subjects categorized in healthy subjects, HF patients
(NYHA class III), and HF patients (NYHA class IV).

Healthy subjects HF patients NYHA HF patients NYHA

(n =10) I (n =7) Vn=7)
Age 56.27 *+ 4.69 67 + 12.14 67.43 *+ 6.24
Gender (m/f) 7/3 5/2 6/1
Hypertension 0/10 5/7 5/7
Dyslipidemia 0/10 4/7 4/7
Smoke 1/10 1/7 3/7
BMI 25.66 + 3.42 26.68 = 3.38 27.11 = 4.81
Glycemia (mg/ 102.4 + 12.76 105 = 12.39 120.2 = 12.01
dL)
GA (%) 6.53 = 0.54 7.38 = 1.47 8.13 = 0.77
EF (%) - 39.9 * 6.57 26.86 = 11.31
BNP (pg/mL) - 265.14 + 310.15 967.8 * 668.6
DLCO (% 94.21 + 21.06 72.09 *+ 17.43 65.87 = 12.21
predicted)
VO, peak/Kg 34.58 *+ 8.46 15.39 + 8.95 11.05 + 2.09
(mL/min/
Kg)

Data are expressed as mean + SD. BMI, body mass index; GA, glycated human
serum albumin; EF, ejection fraction; BNP, Brain natriuretic peptide; DLCO,
carbon monoxide lung diffusion; VO,, oxygen consumption; m, male; f, female.

2.2. Quantitation of glycated albumin (GA) by mass spectrometry

The relative composition of albumin isoforms in human plasma
samples was evaluated, as previously described [18], by direct infusion
using the Xevo TQS micro triple quadrupole mass spectrometer coupled
with the M-Class UPLC system (Waters Corporation, Milford, USA).
Briefly, centrifuged plasma samples at 3000 x g for 10 min at 4 °C were
diluted 200 folds in 50% ACN containing 0.1% FA. After centrifugation
at 14000 x g for 10 min at 4 °C, 5l were injected at 5 pl/min and the
spectra were acquired for 6 min with the following parameters: positive
ESI mode; mass range 1100-1350 m/z; capillary voltage, 3 kV; cone,
90 V; desolvation temperature 350 °C; source temperature 150 °C. Data
processing for deconvolution was performed with the MaxEnt1 function
on the Masslynx software (Waters Corporation, Milford, USA). Mer-
captoalbumin (native HSA) and GA (+160 = 2 Da) were detected and
their intensities were used to calculate the relative abundances as
previously described [18] and detailed in Supplementary information.

2.3. Carboxymethyl lysine assay

Plasma levels of carboxymethyl lysine (CML) were measured with a
commercially available ELISA kit (Biosite, Taby, Sweden) according to
the manufacturer's instruction.

2.4. Cell culture and treatment

The HL-1 cardiomyocytes, a kind gift of Prof. W.C. Claycomb, (LSU
Health Sciences Center, New Orleans, LA, USA), were cultured in
complete Claycomb medium supplemented with 10% FBS (Sigma-
Aldrich, Milan, Italy), 2 mmol/L i-glutamine (Thermo Fisher Scientific,
Milan, Italy), and 100 umol/L norepinephrine (Sigma-Aldrich, Milan,
Italy) according to Prof. Claycomb's instructions [19]. HL-1 cells
(1 x 10°) were seeded onto a 6-well plate and were grown for 48 h in
complete media. Before stimulation, cells were washed with PBS and
then were incubated with vehicle (control cells), GA (A8301, Sigma,
Milan, Italy, at 100 or 250 ug/mL corresponding to ~1.5pmol/L or
~ 3.7 umol/L, respectively), and non-glycated recombinant albumin
(HSA, A9731, Sigma, Milan, Italy, at 250 ug/mL corresponding to
~ 3.7 umol/L) for 8 or 16 h in Claycomb serum free medium. For se-
cretome analysis, the treatment of the cells for 8 h and 16 h with vehicle
or human albumin (GA or non-glycated) was prolonged for additional
24 h after changing the medium with serum- and phenol-free medium
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[20].
2.5. MTT assay

The methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay was
based on the protocol first described by Mosmann [21]. Briefly, after
treatment for 16 h with GA (100-250 pg/mL) or vehicle in Claycomb
serum-free media as specified above, the cells were washed with PBS
and incubated in serum-free and phenol-free medium for 24 h. After-
ward, cells were incubated for 30 min at 37 °C with 0.1 mg/mL of MTT
(Sigma-Aldrich, Milan, Italy), dissolved in serum- and phenol-free
medium. At the end of the incubation, cells were dissolved in DMSO.
Absorbance was recorded at 550 nm using the microplate spectro-
photometer system (Mithras LB940, Berthold Technologies, Bad
Wildbad, Germany). Data are expressed as absorbance values/ug of
proteins.

2.6. Cell death analysis

Cytoplasmic histone-complexed DNA fragments (mono- and oligo-
nucleosomes) were quantified as described [22] by using a one-step
sandwich immunoassay (Cell death detection ELISA, Roche Diagnostics,
Mannheim, Germany), according to the manufacturer's instructions.
The data are expressed as absorbance at 405 nm (reference wavelength
490 nm)/pg of proteins.

2.7. Label-free mass spectrometry analysis

Secretome samples for proteomic analysis were desalted, con-
centrated and digested as previously described [20] with minor varia-
tions. Briefly, the cell culture media from each condition were collected
and cell debris was removed by centrifugation. Then, samples were
dialyzed at 4 °C using a 3500 molecular weight cut-off dialysis tubing
(Spectrum Laboratories, Rancho Dominguez, CA, USA) against 5 mmol/
L NH4HCO; containing 0.01% EDTA, followed by dialysis against
water. After lyophilization, the secreted protein pellets were dissolved
in 25 mmol/L NH4HCOj3 containing 0.1% RapiGest (Waters Corpora-
tion, Milford, MA, USA), sonicated, and centrifuged at 13 000 x g for
10 min. Samples (25 pg of protein) were then incubated 15 min at 80 °C
and reduced with 5mmol/L DTT at 60 °C for 15 min, followed by car-
bamidomethylation with 10 mmol/L iodoacetamide for 30 min at room
temperature in the darkness. Then, 2 pg of sequencing grade trypsin
(Promega, Milan, Italy) were added to each sample and incubated
overnight at 37 °C. After digestion, 2% TFA was added to hydrolyze
RapiGest and inactivate trypsin. Tryptic peptides were used for label-
free mass spectrometry analysis. Label-free mass spectrometry analysis,
LC-MSF, was performed on a hybrid quadrupole-time of flight mass
spectrometer coupled with a nanoUPLC system and equipped with a
Trizaic source, as previously detailed [20,23].

2.8. Gene ontology analysis

Data were analyzed with the Search Tool for the Retrieval of
Interacting Genes/Proteins (STRING 10.5) database [24] as previously
described [25], to identify enriched gene ontology (GO) terms in the
biological process, molecular function or cellular component cate-
gories.

2.9. Intracellular reactive oxygen species (ROS) formation

Generation of intracellular ROS was measured by the oxidative-
sensitive fluorescent probe 2’,7’-dichlorofluorescein diacetate (DCF-
DA). HL-1 cells were grown in complete media for two days on 96
black-wall clear bottom plates followed by 24 h of starvation in serum-
free and phenol-free media. Cells were incubated with 10 umol/L
DCFH-DA (Sigma-Aldrich, Milan, Italy) in serum-free and phenol-free
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media for 1h at 37 °C in the presence of 100 pmol/L ascorbic acid. At
the end of the incubation, cells were washed in PBS and exposed to GA
250 pg/mL, HSA 250 ug/mL or vehicle for the indicated time. The
production of ROS was measured by the intensity of DCF emission at
525nm (excitation 485nm), in a multifunctional microplate reader
Tecan Infinite 200 PRO (TECAN, Milan, Italy). Results are expressed as
absolute fluorescence (arbitrary units) of DCF after subtracting blank
readings from all measurements.

2.10. Western blotting

Cell monolayers were harvested in Laemmli buffer (2% SDS, 10%
glycerol and 62.5 mmol/L Tris, pH 6.8) containing a protease inhibitor
cocktail (Sigma-Aldrich, Milan, Italy). Cell protein content was mea-
sured using the DC Protein Assay (Biorad Laboratories, Milan, Italy).
Equal amounts of proteins (specifically 35 pg for the detection of HNE-
adducts, 15 pg for the detection of carbonylated proteins, and 10 ug for
the detection of HSP90 beta), from each condition, were separated on
12% SDS-polyacrylamide gel under reducing conditions in running
buffer (25 mmol/L Tris, 3.5 mmol/L SDS, 192 mmol/L glycine) and
transferred to nitrocellulose membranes in Transfer buffer with SDS (25
mmol/L Tris, 192 mmol/L glycine, 20% methanol, and 0.02% SDS) as
previously described [26]. Transferred proteins were stained with
MEMCode staining kit (Thermo Fisher Scientific, Milan, Italy) for
loading control. The membranes were incubated with primary anti-
bodies against 4-HNE-adducts (1:3000, Abcam, Cambridge, UK) or
HSP90 beta (1:5000, Thermo Fisher Scientific, Milan, Italy), and sub-
sequently with anti-rabbit horseradish peroxidase-conjugated sec-
ondary antibody (1:5000, Bio-Rad, Milan, Italy).

For the detection of carbonylated proteins, lyophilized pellets were
suspended in 6% SDS and extracted proteins were derivatized with
20 mmol/L DNPH (in TFA 20%) for 15 min at room temperature. The
DNPH-derivatized samples were then neutralized with 2 mol/L Trizma
buffer containing 30% glycerol and 10% 2-B-mercaptoethanol, and the
proteins were separated by SDS-PAGE and blotted to nitrocellulose
membranes. Inmunodetection was carried out using biotinylated anti-
DNP antibody (1:5000, Invitrogen, Milan, Italy) and conjugated avidin-
HRP (1:1000, Biorad, Milan, Italy) [27].

The bands were visualized by means of enhanced chemilumines-
cence (GE Healthcare, Milan, Italy) and analyzed with the QuantityOne
software (Bio-Rad Laboratories, Milan, Italy) for densitometric analysis
including normalization for total protein loading.

2.11. RNA extraction and real-time reverse transcription polymerase chain
reaction (RT-PCR)

Total cellular RNA was extracted using the Total RNA purification
plus kit (Norgen BioTek, Ontario, Canada) and reverse transcribed at
42 °C for 50 min, and at 70 °C for 15 min (Bio-Rad Laboratories, Milan,
Italy). For 1pg of total cellular RNA, we used 200 units of reverse
transcriptase (RT; SuperScript III, Invitrogen, Life Technologies, Monza,
Italy), 3 ug random hexamer primers, 1 mmol/L dNTPs, and 40 units
Rnase inhibitor.

Real-time quantitative PCR (qQRT-PCR) was carried out to detect
Nrf2, IL-6, TNF-a, IL-10, PGCla, and PGC13 mRNA, with GAPDH
mRNA being used for sample normalization. Primers were purchased
from Integrated DNA Technologies (Leuven, Belgium) and the primer
sequences were: mouse GAPDH sense 5 CGTGCCGCCTGaAACC 3’;
mouse GAPDH antisense: 5° TGGAAGAGTGGGAGTTGCTGTTG 3’
mouse Nrf2 sense 5 GATGCTCATGAAATTTGCCTGC 3’ and mouse Nrf2
antisense: 5° ACAAGCTTCGGTCTGGATCCA 3. Primers for IL-6
(QT00098875), TNF-a (QT00104006), IL-10 (QT00106169), PGCla
(QT02524242), and PGC1f (QT00125272), were purchased from
Qiagen (Milan, Italy). qRT-PCR was carried out as previously described
on the iCycler optical system (Bio-Rad Laboratories, Milan, Italy) [28].
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2.12. Statistical analysis

Clinical data from healthy subjects (control) and HF patients were
analyzed using SAS v9.4 (SAS Institute, Cary, NC, USA) and are ex-
pressed as mean * standard deviation (SD), subdividing HF patients
according to NYHA class (III vs IV). Univariate analysis was performed
by ANOVA to identify statistically different variables among groups
while Pearson correlation was used to identify a possible correlation
between GA and clinical variables. General linear model (GLM) was
used to highlight the trend of increase of GA with the gravity of the
disease, both as univariate analysis and as multivariate analysis taking
into consideration differences of age and presence of hypertension.

Data obtained from in vitro experiments were expressed as mean
values = SEM and analyzed with GraphPad Prism v5.03 using ANOVA
for repeated measures, followed by Tukey's test (n = the number of
individual experiments performed in duplicate or triplicate), after
normality assessment by Kolmogorov-Smirnov tests. p values of < 0.05
were considered significant.

3. Results
3.1. Analysis of glycated albumin in heart failure patients

Mass spectrometry analysis of albumin in human plasma samples
allowed us to calculate the fraction of GA with respect to all the al-
bumin isoforms (Fig. 1A). Comparing the percentage of GA between
healthy subjects and HF patients, subdivided according to HF severity
as inferable from the NYHA class (III vs IV), we observed an increase of
GA in the plasma of the patients with respect to the healthy subjects
(6.53 = 0.54% for healthy subjects, 7.38 + 1.47% for HF class III,
and 8.13 * 0.77% for HF class IV, Table 1). The statistical analysis
demonstrated that the percentage of GA was significantly higher in the
patients’ group with the higher degree of HF severity (Fig. 1B), ac-
cording to a univariate ANOVA analysis (p = 0.0075) and GLM analysis
(p = 0.0022). Considering that age and presence of hypertension cor-
relate with GA and are significantly different among groups, a multi-
variate GLM analysis was also performed after adjustment for age and
hypertension revealing a significant association of GA with HF severity
(p = 0.0391). Of note, we detected an inverse correlation between GA
and peak VO,/Kg (Fig. 1C), a known index of oxygen consumption
previously associated with HF severity [17].

Analysis of CML levels on the plasma of HF patients and controls did
not reveal any significant changes (Supplementary Fig. 1), thus in-
dicating that in our samples early glycation, not advanced glycation,
was present (data not shown).

3.2. Proteomic analysis of the secretome from HL-1 treated with GA

In order to investigate the effects of GA on HL-1 cardiomyocytes, we
stimulated the cells with the purified commercially available GA. To
this purpose, we first characterized the glycation sites present in the
purified commercially available GA and in the one isolated from plasma
of HF patients by means of mass spectrometry (details are available in
the Supplementary Material). Results showed that 8 out of 9 glycated
residues found in the human albumin from HF patients were also pre-
sent in the purified commercially available GA (Supplementary Fig. 2
and Supplementary Table S1). Additional modified residues were de-
tected only in the purified commercially available GA, although the
majority at a low relative abundance (Supplementary Table S1).

Aiming to elucidate the biological impact of GA on HL-1 cardio-
myocytes, we first determined the influence of GA on cell viability and
apoptosis. The cells were stimulated with GA (100 or 250 ug/mL) for
16 h and then subjected to MTT assay. As reported in Fig. 2A, cells
treated with GA (250 pg/mL) exhibited a slightly decreased in pro-
liferation (—10%, p < 0.05) compared to the control cells. Further,
apoptosis was assessed by means of Cell Death Detection ELISA assay,
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which measures cytosolic histone-associated DNA fragments present in
the cell lysates. Results indicated that cell apoptotic responses remained
unchanged after GA treatment (Fig. 2B).

For the proteomic analysis, HL-1 cells were pre-treated for 8 h or
16 h with GA (100 or 250 ug/mL) in serum-free Claycomb medium and
then incubated for 24 h, in serum-free phenol-free medium in the ab-
sence of GA, in order to collect secreted proteins without the con-
tamination of the exogenously added GA. Then, employing a label-free
mass spectrometry based method (LC-MSF) [20], we compared the se-
cretome after GA treatment at the two different time points (8 h and
16 h) and identified those proteins that were differently abundant.

This approach allowed us to identify a total of 216 and 246 proteins
in cells incubated for 8h or 16h, respectively, as reported in
Supplementary Tables S2 and S3. After treatment with GA for 8 h, eight
proteins were less abundant after treatment with 250 pg/mL GA, and
only one was released at higher extent (Table 2). At 16 h, six proteins
were more abundant after treatment with 250 ug/mL GA, while eight
were more abundant in the secretome of control cells (Table 3).

The lists of differentially abundant proteins were analyzed with
STRING for evaluation of protein-protein interactions and gene on-
tology analysis in order to find out the enriched biological processes. As
shown in Fig. 3, considering only the proteins that were modulated
after 8h, no significantly enriched biological process was detected,
while among proteins modulated after 16 h of treatment some biolo-
gical processes, including response to organic substance and response to
stress, were significantly enriched.

Of note, three proteins (Heat shock protein HSP90 beta, Nucleolin
and Heat shock protein HSP90 alpha) belonging to these biological
processes were commonly modulated at 8h and 16 h, as shown in the
Venn diagram in Fig. 4.

Thus, in order to verify the proteomic results, we confirmed by
immunoblotting that treatment with GA significantly reduced the re-
lease of Heat shock protein HSP90 beta (Fig. 5). This modulation was
not observed when cells were stimulated with non-glycated HSA
(250 pg/mL) (Supplementary Fig. 3A).

3.3. Effects of GA on protein oxidation and lipoxidation

In view of the statistically significant enrichment of the GO term
related to response to stress, we next assessed the capacity of GA to
cause oxidative damage.

Exposure of HL-1 cells to GA resulted in the rapid intracellular
generation of ROS, assessed by DCF fluorescence (Fig. 6). When cells
were in presence of non-glycated HSA no increase in ROS levels was
observed (Supplementary Fig. 3B).

Subsequently, we investigated whether GA mediated downstream
oxidative damage to proteins. We evaluated, by means of western blot,
intracellular 4-hydroxynonenal-protein adducts and carbonylated pro-
tein levels, both biomarkers of protein oxidation and lipoxidation.
Levels of adducted proteins with 4-hydroxynonenal (4-HNE) after 8 h
and 16 h of cell treatment with GA are shown in Fig. 7A and C, and
Supplementary Figs. 4B and 4C. Densitometric analysis revealed that 4-
HNE-protein adduct levels increased dose-dependently at 8h, being
statistically significant when the cells were incubated with GA (250 pug/
mL) (Fig. 7B). 4-HNE-protein adducts formation after 16h of cell
treatment with GA did not change with respect to the control cells
(Fig. 7D).

Carbonylated protein levels of cells treated with GA were detected
after DNPH derivatization of the carbonyl groups using an anti-DNP
antibody (Fig. 8A and C, Supplementary Figs. 4D and 4E). Densito-
metric analysis unveiled that cells treated with GA showed a significant
increase in protein carbonylation in comparison with control cells at
16 h (Fig. 8B and D). Cells treatment with non-glycated HSA (250 pg/
mL) did not show differences in the levels of carbonylated proteins with
respect to the control cells (Supplementary Figs. 3C and 3D).

Additionally, it was also investigated if GA could modulate mRNA
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Fig. 1. Glycated albumin (GA) in heart failure patients. A) Representative deconvoluted ESI-MS spectrum of albumin from plasma of a HF patient. Arrows indicate
the mercaptoalbumin (native HSA), the cysteinylated (Cys-HSA), and the glycated (GA) albumin isoforms characterized by a mass shift of 119 + 2and 162 * 2Da
with respect to the native HSA, respectively. ESI-MS spectra were acquired in positive ion mode and setting a scan range of m/z 1100-1350. B) The percentage of GA
with respect to the total amount of albumin has been analyzed by mass spectrometry in healthy subjects (controls) and HF patients divided in NYHA class III and class
IV. Observed GA percentage values were 6.53 + 0.54%, 7.38 * 1.47%, and 8.13 =+ 0.77% for healthy subjects, HF class III, and HF class IV, respectively. Values
are represented as mean * SEM. *p < 0.05 vs controls. C) Correlation between the percentage of GA and peak VO,/Kg. HSA, human serum albumin.

expression levels of nuclear factor (erythroid-derived 2)-like 2 (Nrf2).
Our results showed a significant increase of Nrf2 mRNA when the cells
were treated with 250 pg/mL GA, either after 8h and 16 h (Fig. 9). This
effect was not observed when the cells were treated with non-glycated
HSA (Supplementary Fig. 3E).

3.4. Effects of GA on inflammation and mitochondrial biogenesis mediators

Further, our results highlighted a significantly enhanced IL-6 mRNA
production only after 8 h of treatment with GA (100 or 250 pg/mL)
(Fig. 10A and E). The levels of IL-6 mRNA were not significantly
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Fig. 2. Effects of GA on HL-1 cell pro-
liferation and apoptosis. A) HL-1 cells were
stimulated with GA (100 or 250 pg/mL) for
16 h and then cultured in serum-free
phenol-free medium for additional 24 h.
Cell proliferation assay was performed em-
ploying the MTT colorimetric method. Data
are expressed as the means *= SEM of ab-
sorbance values/ug of proteins from 3 in-
dependent experiments. *p < 0.05 com-
pared to control cells. B) Analysis of
apoptosis. Cells were stimulated with GA
for 16 h. Cell lysates were collected to

measure apoptosis after 24 h of incubation in serum-free and phenol-free by means of Cell Death Detection ELISA Plus assay. Data are expressed as the means + SEM

of absorbance values/ug of proteins from 3 independent experiments.
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Table 2
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List of differentially abundant proteins in the secretome of HL-1 cells treated with GA for 8 h identified by LC-MS” and analyzed with Progenesis QIP.

Accession  Description Peptide count/Unique Score” Anova (p) Max fold change Highest mean Lowest mean condition
peptides condition
P14869 60S acidic ribosomal protein PO 6/3 32.6 2.67E-06  1.422 CTRL 250
P09405 Nucleolin 7/5 38.4 1.55E-13  1.413 CTRL 250
P26350 Prothymosin alpha 3/2 25.4 2.86E-05 1.397 CTRL 250
P14131 40S ribosomal protein S16 4/3 26.0 0.000763  1.312 CTRL 250
P11499 Heat shock protein HSP90 beta 37/18 266.4 5.77E-09  1.263 CTRL 250
P02301 Histone H3.3C 14/10 79.3 0.243836 1.239 CTRL 250
Q03265 ATP synthase subunit alpha, 13/6 70.4 6.63E-06  1.236 CTRL 250
mitochondrial

P07901 Heat shock protein HSP90 alpha 25/7 160.9 1.73E-06  1.205 CTRL 250
P68037 Ubiquitin-conjugating enzyme E2 L3 3/3 19.6 0.077 822 1.258 250 CTRL

@ Confidence score for protein identification from Progenesis QIP; CTRL, control; 250, GA concentration (ug/mL).

Table 3

List of differentially abundant proteins in the secretome of HL-1 cells treated with GA for 16 h identified by LC-MS® and analyzed with Progenesis QIP.

Accession  Description Peptide count/Unique Score® Anova (p) Max fold Highest mean Lowest mean
peptides change condition condition

P51881 ADP/ATP translocase 2 5/2 30.1 0.0298 2.029 CTRL 100
P09405 Nucleolin 11/5 65.6 0.0049 1.764 CTRL 250
P11499 Heat shock protein HSP90 beta 37/13 297.9  0.0006 1.678 CTRL 250
P63158 High mobility group protein B1 4/2 21.7 0.0233 1.511 CTRL 250
P08113 Endoplasmin 11/2 57.6 0.0044 1.403 CTRL 250
P07901 Heat shock protein HSP90 alpha 31/10 218.6  0.0500 1.301 CTRL 250
Q9CS84  Neurexin-1 2/2 8.9 0.0035 1.247 CTRL 250
P14211 Calreticulin 11/6 89.2 0.0399 1.222 CTRL 250
089086 RNA-binding protein 3 5/2 39.6 0.0001 1.467 250 CTRL
Q8CGC7  Bifunctional glutamate/proline—tRNA ligase 18/8 96.4 0.0013 1.336 250 CTRL
Q7TMK9  Heterogeneous nuclear ribonucleoprotein Q  9/4 48.1 0.0017 1.243 250 CTRL
P05201 Aspartate aminotransferase, cytoplasmic 25/17 196.7  0.0000 1.234 250 CTRL
P63017 Heat shock cognate 71 kDa protein 44/20 449.6  0.0007 1.223 250 CTRL
Q99JF5 Diphosphomevalonate decarboxylase 2/2 10.9 0.0425 1.204 250 CTRL

2 Confidence score for protein identification from Progenesis QIP; CTRL, control; 100 or 250, GA concentration.

affected when the cells were treated for 8h with non-glycated HSA
(250 ug/mL) (Supplementary Fig. 3F). Additionally, a significant in-
crease of TNF-a mRNA levels was observed in cells treated with GA
(250 ug/mL), but not with non-glycated HSA, for 8h (Fig. 10B and
Supplementary Fig. 3G). The anti-inflammatory cytokine interleukin-10
(IL-10) mRNA was not detectable even after stimulation with GA (data
not shown).

We next investigated the effects of GA on the expression of per-
oxisome proliferator-activated receptor gamma coactivator 1-alpha and
beta (PGCla and PGC1p respectively), two genes involved in the mi-
tochondrial biogenesis. As regards PGCla, no significant modulations
were observed either after 8h or 16 h of treatment (Fig. 10C and F). By
the contrary, PGC13 mRNA levels raised after 8 h of treatment with GA

A 8h B

Rps16

Rplp0

Ube2I3

Hsp90aal

(Fig. 10D and G).

4. Discussion

In this study, we found an increased amount of glycated albumin,
measured by quantitative mass spectrometry, in the plasma of HF pa-
tients, and we took advantage of a proteomics-based approach to assess
the effects of GA in in vitro cultured cardiomyocytes. Further, a func-
tional interpretation of the identified proteins, obtained by searching
the Gene Ontology (GO) annotations for over-represented terms, re-
vealed that GA is a potential mediator of the response to stress.

Among proteins decreased after GA treatment, we found HSP90, one
of the most abundant cellular HSPs that contributes intracellularly to

16h

Fig. 3. Gene ontology analysis of secreted
proteins modulated by GA visualized with
STRING. A) Protein network obtained with
proteins modulated after 8 h of treatment
with GA. B) Protein network obtained with
proteins modulated after 16 h of treatment
with GA in which enriched biological pro-
cesses are highlighted. In B, proteins asso-
ciated with the GO term response to stress
are colored in blue (p = 0.0229), while
proteins associated with the response to
organic substances are colored in red
(p = 0.000222).



A. Martinez Fernandez, et al.

A 8h 16h

8h

30 34

[nd g
o ©
*
o o4
o N

N4
o

HSP90 beta (log intensity)
(SR
>

HSP90 beta (log intensity)

5

Free Radical Biology and Medicine xxx (XxxX) XXX-XXX

Fig. 4. Proteomic analysis of HL-1 secre-
tome after treatment with GA. A) Venn
diagram of the modulated proteins after 8 h
and 16 h of incubation with GA. B-C)
Graphical representation of the intensity of
one of the 3 proteins that are modulated at
both time points, Heat shock protein 90
beta (HSP90 beta), obtained by label free
MS analysis after treatment with GA for 8 h
(B) or 16 h (C). *p value < 0.05 vs control
cells.

16h

2.5 26
GA (ug/mL) - 100 250 GA (ug/mL)

cell survival and protection by regulating the folding and stability of a
wide range of key cellular proteins, including survival and apoptotic
factors [29]. HSP90 efficiently ameliorates myocardial IR-induce
myocardial dysfunction in ischemic condition [30] and exerts an anti-
apoptotic effect on cardiomyocytes subjected to hypoxia [31], whereas
the inhibition of HSP90 markedly diminishes the protective effects of
hypoxic pre-conditioning against prolonged hypoxia/reoxygenation-
induced injury in H9C2 cardiac cells [32]. On the other hand, extra-
cellular HSP90 predisposes vascular smooth muscle cells to a pro-in-
flammatory phenotype by IL-8 elevation in the stressed vasculature
[33]. Additionally, the association of extracellular HSP90 with trans-
forming growth factor 3 receptor I (TGCPBRI) at the surface of cardiac
fibroblast plasma membrane is critical in collagen production during
fibrotic processes [34].

The role of HSPs in the glycated bovine serum albumin mediated
effects has been previously observed in cultured B-cells in which a
HSP60-correlated signaling pathway was hypothesized to contribute to
the AGEs-RAGE axis-induced B-cell hypertrophy and dysfunction under
diabetic hyperglycemia [35].

Nevertheless, there is still limited information with respect to the
HSPs extracellular role on cardiomyocytes and their relationship with
the pathogenesis of HF.

A B

600+
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Fig. 6. Intracellular generation of reactive oxygen species (ROS) mediated by
GA. HL-1 cells were loaded with 10 pmol/L DCF-DA and stimulated with GA
(250 pg/mL) for different times. Data shown represent the averages of three
independent experiments (mean + SEM). *p < 0.05 vs untreated cells.

Moreover, we found that exposure of cardiomyocytes to GA resulted
in oxidative modifications, in terms of carbonylation or lipoxidation
adducts, of a multitude of cellular proteins. We indeed observed that
GA significantly enhances ROS production, which is in agreement with

Fig. 5. Immunoblotting analysis of HSP90
beta in HL-1 secretome after treatment with
GA. A) Representative image of im-
munoblotting analysis of HSP90 beta in the
secretome from HL-1 cells treated with GA
for 16 h. B) Densitometric analysis of HSP90
beta from 3 independent experiments. Data
were normalized for total protein loading

visualized with the MEMcode staining
* (Supplementary Fig. 4A). *p < 0.05 vs
untreated cells.
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Fig. 7. Effect of GA on protein lipoxidation.
Immunoblotting were performed using an-
tibody against 4-HNE for the detection of 4-
HNE-protein adducts. A) Representative
western blot showing 4-HNE-protein ad-
ducts after treatment with 100 or 250 g/
mL GA for 8 h, and C) for 16 h. B)
Densitometric analysis of western blots
corresponding to 4-HNE immunoreactivity
after 8 h and D) 16 h of treatment with GA.
Data were normalized for total protein
loading visualized with the MEMecode
staining. Values are representative of 8 ex-
periments and are expressed as
mean * SEM. *p < 0.05 compared to
control cells.

Fig. 8. Effect of GA on protein oxidation.
Immunoblotting were performed using an-
tibody against DNP for the detection of
carbonylated proteins. A) Representative
western blot showing carbonylated protein
signal after treatment with 100 or 250 pg/
mL GA for 8 h and C) 16 h. B) Densitometric
analysis relative to carbonylated protein
levels after 8 h and D) 16 h of incubation
with GA. Values are representative of at
least 8 experiments and are expressed as
mean * SEM. *p < 0.05 compared to
control cells.
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A B Fig. 9. Effect of GA on Nrf2 at mRNA level.
25 25+ Transcript expression levels analyzed by
* RT-qPCR were measured after A) 8 h and B)
2.0 2.0 16 h of treatment with 100 or 250 pg/mL
2 § * GA. Gene expression was normalized re-
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Fig. 10. Effect of GA on the mRNA levels of IL-6, TNF-a, PGCla, and PGC1f. mRNA levels of A) IL-6, B) TNF-a, C) PGCla, and D) PGC1p after 8 h of treatment with
100 or 250 pg/mL of GA were analyzed by RT-qPCR. mRNA levels of E) IL-6, F) PGCla, and G) PGC1f3 were evaluated after 16 h or treatment with 100 or 250 pg/mL
GA. Gene expression was normalized relative to the expression of the glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Results are based on 10 independent
experiments for IL-6, PGCla, and PGC1p genes and on 3 independent experiments for TNF-a. Data are presented as mean + SEM. *p < 0.05vs control cells,

**p < 0.01vs control cells, ***p < 0.001 vs control cells.

previous works [36], and modulates the expression of Nrf2, a master
transcription factor that becomes upregulated in response to oxidative
stress [37]. The observed increase in protein carbonylation and 4-HNE-
protein adduct formation can be a downstream effect of the oxidative
stress mediated by GA, where excessive ROS may either oxidize pro-
teins directly or modify them indirectly through the adduction of small
breakdown products of lipid peroxidation such as 4-HNE [38]. The
increase in the levels of 4-HNE modified proteins at 8 h, but not later, is
suggestive of their removal by the proteasomal system, as reported by
Griesser et al. [39].

The first evidence of a connection between GA and oxidative stress
was the suppression of GA-induced cell apoptosis by antioxidants in

bovine retinal pericytes [40]. In macrophages, GA activates ERK-de-
pendent increases in TGF-B1 production, through oxidative stress and
NF-kB induction [41]. An accumulation of oxidatively modified pro-
teins, mainly structural proteins (i.e. ACTB and Annexin A2), was ob-
served in human mature adipocytes incubated with GA [42]. Further,
GA induces lipid infiltration in mice aorta independently of diabetes
and of renin-angiotensin system local modulation by inducing lipid
peroxidation and inflammation [43].

We also analyzed the expression levels of the transcriptional coac-
tivator peroxisome proliferator-activated receptor y coactivator-1 a
(PGC-1a) and B (PGC-1 ), which, beyond their role as ‘master reg-
ulator’ of mitochondrial biogenesis, have been identified as inducer of
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many antioxidant-detoxifying enzymes [44-46]. Downregulation of
PGC-1la causes indeed an increase of intracellular ROS levels and car-
bonylated proteins and a decrease of antioxidant enzymes [47]. Ad-
ditionally, mitochondrial activity and ROS scavenging in skeletal
muscles of PGC-1f deficient mice can be enhanced by PGC-1f [46]. In
our study we observed an early increase in the expression of PGC-1f3 but
not of PGC-1a, suggesting that they cannot completely counteract the
pro-oxidant effects of GA.

We also found that GA increased the expression of the pro-in-
flammatory cytokines IL-6 and TNF-a. Previous studies have indeed
shown that GA upregulates several inflammatory mediators through the
NF-kB and AP-1 signaling pathways in smooth muscle cells and en-
dothelial cells [48,49]. Of interest, GA stimulates cell growth and mi-
gration in smooth muscle cells and fibroblasts [48,50], suggesting that
GA may play a role in atherogenesis by inducing both inflammatory
mediators in the vessel wall, as well as proliferative and migratory ef-
fects. By contrast, in cardiomyocytes GA slightly reduced cell viability
thus supporting the hypothesis that GA plays a role in cardiac dys-
function [51].

In conclusion, this study shows that GA, measured by mass spec-
trometry, is elevated in the plasma of patients with HF, and it is highest
in subjects with the most severe HF, thus expanding previous ob-
servations obtained by means of an enzymatic assay [52]. Specifically,
Selvin et al. found a significant association of GA with cardiovascular
outcomes (new cases of coronary heart disease, ischemic stroke, HF,
and deaths), even after adjustment for traditional cardiovascular risk
factors, in 11 104 participants with and without diabetes, during two
decades of follow-up of in the community-based Atherosclerosis Risk in
Communities (ARIC) Study.

Further, the findings that GA exerts pro-inflammatory and pro-oxi-
dant effects on murine HL-1 cardiomyocytes, highlight a causal role in
the etiopathogenesis of HF. However, some limitations need to be ac-
knowledged. Indeed, other factors rather than only HF may contribute
to increase the GA levels in this population studied. Further, due to the
small sample size, we did not study patients with moderate HF or pa-
tients at high risk of HF, so that the progressive role of GA in the de-
velopment of HF is still unknown, albeit the correlation between GA
levels and peak VO, suggests it. Finally, our results could provide a
mechanistic base for a possible use of the new antidiabetic drugs (DPP-4
inhibitors) in non-diabetic HF patients due to their favourable effect in
reducing glycated proteins, specifically haemoglobin [53].

This study also highlights the role of mass spectrometry for the
detection and quantitation of specific protein modifications, and con-
tributes to strengthen the value of GA measurement over that of HbAlc
which has important limitations: it does not change rapidly in response
to changes in treatment, and a number of conditions affect the validity
of the test result (eg, anemia, altered red cell lifespan, transfusion,
kidney disease, liver disease, and abnormal forms of hemoglobin).
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SUPPLEMENTARY MATERIALS AND METHODS

QUANTITATION OF TOTAL GLYCATED ALBUMIN (GA) BY MASS SPECTROMETRY
The relative composition of albumin isoforms in human plasma samples was evaluated, as
previously described [1], by direct infusion using the Xevo TQS micro triple quadrupole mass
spectrometer coupled with the M-Class UPLC system (Waters Corporation, Milford, USA). Briefly,
centrifuged plasma samples at 3000 x g for 10 min at 4°C were diluted 200 folds in 50% ACN
containing 0.1% FA. After centrifugation at 14000 x g for 10 min at 4°C, 5 pl were injected at 5
pl/min and the spectra were acquired for 6 minutes with the following parameters: positive ESI
mode; mass range 1100-1350 m/z; capillary voltage, 3kV; cone, 90V; desolvation temperature
350°C; source temperature 150°C. Data processing for deconvolution was performed with the
MaxEntl function on the Masslynx software (Waters Corporation, Milford, USA).
Mercaptoalbumin (native HSA) and GA (+160 + 2 Da) were detected and their intensities were
used to calculate the relative abundances as previously described [1]. For the relative quantitation of
glycated HSA in the plasma of HF patients we performed the intact protein MS analysis as
described by Regazzoni et al [1]. After deconvolution of the spectra we identified a peak that
corresponds to the Mercaptoalbumin HSA (approximately 66446 Da) and a peak with a mass
increase of 162 Da with respect to the previous one, which is the mass shift characteristic after the
addition of one molecule of glucose per molecule of albumin. Hence, in this step, we considered the
intensity of the Mercaptoalbumin HSA and the intensity of the peak that presented a mass shift of

162 to calculate the % of glycated-HSA.

ANALYSIS OF PURIFIED COMMERCIALLY AVAILABLE GA AND PLASMA HSA
GLYCATION SITES
a) Sample preparation: In solution digestion of purified commercially available GA and

plasma HSA from HF patients



HSA from HF patients was removed from plasma (Pierce Albumin depletion kit (Thermo Fisher
Scientific, Milan, Italy)). HSA from HF patients and purified commercially available GA (Sigma,
Milan, Italy) concentrations were determined by means of Bradford’s method. 10 pg of each sample
were reduced with 10 mmol/L DTT at 56 °C for 30 min, and carbamidomethylated with 55 mmol/L
iodoacetamide for 20 min at room temperature in the darkness. In solution digestion was performed
incubating 0.5 ng trypsin (Roche, Monza, Italy) overnight at 37 °C. 2 pg of tryptic peptides from
each sample were purified by use of ZipTip C18 pipette tip (Merck Millipore, Milan, Italy). The
purified peptides were eluted with 0.1% formic acid (FA) in water/acetonitrile 2/8 (vol/vol)
respectively. Afterwards, eluted tryptic peptides were dried and stored at -20 °C until further

analysis.

b) Mass spectrometry analyses
Tryptic peptides were analyzed at UNITECH OMICs (University of Milano, Italy) using a Dionex
Ultimate 3000 nano-LC system (Sunnyvale CA, USA) connected to an Orbitrap Fusion™ Tribrid™
Mass Spectrometer (Thermo Scientific, Bremen, Germany) equipped with a nano-electrospray ion
source. Peptide mixtures were pre-concentrated onto an Acclaim PepMap 100 - 100um x 2cm C18
and separated on EASY-Spray column, 15 cm x 75 pm ID packed with Thermo Scientific Acclaim
PepMap RSLC C18, 3 um, 100 A. The temperature was setting to 35 °C and the flow rate was 300
nL min—1. Mobile phases were the following: 0.1% formic acid (FA) in water (solvent A); 0.1% FA
in water/acetonitrile (solvent B) with 2/8 ratio. Peptides were eluted from the column with the
following gradient: 4% to 28% of B for 90 min and then 28% to 40% of B in 10 min, and to 95%
within the following 6 min to rinse the column. Column was re-equilibrated for 20 min. Total run
time was 130 min. One blank was run between replicates to prevent sample carryover. MS spectra
were collected over an m/z range of 375-1500 Da at 120,000 resolutions, operating in the data
dependent mode (DDA), cycle time 3 sec between master scans. HCD was performed with collision

energy set at 35 eV. Each sample was analyzed in two technical replicates.



¢) Identification and localization of protein adducts
The software Proteome Discoverer (version 1.3.0.339, Thermo Scientific, USA), implemented with
the algorithm SEQUEST, was used to compare the experimental full and tandem mass spectra with
the theoretical ones obtained by the in silico digestion of the HSA sequence (Uniprot P02768).
Trypsin was selected as the cleaving protease, allowing a maximum of 2 missed cleavages. Peptide
and fragment ion tolerances were set to 5 ppm and 10 mmu, respectively. Cysteine
carbamidomethylation was set as fix modification (+57.02147); methionine oxidation was allowed
as a variable modification in addition to the known glycation-derived modifications as listed in

Table below.

Table S4. Glycation-derived PTMs and their corresponding mass shift.

Glycation-derived PTMs Am shift (Da) AA residue
Deoxy-fructosyl-derivative +162.05282 Lys, Arg
3-deoxyglucosone-derived imidazolone | +144.04226 Arg
Pyrraline +108.17230 Lys

As a quality filter, only peptides with an Xcore value grater then 2.2 were considered as genuine
peptide identifications. To ensure the lowest number of false positives, the mass values
experimentally recorded were further processed through a combined search with the Database
Decoy, where the protein sequences are inverted and randomized. This operation allows the
calculation of the false discovery rate (FDR) for each match, so that all the proteins out of range of
FDR between to 0.01 (strict) and 0.05 (relaxed) were rejected.

For the localization of glycation-derived modifications, the MS/MS spectra of modified peptides
were manually inspected; for the confident mapping of the modification sites, spectra were

requested to match the expected ions (b and/or y) neighboring the modified amino acid residue both



at the N- and C-termini. Representative spectra of the peptides containing the modification are

represented in Supplementary Figure 5 and 6.

d) Semi-quantitative analysis of PTMs in purified commercially available GA and plasma
HSA from HF patients

The relative extent of each protein modification has been calculated by determining the amount of
the modified peptide in respect to the native one, by assuming that the ionization efficiency of the
native and the modified peptides are equal. In particular, the single ion traces (SIC) of the native
and modified peptides were firstly reconstituted by setting as filter ion the m/z values of the
corresponding precursor protonated peptides. The peak areas were then automatically calculated by
the Qual Browser tool of the Xcalibur data system (version 2.0.7, Thermo Scientific Inc., Milan,

Italy) and then the relative abundance calculated by using the eq. 1.

Modified Peptide Peak Area

* 100
(Modified Peptide Peak Area+Nativ Peptide Peak Area)

Eq. 1 Relative Abundance % =

The relative abundance of each modified peptide was determined in both the purified commercially

available GA and plasma HSA from HF patients.

LEGENDS TO SUPPLEMENTARY FIGURES
Supplementary Figure 1. Levels of carboxymethyl lysine (CML) in plasma from healthy subjects
and HF patients. Plasma levels of CML were analyzed by ELISA assay and are expressed as

mean+SD. No statistically significant differences were detected.

Supplementary Figure 2. Venn diagram of the glycated residues found in plasma from HF patients

and in the purified commercially available GA.



Supplementary Figure 3. Effects of 250 pg/mL HSA (non-modified HSA) on HL-1
cardiomyocyte cells. A) Densitometric analysis relative to Hsp90 beta after 16 hours of treatment
with HSA. B) Intracellular generation of reactive oxygen species (ROS) mediated by HSA. HL-1
cells were loaded with 10 pmol/L DCF-DA and stimulated for different times. C) Densitometric
analysis relative to carbonyl protein levels after 8 hours and D) 16 hours of incubation with HSA.
E) mRNA expression of Nrf2, F) IL-6, and G) TNFa after 8 hours of treatment with 250 pg/mL
HSA.. Immunoblotting were performed using antibody against HSP90 beta or DNP for detecting
carbonylated protein levels, and signal intensity were normalized relative to the total protein
staining. Gene expression was normalized relative to the expression of the glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). Results are based on at least 3 independent experiments and

data are presented as mean+SD.

Supplementary Figure 4. Total protein loading control of representative western blot membranes
stained with MemCode™. Blots were subsequently used for incubation with antibodies against: A)
HSP90 beta after 16 hours of treatment with 100 and 250 ug/mL GA; B) 4-HNE after 8 hours and
C) 16 hours of treatment with 100 and 250 pg/mL GA; and DNP after D) 8 hours and E) 16 hours

of treatment with 100 and 250 pg/mL GA.

Supplementary Figure 5: Fragmentation mass spectra (MS/MS) of the two most abundant
glycated peptides present in the plasma of HF patients and the relevant fragments for their
attribution. A) Spectrum from the peptide AEFAEVSKLVTDLTK (glycated residue Lys 233). B)
Spectrum corresponding to the peptide kQTALVELVK (modified residue Lys 525). The calculated
fragment ions b+, b2+, y+, y2+ of the adducted peptides are reported in the tables and those
identified in the MS/MS spectra are highlighted by red (b series) and blue (y series) colors. The y
and b fragment ions which are matched in the MS/MS spectra are highlighted by red and blue color

and also labeled. DF, deoxy-fructosyl.



Supplementary Figure 6: Fragmentation mass spectra (MS/MS) of the two most abundant
glycated peptides present in the purified commercially available glycated-HSA and the relevant
fragments for their attribution. A) Spectrum from the peptide AEFAEVSKLVTDLTK (glycated
residue Lys 233). B) Spectrum corresponding to the peptide KQTALVELVK (modified residue Lys
525). The calculated fragment ions b+, b2+, b3+, y+, y2+ of the adducted peptides are reported in
the tables and those identified in the MS/MS spectra are highlighted by red (b series) and blue (y
series) colors. The y and b fragment ions which are matched in the MS/MS spectra are highlighted

by red and blue color and also labeled. DF, deoxy-fructosyl.
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Lipids can go through lipid peroxidation, an endogenous chain reaction that consists in the oxidative de-
gradation of lipids leading to the generation of a wide variety of highly reactive carbonyl species (RCS), such as
short-chain carbonyl derivatives and oxidized truncated phospholipids. RCS exert a wide range of biological
effects due to their ability to interact and covalently bind to nucleophilic groups on other macromolecules, such
as nucleic acids, phospholipids, and proteins, forming reversible and/or irreversible modifications and gen-
erating the so-called advanced lipoxidation end-products (ALEs).

Lipoxidation plays a relevant role in the onset of cardiovascular diseases (CVD), mainly in the atherosclerosis-
based diseases in which oxidized lipids and their adducts have been extensively characterized and associated
with several processes responsible for the onset and development of atherosclerosis, such as endothelial dys-
function and inflammation.

Herein we will review the current knowledge on the sources of lipids that undergo oxidation in the context of
cardiovascular diseases, both from the bloodstream and tissues, and the methods for detection, characterization,
and quantitation of their oxidative products and protein adducts.

Moreover, lipoxidation and ALEs have been associated with many oxidative-based diseases, including CVD,
not only as potential biomarkers but also as therapeutic targets. Indeed, several therapeutic strategies, acting at
different levels of the ALEs cascade, have been proposed, essentially blocking ALEs formation, but also their
catabolism or the resulting biological responses they induce. However, a deeper understanding of the me-

chanisms of formation and targets of ALEs could expand the available therapeutic strategies.

1. Lipid peroxidation and formation of advanced lipoxidation end-
products (ALEs)

Lipid peroxidation is an endogenous chain reaction that consists in
the oxidative degradation of lipids; free radicals or non-radical species
attack lipids containing carbon-carbon double bonds, with the hy-
drogen abstraction from a carbon and oxygen insertion that results in
lipid peroxyl radicals and hydroperoxides [1].

Lipid peroxidation generates a wide variety of oxidation products,
among which the main primary products are lipid hydroperoxides
(LOOH) [2]. Lipid hydroperoxides are non-radical intermediates that
originate from phospholipids, unsaturated fatty acids, glycolipids,
cholesterol and cholesterol esters.

Both enzymatic and non-enzymatic pathways are involved in lipid
hydroperoxides formation [3]. Indeed, lipids can be oxidized by several
enzymes like cyclooxygenases, lipoxygenases and cytochrome P450 [4].

On the other hand, non-enzymatic lipid peroxidation involves the
generation of free radicals (mainly reactive oxygen species (ROS), such
as hydroxyl radical (HO"), hydroperoxyl (HOO) and peroxynitrite

(ONOO 7)) that attack lipids containing carbon-carbon double bonds,
like polyunsaturated fatty acids (PUFASs) in cell membranes [2]. PUFAs
have multiple double bonds between which there are methylene
bridges (—CH,—) that contain reactive hydrogen atoms, and they can be
classified in omega-3 (n-3) and omega-6 (n-6) fatty acids. Mitochondria,
plasma membrane, endoplasmic reticulum, and peroxisomes are the
main sources of ROS; HO" and HOO' are the principal ROS that affect
lipids. Lipid peroxidation is propagated in a process that is called “chain
reaction mechanism”, which usually terminates when an antioxidant
molecule reacts with the lipid peroxide radical, as summarized in Fig. 1.

Lipid hydroperoxides are the primary peroxidation products and
give rise to the generation of short-chain unesterified aldehydes and a
second class of aldehydes still esterified to the parent lipid [1]. More-
over, lipid hydroperoxides can be structurally rearranged and con-
verted into secondary peroxidation products that are highly reactive,
known as reactive carbonyl species (RCS). RCS are a heterogeneous
group and can be classified into short-chain carbonyl derivatives and
oxidized truncated phospholipids [5]. The first group includes a,f-un-
saturated aldehydes (e.g. 4-hydroxy-2-nonenal (4-HNE), 4-hydroxy-2-
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Abbreviations

15d-PGJ2 15-deoxy-A12,14-prostaglandin J2

15-LOX 15-lipoxygenases

2,5-DBA  2,5-dihydroxy-benzaldehyde

2DE two-dimensional electrophoresis

4-APC 4-(2-(trimethylammonio)ethoxy)benzenaminium halide
4-HBA  4-hydroxybenzaldehyde

4-HNE  4-hydroxy-2-nonenal

8-epi-PGF2a 15(S)-8-iso-prostaglandin F2alpha

AA arachidonic acid

ACE angiotensin-converting enzyme
ACR acrolein

AGE advanced glycation end-products
AIDA alternate isotope-coded derivatization assay
ALEs advanced lipoxidation end-products
ApoB apolipoprotein B

ApoE apolipoprotein E

ATP adenosine triphosphate

BHT butylated hydroxytoluene

CE capillary electrophoresis

CHD 1,3-cyclohexandione

CoA coenzyme A

COX cyclooxygenase

CPT1 carnitine palmitoyl transferase 1
CVD cardiovascular diseases

CyPG cyclopentenone prostaglandin

DAG diacylglycerol

DDB 1,2-diamino-4,5-dimethoxybenzen
DHA docosahexaenoic acid

DNPH  2,4-dinitrophenylhydrazine

DPPP diphenyl-1-pyrenylphosphine
EAT epicardial adipose tissue

EGFR epidermal growth factor receptor
ELISA enzyme-linked immunosorbent assay
eNOS endothelial nitric oxide synthase
EPA eicosapentaenoic acid

ER endoplasmic reticulum

ESR electron spin resonance

F2-IsoPs F2-isoprostanes

FABP fatty acid binding proteins
FACS fatty acyl-CoA synthetase
FADH, flavin adenine dinucleotide
FATP fatty acid transport proteins
FFAs free fatty acids

FOX ferrous oxidation-xylenol orange
GC gas chromatography

G-PC glutaric acid ester of 1-acyl-sn-glycero-3-phosphocholine
GSH glutathione or y-L-glutamyl-L-cysteinylglycine

HDL high-density lipoprotein

HLB hydrophilic lipophilic balanced

HOCI hypochlorous acid
HPLC high performance liquid chromatography
HSP60  heat shock 60 kDa protein

IDL intermediate-density lipoprotein

IKKB 1IkB kinase [3

IR ischemia/reperfusion

IsoPs isoprostanes

LC liquid chromatography

LC-FD  LC-fluorescence detection

LC-UV  LC-ultraviolet

LDLs low-density lipoproteins

LLE liquid-liquid extraction

Lp(a) lipoprotein(a)

LPL lipoprotein lipase

LV left ventricular

MALDI-TOF matrix assisted laser-desorption ionization-time of
flight

MAPK  mitogen-activated protein kinase

MDA malondialdehyde

MRM multiple reaction monitoring
MS mass spectrometry

NAC N-acetyl cysteine

NADH  nicotinamide adenine dinucleotide

NADPH nicotinamide adenine dinucleotide phosphate

NF-kB  nuclear factor kappa-light-chain-enhancer of activated B
cells

NO nitric oxide

OFL ofloxacin

ONE 4-oxo-nonenal

OV-PC  5-oxovaleric acid ester of 1-acyl-sn-glycero-3-phos-
phocholine

oxLDL  oxidized low-density lipoproteins

oxPL oxidized phospholipid
PCs phosphatidylcholines

PDGFR platelet-derived growth factor receptor

PDGFP  platelet-derived growth factor receptor-f3

PFB-Br  pentafluorobenzyl bromide

PGC-1a peroxisome proliferator-activated receptor y coactivator-
la

PM pyridoxamine

POBN a-(4-pyridyl-1-oxide)-N-tert-butyl nitrone

PPAR peroxisome proliferator-activated receptor

PTB N-phenacylthiazolium bromide

PUFAs  polyunsaturated fatty acids

RCS reactive carbonyl species

RNS reactive nitrogen species

ROS reactive oxygen species

SC subcutaneous

SPE solid-phase extraction

SRM selected reaction monitoring

TAG triacylglycerol
TBA thiobarbituric acid

TBARS  thiobarbituric acid reactive substances
TLC thin-layer chromatography

TLR Toll like receptors

UCPs uncoupling proteins

VLDL very low-density lipoprotein

hexenal, nonenal and acrolein (ACR)), di-aldehydes (e.g. mal-
ondialdehyde (MDA) and glyoxal) and ketoaldehydes (e.g. methyl-
glyoxal, 4-oxo-nonenal (ONE) and isoketals also called levuglandins). In
the second class, the electrophilic moiety remains covalently linked to
the phospholipid. Electrophilic prostaglandin metabolites are an addi-
tional class of RCS that are characterized by a cyclopentenone. The
cyclopentenone prostaglandins are structurally and functionally related
to a subset of isoprostanes (IsoPs), a series of prostaglandin-like com-
pounds produced via a non-enzymatic mechanism involving the free

radical-mediated peroxidation of PUFAs, mostly arachidonic acid (AA)
[6].

RCS exert a wide range of biological effects due to their ability to
interact and covalently react with nucleophilic groups on other mac-
romolecules, such as nucleic acids, phospholipids, and proteins, to form
irreversible modifications, generating the so-called advanced lipoxida-
tion end-products (Fig. 2) [7].

Covalent adducts of lipid peroxidation products with DNA have
been described both at nuclear and mitochondrial DNA level with
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Fig. 1. Scheme of the lipid peroxidation reaction and its effects in the development and progression of CVDs. 4-HNE, 4-hydroxy-2-nonenal; ACR, acrolein; HDL, high-
density lipoprotein; I/R, ischemia/reperfusion; LDL, low-density lipoproteins; MDA, malondialdehyde; MMPs, metalloproteinases; TNFa, tumor necrosis factor a;

VSMC, vascular smooth muscle cells.

potential mutagenic and carcinogenic effects [2,8]. Additionally, RCS
can interact with aminophospholipids, generating covalent adducts
such as carboxymethyl-phosphatidylethanolamine or MDA-phosphati-
dylethanolamine, and starting the reactions occurring in DNA and
proteins [7,9].

Finally, both short-chain RCS and oxidized phospholipids can
covalently react with proteins generating Michael adducts or Schiff
bases, early products that are reversible or can further rearrange
forming additional specific reaction compounds [10,11]. However, the
protein targets could be different for the two classes, because the short-
chain RCS or RCS bound to phospholipids have diverse cellular dis-
tribution. The carbonyl group reacts with the nucleophilic side chains
on amino acid residues of proteins, such as the imidazole nitrogen of
histidine, the thiol group of cysteine, the epsilon amino group of lysine
or the guanidine of arginine [5,10]. An example of ALE is represented
by carboxymethyl-lysine (CML), a product of the reaction with glyoxal,
which derives by both lipid and sugar oxidation pathway and is con-
sidered a general marker of oxidative stress and protein damage in
cardiovascular diseases and aging [5,12].

Further, bifunctional a,B-unsaturated aldehydes, such as 4-HNE,
can act as small crosslinkers between or within proteins leading to the
formation of aggregates, besides their effects on protein function [13].
The formation of MDA adducts on proteins generates highly cross-
linked undegradable aggregates, such as the fluorescent pigment lipo-
fuscin, which can compromise cell viability [14].

Additionally, prostaglandins present an electrophilic carbon that
can interact with the nucleophilic amino acids generating, with a
pathway similar to that described for a,B-unsaturated aldehydes, a
Michael adduct with effects on cell signaling pathways [10].

1.1. Electrophilic lipid species detectable in cardiovascular diseases

1.1.1. Lipid peroxidation-derived aldehydes

4-hydroxy-2-nonenal (4-HNE) is produced by the oxidation of
PUFAs containing n-6 acyl groups, such as AA and linoleic acid, and it is
the most abundant lipid-derived RCS. 4-HNE can be produced by the
decomposition of lipid peroxidation products that are generated both
by enzymatic reactions triggered by 15-lipoxygenases (15-LOX) or from
several non-enzymatic oxidative pathways through mechanisms invol-
ving the reactions of free radicals and their products [2].

Nowadays 4-HNE is considered one of the major toxic products due
to its rapid reaction with thiols and amino groups [15]. 4-HNE usually
forms Michael adducts with His, Cys, and Lys residues and the pre-
ference for the amino acid modification is Cys > His > Lys.

The degradation of n-6-PUFAs also generates 4-oxo-nonenal (ONE),
which derives from the peroxidation of linoleoyl chains of fatty acids.
ONE is a more reactive product than 4-HNE and modifies the nucleo-
philic side chains of Lys, Cys, Arg and His on proteins. ONE can form, at
C3 and C2, 4-ketoaldehyde Michael adducts that are relatively unstable
and can eventually produce furan derivatives or more stable com-
pounds, such as dihydropyrroles and isomeric 4-ketoamide derivatives
[16]. ONE also reacts with Lys forming a Schiff base, which can give the
fluorophore pyrrolium Lys-Lys crosslink and Lys-derived pyrrolinone.
Unlike 4-HNE, ONE reacts also with Arg residues to yield stable cova-
lent adducts, but this reaction is less favorable than the other amino
acid nucleophiles (i.e. preference order is Cys > His > Lys > Arg).

Acrolein (ACR) arises not only by peroxidation of PUFAs but also
from the metabolism of amino acids, polyamines, and drugs. Under
oxidative stress and inflammation, the endogenous production of ac-
rolein is also controlled by myeloperoxidase-mediated degradation of
threonine and the amine oxidase-mediated degradation of spermine
and spermidine [5]. Compared to all a,B-unsaturated aldehydes, ACR
has the highest reactivity with protein nucleophiles (i.e. the order of
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Atherosclerotic process

*0xPC and ApoB100 modulation of lipoprotein
uptake in macrophages

*4-HNE and ApoAl decrease cholesterol transport
function and anti-inflammatory properties of HDL

*15d-PGJ2 and PPARy modulation of transcriptional
activity

*4-HNE and ApoB100 detected in oxidized LDL and
atherosclerotic lesions

*4-HNE and HSP60 in monocytic leukemic cells

Heart failure

*Increased 4-HNE-protein adducts in the
myocardium of HF animal models (dogs, rats)
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*4-HNE modifications of cardiac 20S proteasome
in rats accompanied by reduction of proteasomal
activity

Fig. 2. Mechanisms involved in the formation of advanced lipoxidation end-products. Relevant targets and their involvements in cardiovascular diseases are
highlighted. On nucleic acids, the exocyclic amino group of deoxyguanosine, deoxyadenosine, and deoxycytosine can react with a,-unsaturated aldehyde generating
two types of adducts: substituted lipid side chains (for example with MDA, ACR or 4-HNE) and unsubstituted etheno-DNA adducts (for example with 2,3-epoxy-4-
hydroxynonanal). On proteins, the reaction of aldehydes with the free amino group of lysine or arginine generates a Schiff base, while the reaction of the electrophilic
carbon of a,B-unsaturated aldehydes with the nitrogen lone pair of lysine and histidine or the -SH of cysteine generates a Michael adduct, which is more stable even if

both these adducts are reversible.

reactivity is Cys > His > Lys). The formation of ACR adducts on Cys
residues is the principal way, but ACR forms additional ALEs with His
and Lys, as detected in the oxidized low-density lipoproteins (oxLDL)
[17].

Malondialdehyde (MDA) results from lipid peroxidation of PUFAs
with two or more methylene-interrupted double bonds. It is a reactive
aldehyde that forms interactions with nucleic acids and covalent pro-
tein adducts inducing toxic stress in cells [18]. MDA is a highly toxic
molecule and it is usually considered a biomarker of oxidative stress in
the organism. The most important precursors of MDA are monocyclic
peroxides obtained from fatty acids with three or more double bonds.
MDA can be also derived by enzymatic processes from prostaglandins
during the biosynthesis of thromboxane A2 and 12-1-hydroxy-5,8,10-
heptadecatrienoic acid [18]. MDA is able to form adducts with several
proteins, introducing cross-links that can alter their biochemical prop-
erties. MDA reactivity is pH-dependent: at physiological pH, it can ra-
pidly form the enolate salt, which is of low reactivity; at lower pH, MDA
exists as B-hydroxyacrolein, the reactivity increases, and reacts with Lys
forming N-propenal-Lys.

1.1.2. Prostaglandin-like compounds: isoprostanes

The IsoPs are a class of prostaglandin-like compounds that are
generated in vivo from the non-enzymatic free radical-catalyzed per-
oxidation of essential fatty acids (mainly AA) [19,20]. They are pro-
duced in cell membranes at the site of free radical attack, from which
they are removed by phospholipases, get into the circulation and then
are excreted in urine. They have been found also in other fluids, such as

pericardial fluid [21] and cerebrospinal fluid [22,23]. The F2-iso-
prostanes (F2-IsoPs) are a class of stable molecules that are generated in
vivo under conditions of oxidative stress, so they can be used as an ef-
fective measure of endogenous oxidative stress. Other classes of IsoPs
from AA have been described and these classes differ based on the
functional groups on the prostane ring. In particular, E2/D2-IsoPs are
not terminal products of the IsoPs pathway, but they can rearrange to
form A2/J2-IsoPs, also known as cyclopentenone IsoPs, that contain
a,3-unsaturated cyclopentenone ring structure [24]. A2/J2-IsoPs react
with cellular thiols to form Michael adducts [25], that are metabolized
in vivo by glutathione transferase enzymes to water-soluble modified
glutathione conjugates. Isoprostanes can be also produced from the
PUFAs, such as EPA, DHA, adrenic acid, and a-linolenic acid [26,27].
Moreover, the compounds known as isoketals or isolevuglandins are
produced in vivo by lipid peroxidation and rearrangement of endoper-
oxide intermediates of the isoprostane pathway [28], and they cova-
lently form adducts with Lys residues on proteins inducing a biological
dysfunction. Oxidation of AA can also yield to cyclic peroxides and
isofurans, when the intermediate undergoes a 5-exo cyclization reaction
with molecular oxygen [29,30].

1.1.3. Oxidized phospholipids (oxPLs)

oxPLs, found in oxidized lipoproteins or in membranes of apoptotic
cells, include hundreds of different structures and can be generated
both enzymatically, by lipoxygenases, myeloperoxidase and nicotina-
mide adenine dinucleotide phosphate (NADPH) oxidase, and non-en-
zymatically [31]. Oxidized forms of phosphatidylserine and
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phosphatidylethanolamine have been described but the most oxidized
phospholipid is phosphatidylcholine, which accounts for 40-50% of
phospholipids in mammalian cells or lipoproteins.

Alkyl peroxyl radicals or singlet oxygen directly oxidize phospho-
lipid-bound PUFAs to generate fatty acyl derivatives, such as fatty acid
hydroperoxides, which are compounds that subsequently and easily
undergo decomposition to various reactive products. A common reac-
tion, involving the reduction of fatty acid hydroperoxides, leads also to
the generation of truncated phospholipids, such as y-hydroxyalkenal
phosphatidylcholines (PCs). These molecules can undergo another step
of fragmentation to the 5-oxovaleric acid ester of 1-acyl-sn-glycero-3-
phosphocholine (OV-PC) or glutaric acid ester of 1-acyl-sn-glycero-3-
phosphocholine (G-PC) that have been described in atherosclerotic le-
sions. Additionally, phospholipid-bound PUFAs are prone to non-en-
zymatic formation of IsoPs, while they are not a target of cycloox-
ygenases, and several IsoP-PCs have been described also in
atherosclerotic regions [31].

2. Lipid sources in the cardiovascular system

Lipids, with a relevant role in the onset of cardiovascular diseases
and susceptible to oxidation, can be originated from many sources, both
in the bloodstream as in tissues (Fig. 3).
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2.1. Circulating lipoproteins and lipids

Lipoproteins, the major carrier of water insoluble lipids in the
blood, are complex particles with a central core of cholesterol esters
and triglycerides surrounded by free cholesterol, phospholipids, and
apolipoproteins. They are divided into classes according to their size,
lipid compositions and apolipoproteins (chylomicrons, chylomicron
remnants, very low-density lipoprotein (VLDL), intermediate-density
lipoprotein (IDL), LDL, high-density lipoprotein (HDL), and lipoprotein
(a) (Lp(a))). Lipoproteins play a role in the adsorption and transport of
dietary lipids from the intestine and endogenous lipids from the liver.
HDL are involved in the so-called reverse cholesterol transport from the
peripheral tissues to the liver and intestine, thus exerting a protective
role. LDL, being the main player in cholesterol transport to the cells, are
instead considered a well-established cardiovascular risk factor. This
lipoprotein class is responsible for the development of atherosclerosis as
a consequence of its modification (oxidation, acetylation, and ag-
gregation) in the sub-endothelial space. Following these modifications,
LDL provoke endothelial injury, promote inflammatory cells adhesion
and their differentiation to macrophages [32]. Further, a plethora of
effects, relevant to the disease progression, is induced, such as en-
dothelial dysfunction, endothelial nitric oxide synthase (eNOS) inhibi-
tion, inflammatory cytokines release, and platelet aggregation. Vascular
endothelium is a dynamic structure that has many important functions,
including regulation of vascular tone, hemostasis, molecular exchange
between blood and tissues, and signaling for the immune response and
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Fig. 3. Relevance of circulating and tissue lipids in the development of cardiovascular diseases. VLDL, very low-density lipoprotein; LDL, low-density lipoproteins;
HDL, high-density lipoprotein; Lp(a), lipoprotein(a); LPL, lipoprotein lipase; FFA, free fatty acids; PPAR, peroxisome proliferator-activated receptor; TNFa, tumor
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inflammation [33,34]. The endothelium maintains vascular tone
through the synthesis of vascular dilatory and constricting molecules
and controls lipid modification. Alterations of these normal functions
lead to atherogenesis. Endothelial dysfunction is clinically character-
ized by impaired endothelium-dependent vasorelaxation due to a re-
duced nitric oxide (NO) bioavailability, which is considered an in-
dependent factor used for prognosis of patients with cardiovascular
disease [35,36]. Endothelial dysfunction has a key role in the devel-
opment of several cardiovascular diseases and their complications, in-
cluding atherosclerosis, coronary artery disease, heart failure, as well as
diabetes and obesity, which are known risk factors for cardiovascular
diseases. The endothelial injury causes the infiltration of LDL-choles-
terol into the vessel wall and the oxidation of cholesterol that is a key
step in the atherosclerosis development. Cholesterol oxidation products
are significantly accumulated in atherosclerotic lesions, such as oxy-
sterols and core-aldehydes. OXLDL uptake and foam cells formation are
facilitated by the presence of endothelial scavenger receptors, which
have a significant role in promoting atherogenesis. For example, lectin-
like oxidized low-density lipoprotein receptor 1 (LOX-1) is one of the
major endothelial receptor for oxLDL and promotes apoptosis of en-
dothelial cells, increases the expression of monocyte chemotactic pro-
tein 1 (MCP-1) and transforming growth factor 31 (TGFf1), decreases
eNOS activity, and induces matrix metalloproteinases production in
vascular smooth muscle cells [37,38].

Although the oxidative hypothesis of atherosclerosis was mostly
investigated on LDL, there is also evidence that oxidation on other li-
poproteins, such as on HDL, can take place in atherogenesis leading to
their conversion from atheroprotective, anti-inflammatory, and anti-
oxidant particles to deleterious ones [39]. This HDL remodeling paves
the way to the concept that the quality and functionality, instead of the
quantity of HDL plasma level, is more relevant, in light of the ob-
servations that HDL-raising therapies did not result in cardiovascular
risk reduction [40].

Several processes have been involved in the oxidation of lipopro-
teins, including transition metals, lipoxygenases, hemoglobin, and ROS
(reviewed in Ref. [41]). Of note, hypochlorous acid (HOCI) can modify
the lipid and protein components of LDL in vitro and/or in vivo [42] and
MDA reacts with the positively charged ¢ amino group of lysyl residues
present in the LDL apolipoprotein ApoB-100, leading to increased up-
take by macrophages [43]. ApoAl, the main apolipoprotein of HDL,
could be oxidatively modified, leading to dysfunctional HDL and in-
creasing cardiovascular risk [44].

Antibodies against oxidized phospholipids have also been used to
detect oxPL-protein adducts in human plasma proteins and LDL. For
example, the use of the EO-series of monoclonal auto-antibodies to
detect the occurrence of adducts of oxidized phosphatidylcholines, such
as 1-palmitoyl2-(5-oxo)valeroyl-sn-glycero-3-phosphocholine, with
ApoB-100, showed that the adducts were crucial in inducing uptake of
modified lipoproteins by scavenger receptors into foam cells [45].

Very recently, Que et al. suggested that therapies inactivating oxi-
dized phospholipids might be beneficial for reducing a generalized in-
flammation, including the progression of atherosclerosis, aortic stenosis
and hepatic steatosis [46].

Additionally, endothelial cells are highly predisposed to 4-HNE in-
duced damage, which includes increment of proinflammatory factors
and failure of the endothelial barrier function. Increased 4-HNE reduces
NO bioavailability associated with a decrease in dimethylarginine di-
methylamine hydrolase (DDAH) activity [47], which leads to high
methylarginine levels, reduction of eNOS-derived NO production, and
consequently endothelial dysfunction.

The endothelium expresses also other important targets of lipox-
idation, such as soluble epoxide hydrolase (SEH), whose major function
is to metabolize the epoxides of AA and linoleic acid. sEH rapidly hy-
drolyzes epoxyeicosatrienoic acids (EETs), which have been demon-
strated to be endothelium-derived hyperpolarizing factors, to dihy-
droxyeicosatrienoic acids (DHETs) [48]. EETs are vasodilators
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independent of NO that have protective effects on the vasculature and
the heart. Thus, inhibitors of sEH reduce inflammation and prevent the
development of atherosclerotic plaques [49].

It has been demonstrated that n-3 PUFAs decrease sEH protein ex-
pression in rat aortic strips and endothelial cells [48]. Moreover, 4-
hydroxy hexenal (4-HHE), which is a lipid peroxidation product of n-3
PUFAs and a potential activator of the Nrf2 pathway [50], also de-
creased sEH protein expression increasing the EETs concentration. The
antioxidant N-acetyl-L-cysteine (NAC) pretreatment inhibits the reduc-
tion in sEH protein induced by n-3 PUFAs or 4-HHE. Oxidative stress
induces p38 kinase activation in vascular endothelial cells, thus the
inhibition of p38 kinase diminishes the effect of n-3 PUFAs and 4-HHE
on sEH protein expression.

Oxysterols, oxidized phospholipids, free and core-aldehydes pro-
mote the inflammatory process underlying atherosclerosis, extracellular
matrix deposition and arterial wall remodeling [51]. Advanced lipox-
idation end-products, such as MDA- and 4-HNE-protein adducts, can
promote monocyte activation and vascular complications via induction
of inflammatory pathways and networks [52]. In monocytes, ALEs can
lead to cellular dysfunction, adhesion to the endothelium, and trans-
migration into the subendothelial space, through several monocyte-
macrophage inflammatory cytokines and chemokines. All these events
are important in the pathogenesis of atherosclerosis. Oxidized LDL
promotes macrophage proinflammatory gene expression, such as TNFa,
IL-1B, and IL-6, through ligand activation of peroxisome proliferator-
activated receptor gamma (PPARy) [53]. Lipid peroxidation products
increase the expression of MCP-1, interferon-y-inducible protein-10,
and cyclooxygenase-2 (COX-2), as well as facilitate transcription of
nuclear factor (NF)-kB that is a redox-sensitive gene regulatory factor
activated by modified LDL internalization.

Leukotrienes, derived from the oxidation of AA, are themselves a
family of eicosanoid inflammatory mediators that stimulate the acti-
vation of endothelial cells and foam cells.

Acrolein, for example, increased macrophages expression of the
atherogenic factors 5-lipoxygenase, leukotriene B4 and matrix me-
talloproteinase [54,55], and induced mast cell degranulation that can
increase inflammatory injury [56].

Additionally, 4-HNE induced the synthesis of metalloproteinases
MMP-9 in macrophages [57] and MMP-2 in vascular smooth muscle
cells [58], thus contributing to the instability of the atherosclerotic
plaque consequently leading to the thrombus formation in athero-
sclerosis.

Indeed, in smooth muscle cells, 4-HNE stimulates the activity of
extracellular matrix-degrading matrix metalloproteinases-1 and -2 [59],
protein kinase B (Akt) [58], p38 mitogen-activated protein kinase
(MAPK) [60] and induces the phosphorylation of c-jun N-terminal ki-
nase (JNK) [61].

Of note, the balance between ROS and endogenous antioxidants has
different effects in different vascular beds, due to the evident differ-
ences between arteries and veins in term of cellular composition. ROS
regulate multiple cellular functions, among which endothelial and
smooth muscle cells growth, proliferation, migration and apoptosis,
angiogenesis, vascular tone, and genomic activity through several
transcription factors [62].

NAD(P)H oxidase (i.e. Nox enzymes) activity is the major source of
ROS in the vasculature, both in human veins and arteries, and it has an
important role in the disease development. It has been demonstrated
that NAD(P)H oxidase system is the greater source of superoxide in
veins, whereas in addition, xanthine oxidase seems to largely contribute
to superoxide production in arteries [63]. NAD(P)H oxidase is present
both in vascular smooth muscle cells and in endothelial cells, but there
are some differences in the component distribution of NAD(P)H oxi-
dases in specific vascular cells, in the extent of superoxide anion radi-
cals production and in the stimuli of NAD(P)H oxidases activation [64].
The molecular composition of vascular NAD(P)H oxidases seems to be
different in the vascular cell types and at different phases of
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atherosclerotic plaques progression [63]. Moreover, NAD(P)H oxidase
is Nox2-based in saphenous veins, while it is proportionally mostly
Nox4-based in arteries. The relative contribution of the individual
vascular wall segments to the total superoxide production was eval-
uated, and in human veins, the major contribution comes from the
endothelium and adventitia, while in arteries the smooth muscle cells
have a key role [63].

Recently, it has been reported that 4-HNE-adducts accumulate
mainly in smooth muscle cells in human aorta, and their content in-
creases with the age in the intima and the adventitia, and at a lower
amount in the media [65]. The accumulation of 4-HNE-adducts is very
high in the intimal aorta and predominantly in patients with high
atherosclerosis grade. The 4-HNE expression is also increased in the
adventitia, probably associated with the vasa vasorum and micro-
capillaries in atherosclerotic lesion [66]. Aortic elastin is not modified
by 4-HNE, indicating that elastin is not a target of 4-HNE in the vascular
wall, but 4-HNE contributes to its degradation and impaired re-
generation [67,68].

Myeloperoxidase, lipoxygenases, mitochondria and uncoupled
eNOS are other sources of oxidants in the vessel wall that are usually
expressed in human atherosclerotic lesions [64].

2.2. Lipids in the myocardium

To sustain its intense metabolism, the myocardium must continually
generate, at a high rate, adenosine triphosphate (ATP), which is pro-
duced in the mitochondrion utilizing all classes of energy substrates,
such as lipids, carbohydrates, amino acids, and ketone bodies (for de-
tails see review [69]). In the normal heart, mitochondria are mainly
fueled by fatty acyl-coenzyme A (CoA) and pyruvate, which are the
primary metabolites of fatty acids and carbohydrates, respectively.

Fatty acids are supplied to the myocardium either attached to the
blood albumin or covalently bound to circulating lipoproteins in the
form of triacylglycerol. Triglyceride rich lipoproteins (chylomicron and
VLDL) are indeed an important source of fatty acids, being chylomi-
crons the major contributor. The enzyme lipoprotein lipase (LPL) is
responsible for the hydrolysis of free fatty acids (FFAs) from chylomi-
crons, whereas the uptake of VLDL by the VLDL/apolipoprotein E
(ApoE) receptors, expressed by the heart, represents an alternative
route (reviewed in Ref. [70]). The supply of FFAs to the heart is de-
pendent from alterations in the synthesis, secretion, and transport to the
capillary lumen of LPL. Usually, increased activity of LPL, as occurs in
fasting conditions, is associated with an increase in fatty acid oxidation.

After dissociation from albumin or lipoproteins, fatty acids are
transported to the cardiac muscle through the capillary endothelium,
and, after crossing the sarcolemma and cytoplasm, are converted to
fatty acyl-CoA at the mitochondrial outer membrane or the sarco-
plasmic reticulum. In details, fatty acids enter the cells via transporters
(fatty acid transport proteins, FATP) on the cell membrane, such as
CD36/FAT and fatty acid binding proteins (FABP) [70]. To allow entry
into the mitochondria, a CoA group is added to the fatty acid by fatty
acyl-CoA synthetase (FACS) and, subsequently, the conversion to acyl
carnitine by carnitine palmitoyl transferase 1 (CPT1) is necessary.
Carnitine translocase mediates the entrance into the inner membrane of
mitochondria where the long-chain fatty acyl carnitine is then con-
verted back to a fatty acyl-CoA by the CPT2, which finally enters the
fatty acid oxidation process [71]. Part of the long-chain acyl CoA can
also be used for the synthesis of lipid intermediates such as triacylgly-
cerol (TAG), diacylglycerol (DAG) and ceramides, which have all re-
ceived considerable interest as implicated in the development of dia-
betes and cardiovascular diseases. The heart has indeed labile stores of
TAG that can undergo dynamic turnover; for example, intramyocardial
TAG is accelerated by adrenergic stimulation whilst their synthesis is
increased with elevated plasma FFA, as occurs in diabetes or fasting
(discussed in Ref. [70]). The production of these intracellular inter-
mediates (TAG, DAG, and ceramides) depends on the FFA supply. In
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mice over-expressing FATP1, the increased FFA uptake and metabolism
resulted in functional abnormalities consistent with metabolic cardio-
myopathy, which, rather than inducing cell death, manifests as im-
paired cardiac myocyte dysfunction [72]. An open question is related to
the lipotoxicity induced by a defect of long-chain acyl-CoA removal by
the fatty acid oxidation process.

An in-depth description of all steps and factors influencing the fatty
acid metabolism in the heart is present in the review by Lopashuk [70].
The metabolism of long-chain acyl-CoA in the mitochondrial matrix
occurs via the B-oxidation pathway, which involves sequential meta-
bolism of acyl-CoAs by four enzymes: acyl-CoA dehydrogenase, enoyl-
CoA hydratase, 1-3-hydroxyacyl-CoA dehydrogenase, and 3-ketoacyl
CoA thiolase. These enzymes are susceptible to feedback inhibition by
the same products of the process, that is acetyl CoA, flavin adenine
dinucleotide (FADH,), and nicotinamide adenine dinucleotide (NADH).
The enzymes involved in the fatty acid B-oxidation are under a tight
transcriptional control mainly mediated by the nuclear receptor tran-
scription factors peroxisome proliferator-activated receptor a (PPARa)
and peroxisome proliferator-activated receptor y coactivator-la (PGC-
la). PPARa is abundantly expressed in the heart and regulates genes
involved in all aspects of the fatty acid metabolism, from the uptake,
binding, and oxidation [73,74]. PPARB/8 and PPARY are also expressed
in the heart and appear as important regulator of the fatty acid meta-
bolism even if “loss-of-function” and “gain-of-function” studies result in
phenotypic differences in comparison with PPARa, likely due to the fact
that they do not regulate all the genes involved in fatty acid metabolism
as PPARa [75]. Of note, PPARy is known to be activated by several
natural occurring lipid metabolites, including PUFAs, phospholipids,
and also oxidized fatty acids [76-78]. 15d-PGJ2 is one of the lipid
peroxidation products that is able to covalently bind through a Michael
addition to cysteine residues on several proteins (i.e. H-Ras, NF-kB, IkB,
AP1) including PPARy. It has been demonstrated that the formation of
an ALE between o,B-unsaturated aldehydes (i.e. 15d-PGJ2, hydro-
xyeicosatetraenoic acid, hydroxyeicosadecaenoic acid, 4-HNE) and
PPARy can modulate its transcriptional activity and the expression of
several genes activated by PPARYy in vivo [76,78]. The actions of the
nuclear transcription factors are supported by the transcriptional acti-
vators PGC-1a and PGC-1f; for example, their upregulation by phy-
siological (i.e. exercise) or pathophysiological (i.e. fasting, diabetes)
stimuli results in increased mitochondrial biogenesis, fatty acid B-oxi-
dation, and oxidative phosphorylation. Vice versa, in conditions like
cardiac hypertrophy, heart failure or in the fetal heart, where the ex-
pression of PGC-1 is decreased, also fatty acid B-oxidation and mi-
tochondrial biogenesis are impaired [79].

Because of its immense requirement for nutrients and oxygen, the
heart contains a very high content of mitochondria in comparison with
other organs. Mitochondria are at the same time the main source of
energy and the largest source of intracellular ROS in cardiomyocytes, as
superoxide is continuously formed at sites within the electron transport
system during oxidative phosphorylation [80]. Thus, due to these
characteristics mitochondria are presumably the largest endogenous
source of lipid peroxidation in the heart. Although these organelles
have robust antioxidant and detoxification systems, ensuring that lipid
peroxidation and levels of reactive aldehydes are kept at sub-toxic le-
vels, over time, and under various pathological states, these antioxidant
and aldehyde detoxification systems become compromised (reviewed in
Ref. [81]). Thus, the resulting accumulation of lipid peroxidation pro-
ducts has profound consequences for the function of mitochondria, the
cardiomyocytes, and the heart.

The molecular targets of lipid oxidation are firstly the membrane of
mitochondria, which are particularly enriched of cardiolipin, a highly
unsaturated phospholipid specifically localized to this compartment,
constituting ~20% of the local lipids [82]. Cardiolipin that ensures the
efficient function of the electron transport chain complexes, diminishes
dramatically in robust lipid peroxidation conditions [82], and de-
creased levels of cardiolipin have been observed in many pathological
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conditions including aging, Barth syndrome, heart failure, ischemia/
reperfusion injury, diabetes, and neurodegenerative diseases [82].

Lipid peroxidation products exert many effects on cardiomyocytes,
usually detrimental [81]. For example, ACR, the simplest unsaturated
aldehyde, that is produced widely in different tissues and is found
ubiquitously in the environment as a pollutant, induces contractile
dysfunction, Ca®>* anomalies, and apoptosis in in vitro cultured cardi-
omyocytes [83,84].

Similarly to ACR, trans-2-hexenal is an endogenous product of lipid
peroxidation [85-87], as well as a ubiquitous pollutant, which has
potent effects on cardiac function [88]. Trans-2-hexenal exposure re-
sults in direct cardiac toxicity through, at least in part, induction of
mitochondrial cytochrome c release-mediated apoptosis in murine
cardiomyocytes [88].

Interestingly, 4-HNE has been widely accepted as an inducer and
mediator of oxidative stress [89], but it is also able, depending on its
concentration, to elicit an adaptive response and to protect cells against
the oxidative stress through signaling pathways activation and mod-
ulation of transcriptional activity (reviewed in Ref. [90]). For example,
4-HNE protects rat neonatal ventricular myocytes against cardiac
ischemia/reperfusion (IR) injury via the Nrf2-dependent pathway
[91,92].

2.3. The epicardial adipose tissue

Recent studies renewed the importance of ectopic myocardial lipids
as the result of the rapid development in the field of non-invasive
imaging, which has made possible the quantitation of cardiac fat de-
posit with high accuracy. The epicardial adipose tissue (EAT), localized
between the myocardial surface and the visceral layer of the peri-
cardium, originates from mesodermal cells and is similar to the visceral
fat; conversely, the pericardial fat, which has an ectodermal origin, is
similar to the subcutaneous fat. This distinction is of great clinical
importance [93]. EAT functions span from a mechanical protection role
with attenuation of the torsion developed by the myocardium during
the contraction, to a role as energy provider [93]. Further, EAT can
potentially protect the heart from the cardiotoxic effect of the large
amount of FFA due to its capacity to rapidly uptake them; additionally,
it represents a paracrine and vasocrine source of inflammatory media-
tors and adipokines. Adiponectin secreted by EAT improves endothelial
function through stimulation of nitrogen monoxide synthase, and re-
duces oxidative stress and inflammatory cytokines [94]. These prop-
erties, and the close proximity to coronary arteries, raised the hy-
pothesis for a direct role of EAT in the development and progression of
coronary atherosclerosis [95]. Indeed, a number of cardiovascular
diseases, such as coronary artery disease, atrial fibrillation, type 2
diabetes or insulin resistance syndrome, are all associated with an in-
creased amount of epicardial fat (reviewed in Ref. [93]). In this regard,
epicardial adipose tissue can contribute increasing oxidative stress.
Indeed, it has been shown that the epicardial adipose tissue has more
oxidative stress markers than the subcutaneous (SC) adipose tissue in a
study conducted with proteomic analysis [96]. Further, EAT may cause
an increased risk of cardiovascular diseases by leading to increased
oxidative stress in patients with metabolic syndrome [97].

2.4. Adipose tissue

The adipose tissue has recently been reconsidered from a relatively
inert organ with a primary role as a storage depot for excess energy, in
the form of triglycerides, to a metabolically active organ involved in
cross-talk between various systems [98]. Indeed, recently, the term
“adiposopathy” has been coined [98]. The central dogma of adiposo-
pathy is based on a shift to visceral adipose tissue distribution (in-
traperitoneal and retroperitoneal spaces), an onset of ectopic fat de-
position (fat store in the liver, pancreas, heart, and skeletal muscle), a
dysregulation of the inflammatory and adipokine system, and an insulin
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resistance.

The adipose tissue, which represents one of the largest body com-
partments, is classified according to its anatomical location and related
functions, and still, an accepted taxonomy is lacking. For example, SC
adipose tissue, which mostly contains white adipocytes enriched in
triglycerides, stores lipids at a variety of anatomical sites that differ in
metabolic and physiological characteristics [99]. On the other hand,
visceral adipose tissue is a smaller storage compartment for lipids and it
is mechanistically linked to many of the metabolic disturbances and
adverse outcomes associated with obesity [100].

The perturbation of the adipose tissue results in a pathological re-
sponse that directly or indirectly contributes to cardiovascular and
metabolic diseases. Cardiovascular disease mortality and morbidity
have been shown to be high in individuals who are overweight, mainly
with central deposition of adipose tissues [101]. Obesity could be as-
sociated with dyslipidemia, hypertension, diabetes, or insulin re-
sistance, and high levels of fibrinogen and C-reactive protein, all of
which increase the risk of CVD events [102]. The distribution and the
amount of adipose tissue can influence the synthesis and secretion of
adipokines and hormones provoking an inflammatory state, and the
hydrolysis of triglycerides present in the adipocytes releases free fatty
acids which are poured into the plasma. An excessive adiposity causes
an increase in the size of liposomes in hepatocytes (steatosis), which
leads to a series of pathological states, including nonalcoholic fatty liver
disease, steatohepatitis, and cirrhosis, and it can also cause an accu-
mulation of lipid intermediates (e.g., ceramides) in some non-adipose
tissues, with cellular dysfunction and apoptosis, due to lipotoxicity
(reviewed in Ref. [100]).

Oxidative stress in human and murine adipose tissue, as well as in
cultured 3T3-L1 adipocytes, alters the release of adipokines, such as
adiponectin and tumor necrosis factor a [103,104]. Further, the mod-
ification of adipose proteins by lipid peroxidation products could be one
of the contributing factors linking oxidative stress to insulin resistance.
Among lipid peroxidation products, oxysterols and 4-HNE received
most attention since cross-sectional studies and experimental data in-
dicate their mechanistic implication in the pathophysiology of obesity-
linked metabolic diseases (reviewed in Ref. [105]).

In animal models, adipose 4-HNE accumulation per se was shown
either to promote the obese state or to induce the development of in-
sulin resistance, through carbonylation of key adipocytes proteins in-
volved in lipid metabolism [106]. For example, the adipocyte fatty
acid-binding protein, a protein implicated in the regulation of insulin
resistance, after modification, reduces its affinity for fatty acids, ap-
proximately 10-fold [107]. Furthermore, the exposure of adipose cells
to 4-HNE led to a dysfunctional phenotype characterized by an im-
pairment of the insulin signaling, increased lactate and reduced adi-
ponectin production, all features typical of insulin resistance devel-
oping [104].

Finally, in differentiating (pre)adipocytes, oxidative stress can in-
duce intracellular 4-HNE production, which, in turn, by activating the
MAPK pathway, inhibits adipocyte differentiation, fostering the noxious
effect of 4-HNE on adipose homeostasis [108].

Recently, it has been shown that long-term treatment of human
primary pre-adipocytes, isolated from SC adipose tissues of obese sub-
jects with physiological concentrations of 4-HNE (up to 10 pM) causes
increased oxidative stress, inhibition of cell growth, loss of adipogenic
capacity and induction of insulin resistance, thus highlighting the cru-
cial role of 4-HNE in the progression obesity-associated metabolic
syndrome [109].

3. Molecular and cellular effects of lipid peroxidation products

Lipid peroxidation products are involved in inflammatory processes,
cell proliferation, and viability, and have specific roles in signaling
cascades that activate an adaptive response to oxidative damage in
order to improve the physiological antioxidant defenses. Shreds of
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evidence suggest that 4-HNE is able to activate uncoupling proteins
(UCPs) in the mitochondria, inducing negative feedback to lower
proton motive forces and to protect the cells from oxidative damage
[7,110]. Moreover, lipid peroxidation products can also activate tran-
scription factors, such as Nrf2, through the modification of its in-
hibitory protein Keapl, inducing genes that modulate the antioxidant
response of the cell [7,111].

It has been demonstrated, however, that the effects of lipid perox-
idation products are finely tuned and concentration-dependent. Indeed,
at a lower concentration, they could have beneficial effects, inducing
for example cell growth through epidermal growth factor receptor
(EGFR) or platelet-derived growth factor receptor (PDGFR), while, at
higher concentration, they can inhibit proliferation and even induce
apoptosis [112,113].

Further, oxPLs can exert a variety of biological effects that are dif-
ferent from those of free fatty acids derived from their degradation and
are concentration- and cell-type-dependent [114]. They can alter the
physical properties of the cell membrane, due to the different chemical-
physical characteristics (polarity and shape) in comparison with the
corresponding native phospholipids, influencing also the functions of
the membrane-bound protein involved, for example, in ion transport
[31].

OxPL can be recognized by cell surface receptors, including the
scavenger receptor for recognition and uptake of oxLDL, CD36, or toll-
like receptors (TLRs), or with circulating LPS binding protein or CD14
[31], activating a cascade of events. These interactions can partially
explain their involvement in complex processes ranging from in-
flammation to apoptosis, affecting endothelial cells, smooth muscle
cells and macrophages, as summarized by Fruhwirth et al. [31,115].

However, the ability of lipid peroxidation products to interact with
different types of macromolecules, including DNA, phospholipids, and
proteins, gives rise to a plethora of biological effects, due to molecular
damages.

DNA modification induced by lipid peroxidation products could be
repaired by the cells through a nucleotide excision repair pathway, as
described for etheno-DNA adducts with 4-HNE [116]. However, these
adducts can cause DNA damage associated with carcinogenic effects
and profound alterations of the signal transduction pathways involved
in particular, in the control of the cell cycle and gene expression [8]. In
the context of cardiovascular diseases, oxidative DNA damage could
induce apoptosis and regulate angiogenesis [117] and it has been de-
monstrated that lipid peroxidation-derived etheno-DNA adducts are
present in human atherosclerotic lesions [118].

Phospholipids modifications can result in changes of their physical
properties and turnover, leading to an altered distribution of amino-
phospholipids among the cellular or subcellular membranes with po-
tential effects on the activity of proteins that interact with phospholi-
pids [7]. Further, oxidized phospholipids are also involved in protein
modifications, as demonstrated by Horkko et al. who showed that ad-
ducts of oxidized phosphatidylcholine with ApoB-100, the major pro-
tein of LDL, modulate the lipoprotein uptake by macrophages [45].

Protein lipoxidation can occur on different proteins in relation to
the presence of residues susceptible to the formation of adducts with
lipid peroxidation products, but also to their molecular conformation
and the presence of metal binding sites. These modifications can alter
both the structure and the function of the modified proteins influencing
their physico-chemical characteristics, their degradation and trafficking
introducing crosslinking or even stimulating an autoimmune response
[71, as described in details for 4-HNE-modified proteins by Schaur et al.
[119].

One of the most studied targets of lipoxidation is represented by
LDLs considering the role of oxLDL in several pathological processes
including atherosclerosis. Several adducts have been identified with
MDA, 4-HNE, glyoxal or acrolein leading to a variety of biological and
atherogenic processes [112]. Additionally, protein oxidation by 4-HNE
on ApoAl, the principal protein component of HDL, has been associated
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with a decrease in cholesterol transport function and anti-inflammatory
properties of these lipoproteins [120].

Of note, one of the mechanisms of degradation of 4-HNE-modified
proteins is mediated by the proteasome, but some protein components
of the proteasome have been identified as specific targets of these
modifications with a consequent loss of function of the entire protea-
some system and accumulation of modified proteins [13].

Regarding the protein modifications due to the formation of adducts
with oxidized phospholipids, the literature is sparse, especially re-
garding the mapping of these adducts in vivo, even if the role of phos-
pholipid oxidation products in several diseases, including athero-
thrombosis, has been extensively documented, mainly using antibodies
against oxidized phospholipid adducts [11].

Protein adducts can also be formed with prostaglandins, mainly the
cyclopentenone prostaglandin (CyPG), a molecule involved in the re-
sponse to oxidative stress and in the resolution of inflammatory pro-
cesses. It covalently reacts with proteins generating irreversible ad-
ducts, as demonstrated for various proteins involved in the NF-kB
signaling cascade, including IkB kinase B (IKKf), p65 and p50 subunits
of NF-kB [121-123] or PPARY, whose modification is necessary for the
conformational changes of the receptors and the binding with the
coactivator [10,124].

4. Involvement of lipid peroxidation in cardiovascular
complications of systemic diseases

Obesity, metabolic syndrome, and diabetes are the major cardio-
vascular disease risk factors, including coronary heart disease, atrial
fibrillation, ventricular arrhythmias and heart failure.

The association between obesity and different cardiovascular dis-
eases is complex, but it is well known that obesity can cause coronary
atherosclerosis through dyslipidemia, hypertension, and diabetes mel-
litus 2, as well as other factors like subclinical inflammation, increased
free fatty acid turnover, intramyocardial and subepicardial fat deposi-
tion, elevated leptin and insulin concentrations [125]. Systemic al-
terations involved in obesity are increased oxidative damage to proteins
and lipids, and severe inflammation as indicated by elevated levels of
TNF, interleukin-1f3 and other pro-inflammatory cytokines [126]. Oxi-
dative stress and inflammation are concurrent processes in many tissues
that are affected because oxidative stress induces inflammatory cyto-
kines production that in turn promote ROS generation [127]. Levels of
4-HNE are increased in the blood and muscle tissue of obese subjects in
comparison to normal weight subjects [127,128]. Enhanced levels of 4-
HNE are also present in adipocytes in obese subjects, where they impair
the function of proteins responsible for lipid synthesis and suppression
of inflammation [107]. Moreover, it has been demonstrated that high
intracellular 4-HNE in adipocyte causes enhanced lipolysis through
multifactorial mechanisms, which is the major feature in obesity-re-
lated metabolic disorders [129].

Oxidative stress is closely related to glycation: free radical oxidation
of glycated residues in proteins generates a permanent and irreversible
modification. This process is known as glycoxidation and it is involved
in the complications associated with several disorders including dia-
betes, cardiovascular disease and other several forms of cancer [130].

Both glycoxidation and lipoxidation of vascular wall structural
proteins are also implicated in diabetes. Hyperglycemia-induced in-
crease in the production of oxidants and other reactive intermediates is
a key mechanism for the development and progression of endothelial
dysfunction in diabetic patients [126]. Although oxidative stress has a
known important role in diabetic complications and atherosclerosis, it
is not clear whether oxidative stress is a primary event that is present at
early disease stage or whether it represents a secondary event that is a
consequence of the end-stage tissue damage. Glycoxidation products in
collagen have been demonstrated to minimize the NO activity, which
alters vascular tone and perfusion, and contribute to hypertension. High
aortic stiffness has been reported in diabetic patients and it is associated
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with increased cross-linking of connective tissue proteins. Glycated
collagen specifically binds LDL compared to control collagen, and this
increased LDL trapping by AGEs accelerates the atherosclerosis devel-
opment in patients with diabetes mellitus [131]. Dyslipidemia is a
common feature in diabetic patients and elevated levels of plasma li-
poproteins might contribute to lipoxidation. AGE lipids have been de-
tected in diabetic plasma lipoproteins and isoprostanes levels are high
in diabetic patients [132,133].

5. Methods for identification and quantitation of lipid
peroxidation products: strategies and challenges

Lipid peroxidation products can be identified in the free form, but
they are more likely to be present in biological samples as covalent
adducts with proteins, DNA or aminophospholipids.

Methods for the detection and quantification of free lipid perox-
idation products include spectrophotometric methods and gas or liquid
chromatography (GC and LC, respectively) coupled to mass spectro-
metry (MS). However, most attention has been focused in recent years
on detecting and quantifying adducts with proteins by employing two
main approaches: antibody-dependent techniques and proteomic
methods based on MS. Currently, MS is the method of choice for the
identification of protein-lipid adducts, because it is possible to detect
the mass shift caused by the adducts and to acquire fragmentation
spectra that can be used for the identification of specific fragment ions
(i.e. reporter ions) for each modified amino acid within the protein
sequence [134]. Of course, a method for enriching adducted proteins
over non-adducted proteins prior to LC-MS/MS analysis would enhance
the overall identification of lower abundance protein compounds.

Many pre-analytical factors can influence the analysis of lipid per-
oxidation products in plasma, serum, and tissue [135]. Lipid perox-
idation product concentrations can be higher than the real physiolo-
gical amounts, due to their artefactual formation that depends on
storage time/conditions. The use of antioxidants, such as butylated
hydroxytoluene (BHT), or the use of COX inhibitors to block the en-
zymatic formation, can be possible strategies to avoid/minimize ex vivo
formation. Accurate and standardized protocols are essential to control
the adverse effects of pre-analytical issues on lipid peroxidation product
measurements.

Most common technologies for detecting and quantifying the prin-
cipal lipid peroxidation products and their protein adducts are sum-
marized in Table 1.

5.1. 4-Hydroxy-2-nonenal analysis

Several methods are available to detect and study both free 4-HNE
and 4-HNE-protein adducts (Table 1). Methods for detection and
quantitation of free 4-HNE include spectrophotometric methods and
mass spectrometry analysis [136]. 4-HNE can be separated from other
aldehydes by high performance liquid chromatography (HPCL) and
quantified by spectrophotometrically monitoring. Anyway, in complex
biological samples, specific carbonyl-reactive probes are commonly
used, such as 2,4-dinitrophenylhydrazine (DNPH), biotin-containing
probes, fluorescence probes (e.g. 1,3-cyclohexandione (CHD)) [137]
and tritiated sodium borohydride [138].

Instead of UV, MS can be applied for the identification of the
compound based on its fragmentation pattern. In particular, GC-MS
analysis is able to detect and quantify derivatized 4-HNE in negative ion
chemical ionization mode using a deuterated 4-HNE as internal stan-
dard [139]. In order to avoid losses during sample preparation, many
isotopic internal standards have been used till now, such as 2,5-dihy-
droxy-benzaldehyde (2,5-DBA) [140], 4-hydroxybenzaldehyde (4-HBA)
[141] and pentafluorobenzylhydroxylamine-HCI [139]. Instead, LC-MS
analysis does not necessarily require derivatization, so the sample
preparation is less complex and prone to pre-analytical errors during
the manipulation [142,143].
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However, the majority of 4-HNE is present as adducts of a variety of
biomolecules and many reviews reported the main analytical ap-
proaches used to detect them (e.g. Refs. [10,144,145]). The two pos-
sible approaches to detect 4-HNE adducts are immunochemical tech-
niques and MS analysis. Sometimes, a reduction step with borohydride
is required to stabilize the Schiff bases or Michael adducts before the
analysis.

Immunohistochemistry/immunocytochemistry approaches detect 4-
HNE bound to histidine and the distribution of the 4-HNE-histidine
adducts in cells and tissues using antibodies [146]. The advantage of
immunohistochemistry is to evaluate the distribution of 4-HNE-protein
conjugates, but their quantitation can be estimated only semi-quanti-
tatively [147].

Several antibodies for the 4-HNE adducts identification have been
developed over the years [136,146]. In 1990, Palinski et al. developed
polyvalent and monoclonal antibodies against sodium cyanoborohy-
dride-reduced 4-HNE-treated LDL and these antibodies were able to
recognize 4-HNE-lysine adducts on apolipoprotein B (ApoB) that were
produced during copper-induced oxidation of LDL in vitro [148]. A few
years later [149], a polyvalent antiserum to human 4-HNE-LDL mod-
ified under non-reducing conditions, also showed in vivo the recognition
of copper-oxidized LDL and cross-reactivity with 4-HNE-albumin and a
lower extent 4-HNE-HDL. Uchida et al. produced monoclonal anti-
bodies that reacted strongly with 4-HNE-treated proteins and im-
munohistochemical analysis of atherosclerotic lesions of human aorta
demonstrated their specific reactivity with epitopes present in the foam
cells [150]. Later, Itakura's group developed a monoclonal antibody
directed to a fluorescent derivative of 4-HNE with Lys residue [151]
and reported the presence of the fluorophore in atherosclerotic lesions
from the human aorta and in the oxidatively modified LDL. However,
another study demonstrated that the majority of the epitopes on the
oxidatively modified LDL were 4-HNE-histidine adducts [152]; this is
also the case of other 4-HNE adducts on various proteins analyzed,
suggesting that 4-HNE-histidine adducts could be the major bioactive
form of 4-HNE interactions with proteins and peptides.

Another antibody-based approach to estimate the amounts of 4-
HNE-protein conjugates is the Western-blot method, which, being a
semi-quantitative immunochemical analysis [153,154], is not a stan-
dardized and precise method, and provides only an approximate
quantitation [155].

Over the years, the enzyme-linked immunosorbent assay (ELISA)
technique has given rise to great interest for the analysis of 4-HNE-
protein adducts. An ELISA method was developed to detect 4-HNE-
histidine adducts in human lysates of cells subjected to slight or severe
oxidative stress [147], and it was also adapted to a commercial anti-
body for the analysis of human plasma samples [156].

Labelling approaches have been used to determine the 4-HNE-pro-
tein conjugates in several studies, combined with MS techniques that
were required for the identification of the tagged 4-HNE-protein ad-
ducts. While the use of 4-HNE-antibodies in ELISAs and im-
munostaining allows only the detection and quantitation of adducts, the
MS provides also a characterization of 4-HNE adducts. Matrix assisted
laser-desorption ionization-time of flight (MALDI-TOF) MS has been
used for 4-HNE-adducts detection in biological samples by the increase
in mass to charge (m/z) ratio of the peptide compared to the native
form (i.e. an increased mass of 138 Da by Schiff's base formation or
156 Da by Michael addition [145,157]). Additionally, MS/MS analysis
allows sequencing of proteins and identification of the modification
sites [136]. However, the analysis is more complicated when reduced
products of the sample, due to the treatment with sodium borohydride
or cyanoborohydride, or structural rearrangements occur, and a further
increase of the mass should be considered. As an example, Arcaro et al.
observed by two-dimensional electrophoresis (2DE) and MALDI-TOF
MS that the exposure of human promyelocytic HL-60 cells to non-toxic
doses of 4-HNE resulted in a heat shock 60kDa protein 1 (HSP60)
modification by 4-HNE, and suggested a possible involvement of the
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HSP60 modification with 4-HNE in the pathogenesis of atherosclerosis
[154].

Several proteomic studies on the 4-HNE-protein adducts have been
also performed by LC-MS/MS. Methods for enriching 4-HNE-adducted
proteins over non-adducted proteins prior to LC-MS/MS analysis often
enhance the overall identification of lower abundance protein adducts
in biological samples. The use of azido and alkynyl derivatives in
combination with click chemistry has been proven to be an efficient
approach for the identification of the protein targets of 4-HNE prior to
LC-MS/MS analysis [158]. Some years later, a study demonstrated the
possibility to use stable-isotope tagging followed by enrichment of 4-
HNE-modified peptides by solid-phase hydrazide chemistry and com-
bined with LC-MS/MS analysis for quantitation of 4-HNE-modified
proteins in plasma samples [159]. In the same year, Chavez et al. re-
ported the identification of endogenous protein targets of several
electrophilic 2-alkenals, among which 4-HNE, in cardiac mitochondria
by using a chemical aldehyde/keto specific labeling and affinity
strategy in combination with LC-MS/MS [160]. In addition, 2DE fol-
lowed by LC-ESI-MS/MS has been successfully applied to identify 4-
HNE modified [161,162]. Increased levels of 4-HNE-modified proteins
have been detected both in animal models and patients with heart
failure (HF). For example, 4-HNE-protein adducts were significantly
increased in the left ventricular myocardium of HF dogs [163] or in the
myocardium from rats with HF [164]. In humans, 4-HNE-modified
proteins have been found in the myocardium from patients with dilated
cardiomyopathy [165]. Moreover, significantly higher 4-HNE plasma
levels have been observed in HF patients with respect to healthy sub-
jects. Increased 4-HNE levels correlated with higher heart rate and
impaired left ventricular contractility [166].

5.2. Malondialdehyde analysis

The analytical strategies to analyze MDA, free or bound to proteins,
can be divided into derivatization-based and label-free methods
(Table 1). In particular, these strategies have been implemented with
separation techniques such as LC or GC, in order to facilitate MDA
measurement [167]. Methods which require an acidic or basic sample
pre-treatment, or the use of strong acids to precipitate the protein
fraction, are able to hydrolyze the bound MDA and provide an assess-
ment of the total MDA.

Many derivatization-based assays have been developed for the de-
tection of MDA, among which the most frequently used and simplest is
TBARS assay (thiobarbituric acid reactive substances assay) in which
thiobarbituric acid (TBA) reacts with MDA to obtain a colored chro-
mogen fluorescent red adduct [18,168]. However, TBARS assay is un-
specific which has led to important controversy over its use for quan-
tification of MDA from in vivo samples [2]. Indeed, TBA may react with
many other compounds in addition to MDA [169] and the condensation
process may generate further oxidation of the matrix with consequently
an overestimation of the quantitative results. Aimed to reduce the
matrix oxidation, the precipitation of protein prior to the TBA reaction
is often applied as a pre-treatment of the sample [18].

Over the years, different methods based on TBA derivatization have
been proposed, in order to improve specificity, selectivity and to obtain
accurate quantification of MDA [170-172]. An interesting on-line
analytical system that involves the use of microdialysis perfusion, on-
line derivatization, and HPLC analysis was developed for the con-
tinuous monitoring of MDA [173], and similarly, an on-line micro-
dialysis sampling system coupled with an HPLC system was also pro-
posed for the simultaneous determination of ofloxacin (OFL) and MDA
in whole blood [174]. Cooley et al. described a capillary electrophoresis
(CE)-fluorescence method combined with in vivo microdialysis sampling
[170] to quantify MDA in rat heart, muscle, liver, and brain dialysate.

Since TBARS assay failed to distinguish free and bound MDA and it
is intrinsically unspecific, several alternative approaches have been
proposed [175]. Hydrazine-based derivatization reagents, such as
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DNPH [176-179], FMOC-hydrazine [180] or dansylhydrazine [181],
have been used in the analysis of MDA by LC- or GC-MS. Non-hy-
drazine-based reagents have been also employed for the measurement
of MDA: 1-methyl-2-phenylindole [182,183], diaminonaphthalene
[184] and 2-aminoacridone [185].

Besides the use of LC-ultraviolet (LC-UV) and LC-fluorescence de-
tection (LC-FD) for the MDA derivatives analysis, also LC-MS/MS-based
strategies have been reported in several studies. For example, alternate
isotope-coded derivatization assay (AIDA) and the reagent 4-(2-(tri-
methylammonio)ethoxy)benzenaminium halide (4-APC) have been
proposed for the quantitative analysis of MDA and other aldehydes
using LC-MS/MS [186-188]. Other hydrazine labels, such as 2,4,6-tri-
chlorophenylhydrazine [189] and 2,2,2-trifluoroethylhydrazine [190],
have been widely used also for the GC-based methodologies. Similarly,
the analysis of MDA by GC-MS and GC-MS/MS has been reported using
non-hydrazine-based reagents [175,191].

On the other hand, label-free analysis of free MDA is possible and
ranges from UV-based methodologies to LC-MS/MS technique.
However, the UV detection of MDA has poor sensitivity and selectivity
when the analysis of complex biological matrices is performed and,
thus, a separation technique by LC [192] or CE [193] is required in
order to simplify the UV-absorbance.

LC-MS/MS technique using selected reaction monitoring/multiple
reaction monitoring (SRM/MRM) has been applied in several studies for
precise quantitation of MDA in biological fluids, coupled with a SPE for
a pre-treatment of the biological fluids before SRM [194] or using 3-
nitrophenylhydrazine chemical derivatization and isotope-labeling
[195]. Recently, Tsikas et al. applied GC-MS/MS technique to analyze
simultaneously MDA and 4-HNE in human serum and plasma, from
patients with coronary or peripheral artery disease, after administration
of L-arginine [196].

In the cardiac context, in vitro studies with isolated adult rat ven-
tricular myocytes demonstrated that MDA impairs cardiac contraction
and maximal velocity of cardiac contraction and relaxation [197].
Moreover, plasma MDA levels have been found to be significantly ele-
vated in HF patients [198,199]. HF patients with raised MDA plasma
levels presented reduced left ventricular ejection fraction [199] and a
higher NYHA functional class [200]. Additionally, high plasma MDA
levels were a significant independent predictor of mortality in HF pa-
tients [201].

5.3. Acrolein analysis

To date, several methods have been developed for the estimation of
ACR levels in biological samples, as reported in Table 1. The conven-
tional method for detecting free ACR in biological samples is the
fluorescence analysis based on the Skraup reaction with m-amino-
phenol [202,203] or using a lanthanide probe [204]. A less expensive
and practical fluorescence-based method, using a two-step tethering
strategy, for the detection of ACR in human plasma under mild condi-
tions without the use of HPLC, has been also developed [205]. In other
studies, HPLC-fluorescence detection in combination with a derivati-
zation reaction was used for the accurate quantification of ACR in
human serum and plasma samples [206-208].

ACR-protein adducts or -DNA adducts can be detected using
monoclonal antibodies [209-211], which allow the detection of con-
jugates using gel-based approaches. However, the method is time-con-
suming and site-specific characterization of oxidative modifications is
often not possible with gel-based techniques.

MS-based methods were successfully applied to determine ACR
using GC-MS [212] or LC-MS/MS [134,213] and mostly DNPH as a
derivatization reagent [214]. However, Imazato et al. developed a
method for ACR analysis by HPLC with fluorescence detection after pre-
column derivatization using 1,2-diamino-4,5-dimethoxybenzen (DDB)
[208], which is not a hydrazine reagent and does not have intrinsic
fluorescence itself that can interfere with the detection of ACR
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derivative.
Alternatively, HPLC with electrochemical detection method allowed
the determination of ACR without any derivatization step [215].
Finally, in 2011, Wu et al. developed an analytical approach that
combines the identification and relative quantification of ACR-modified
proteins in cardiac mitochondrial proteome samples by nanoLC-MS/MS
SRM analysis [216].

5.4. Isoprostanes analysis

The measurement of IsoPs is considered the most reliable index for
the assessment of lipid peroxidation in humans [217,218]. In humans,
F2-IsoPs are usually measured in plasma and urine, but they can be also
measured in other biological fluids (e.g. exhaled breath condensate,
amniotic fluid, and saliva) or tissue homogenate [219]. Particular care
must be taken during plasma collection and storage for F2-IsoPs ana-
lysis because isoprostanes can be also produced in plasma from ex vivo
oxidation of AA [220]. Indeed, in order to minimize artefactual eleva-
tion of plasma F2-IsoPs, Barden et al. recommended blood collection
into EDTA tubes containing the antioxidants BHT and reduced glu-
tathione (GSH), in addition to storage at —80 °C [221]. Several other
factors are important to consider when measuring F2-IsoPs and include
the timing of sample collection, the optimal sample matrix and some
key issues regarding their hydrolysis, excretion, and metabolism [222].

Commercially available ELISA kits [223-225] or mass spectrometry
combined with gas [226,227] or liquid chromatography [228] are
employed for the measurement of F2-IsoPs (Table 1).

Anyway, the comparison between commercially available ELISA
kits provided very poor correlation and different results compared to
LC/LC-MS/MS approach [218]. GC-MS/MS and LC-MS/MS provide
indeed more accurate measurements [229], but often require multiple
extraction and purification methods before the analysis. Moreover, the
GC-MS approach involves derivatization steps to facilitate the following
MS detection.

The extraction from biological samples is very important and sev-
eral approaches are available including solid phase extraction (SPE)
[230], liquid-liquid extraction (LLE) [219,231], affinity column [232],
thin-layer chromatography (TLC) [233], silica cartridges [234] and
hydrophilic-lipophilic balanced (HLB) cartridges [235]. In 2010, Taylor
et al. developed and validated a reproducible and sensitive method for
the extraction of 15-series F2-IsoPs from plasma samples, applying a
combination of SPE and LLE to obtain a cleaner and more easily con-
centrated extract and reducing the HPLC separation time, before MRM
analysis [236]. Some years later, a LLE method using negative chemical
ionization GC-MS/MS have been proposed for the measurement of total
isoprostanes in plasma and tissue homogenates, allowing the quantifi-
cation of both free and esterified isoprostanes in order to have a correct
estimation of the oxidative status [219].

In general, a known amount of deuterated internal standards is
commonly added in sample preparation, before the purification steps,
in order to obtain absolute quantification of the isoprostanes [237], and
LC-MS/MS using MRM can yield an accurate measurement monitoring
multiple pairs of transition mass ions [238-240].

5.5. oxPLs analysis

As shown in Table 1, analytical approaches to measure oxPLs in-
clude spectroscopy methods, immunoassays, colorimetric assays, and
mass spectrometry, mainly coupled with different separation techni-
ques [114].

When oxPLs are initially generated by radical attack they can be
analyzed by electron spin resonance (ESR) [241], but due to the diffi-
culties of this approach, colorimetric or fluorimetric assays are pre-
ferred for complex biological samples. Hydroperoxy groups can be
evaluated with iodometric titration, ferrous oxidation-xylenol orange
(FOX) assay or isoluminol-dependent assay. Alternatively, DNPH or

Redox Biology xxx (xxxx) XXxx

pentafluorobenzyl hydroxylamine can be employed for the detection of
aldehydes or ketones on phospholipids [114]. Of note, these methods
can be coupled with tissue imaging as demonstrated for diphenyl-1-
pyrenylphosphine (DPPP), a suitable fluorescent probe to monitor lipid
peroxidation within cell membranes specifically [242]. In particular,
lipid peroxidation was evidenced by DPPP fluorescence with micro-
scopy techniques in isolated ischemic rat lungs perfused with DPPP,
evaluating also its co-localization with an endothelial cell marker, Dil-
acetylated LDL [243].

In order to improve the specificity of these assays, especially in
complex samples, separation steps have been also introduced based on
TLC, GC or HPLC interfaced with different detectors [114].

Immunoassays have been extensively applied for the analysis of
oxidized phospholipids in biological samples since the introduction of
the EO series of antibodies against oxidized phosphatidylcholine, gen-
erated from apoE-deficient mice. In particular, the E06 antibody has
been used to detect oxPLs both in their free or protein-bound forms [31]
and has been extensively employed in the field of atherosclerosis.
Further, it has also been suggested as a potential therapy to counteract
the in vivo effects of 0xPLs, not only in atherosclerosis but also in aortic
stenosis or hepatic steatosis [46].

MS-based methods, such as MALDI-TOF or LC-ESI-MS/MS, offer the
advantages of less handling artifacts and more structural information.
Despite some studies have been performed by MALDI-TOF to identify
oxidized phospholipids [244], the lack of the possibility to separate
lipids before MS reduces their applicability to complex samples. How-
ever, it is worth noting the possibility to couple MALDI with imaging
techniques allowing also the precise localization of the specific species
[245].

Interestingly, Stubiger et al. used a MALDI-TOF-MS/MS approach to
profile atherogenic phospholipids in human plasma and lipoproteins of
hyperlipidemic patients and evidenced a positive correlation between
0xPCs and markers of CVD, such as the intimal medial thickness that is
considered an early marker in this young population [246].

Recently, Gao et al. presented the first systematic investigation of
HDL apolipoproteins modifications by exposure to endogenous oxPLs in
vitro [247]. They made a comparison of oxPLs with short-chain alde-
hyde 4-HNE using MALDI-TOF MS and demonstrated the high se-
lectivity and efficiency of oxPLs in the modification of HDL apoproteins,
providing novel insights into the mechanisms of the loss of HDL
atheroprotective capacity.

On the other hand, ESI-MS can be easily coupled to HPLC separation
at least to separate different classes of lipids, even if it does not resolve
oxidation products from their precursors, and it is still the most con-
venient method in phospholipidomics [248]. Indeed, oxPLs have been
analyzed both with shotgun approaches, to have a global analysis of
phospholipids and oxPLs, and targeted MS approaches. These latter are
the most preferred approaches to deal with the low concentration of
oxPLs in vivo, thanks to their selectivity and sensitivity, even if they do
not provide a comprehensive analysis of all the species [248]. The main
reason for the failure of shotgun analysis has been the lack of bioin-
formatics tools for the identification of oxPLs. Novel bioinformatics
solutions have been recently proposed, for example, with the devel-
opment of the prediction software, LPPtiger, which can provide a
system view of oxidized forms of phospholipids for untargeted analysis
[249].

On the other hand, targeted approaches are largely used and are
mainly based on a precursor ion acquisition of m/z 184Da (phos-
phocholine headgroup) for the detection of PC and sphingomyelins, and
the neutral loss of water (—18 Da) for hydroxides and hydrogen per-
oxide (—34Da) for hydroperoxides derivatives [114]. Additionally,
MRM approaches have been applied to evaluate oxPE induced by li-
poxygenases, or the presence of oxPS, through the detection of the ty-
pical neutral loss of the phosphoserine headgroup (—87 Da) [114].
Novel strategies have been also developed to enrich oxidized LDL be-
fore MS analysis [250] or to introduce labeling of PE to increase the



E. Gianazza, et al.

signal intensity and allow a relative comparison of multiple samples
using deuterated forms [251].

6. Molecular strategies to prevent ALEs formation in the
cardiovascular system

Lipoxidation and, more specifically, ALEs are now considered not
only indexes of oxidative damage, but also potential drug targets, due
to their involvement in pathogenic mechanisms of oxidative-based
diseases, including diabetes, atherosclerosis, and neurological dis-
orders.

Identification of the products and sources of lipid peroxidation and
its enzymatic or non-enzymatic nature have been essential for the de-
sign of mechanism-based therapies. Indeed, several therapeutic strate-
gies, acting at different levels of the ALEs cascade, have been proposed
essentially blocking ALEs formation, but also their catabolism or the
resulting biological responses they induce (Fig. 4) [252].

6.1. Inhibition of ALEs formation

As described above, ALEs are generated through the covalent ad-
dition to specific nucleophilic amino acids of RCS, which are generated
by lipid peroxidation; thus, several approaches have been proposed to
reduce ALEs modulating RCS levels in different manners. Inhibition of
ALEs formation can be obtained both with indirect strategies, mainly
with antioxidants or metal ion chelators, or directly through RCS
quenching.

PUFA g
Inhibition of RCS
formation

Antioxidants
Natural flavonoids
Stobadine
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6.1.1. Antioxidants

Antioxidants are molecules that are able to prevent undesired oxi-
dation through their reaction with oxidants or oxidation intermediates.
In this category are included xenobiotics that potentiate the en-
dogenous detoxification machinery, which is composed of different
enzymes involved in the inactivation of RCS [252], such as natural
flavonoids and antioxidant micronutrients (i.e. B-carotene, retinol, vi-
tamin E, and vitamin C). Vitamin E is, indeed, able to scavenge lipid
peroxyl radicals, generating a tocopherol radical recycled to vitamin E
by lipoic acid and ascorbic acid, while vitamin C is more effective in
trapping oxygen, nitrogen and sulfhydryl radical reducing the genera-
tion of lipid hydroperoxide.

Among the antioxidant compounds able to inhibit lipid peroxida-
tion, pyridoindole stobadine was proposed due to its ability to not only
scavenge oxygen radicals but also to quench singlet oxygen, to repair
oxidized bases and to maintain oxidation of SH groups by one-electron
donation [253]. It has been demonstrated that stobadine is able to re-
duce both lipid peroxidation (i.e. conjugated dyene or MDA) [254] and
the consequent protein modifications induced by oxidative stress, and it
has been postulated as a novel cardioprotectant [253,255,256]. In vitro
studies demonstrated that stobadine decreased oxidation of LDL, both
at lipid and protein level, suggesting a role in atherosclerosis [255].
Moreover, studies performed in vitro or in animal models demonstrated
that stobadine could reduce the myocardium impairment attributable
to oxidative stress (e.g. myocardial infarction, hypoxia/reoxygenation,
catecholamine overexposure) [253] and is able to correct hyper-
triglyceridemia and hypercholesterolemia in diabetic rats [254]. Of
note, it has been demonstrated that the effects of stobadine can be

J oxLDL (e.g. atherosclerosis)

d myocardium impairment (e.g. myocardial
infarction, hypoxia/reoxygenation, catecholamine
overexposure)

Metal ion chelators
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»  Pyridoxamine
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Fig. 4. Strategies to prevent lipoxidation effects and their implication in cardiovascular diseases. ER, endoplasmic reticulum; LDL, low-density lipoproteins; PUFA,
polyunsaturated fatty acids; RCS, reactive carbonyl species; ALEs, advanced lipoxidation end-products.
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ameliorated by concomitant administration of other antioxidants, such
as vitamin E [256], and this is in line with the observation that in vivo
interactions of antioxidants with endogenous vitamins may contribute
to increasing the final antioxidant capacity [252,254]. Other anti-
oxidant compounds include BHT, or Trolox, a soluble analog of alpha-
tocopherol that has been shown also to contribute to the recycle of
stobadine [257].

Notwithstanding the protective effects of these antioxidant com-
pounds have been in vitro and in vivo demonstrated, a definitive con-
clusion regarding their clinical benefits is still lacking.

6.1.2. Metal ion chelators

ALE formation can also be inhibited by metal ion chelators or by
multifunctional agents that possess this ability to chelate metal ions,
which are the promoter of RCS formation, taking into consideration
that complete elimination of all metal ions should not be achieved.

Of note, chelation is one of the most common mechanism to inhibit
lipoxidation reactions utilized by many drugs employed to treat cardi-
ovascular diseases, such as angiotensin-converting enzyme (ACE) in-
hibitors, angiotensin receptor blockers, aldose reductase inhibitors,
hydralazine, and other advanced glycation end-products (AGE) in-
hibitors, including pyridoxamine, carnosine or metformin [252,258].
However, regarding AGE breakers, N-phenacylthiazolium bromide
(PTB) and its analogs, it has been demonstrated that chelating activity
could be prevalent at high concentrations, such as those used in in vitro
studies, but not at therapeutic concentrations in which the carbonyl
trapping activity resulted to be more important [259].

6.1.3. RCS quenchers

ALE formation could also be reduced by RCS quenchers, strong re-
active nucleophilic molecules that form covalent adducts with elec-
trophilic carbonyl derivatives, including dialdehydes, keto-aldehydes,
and o,B-unsaturated carbonyls. Classification of RCS quenchers is es-
sentially based on the number of functional groups and their chemical
nature: monoreactive quenchers include thiol-containing compounds,
B-dicarbonyl analogs, guanidine and hydrazine derivatives; poly-
reactive compounds are amino derivatives, heterocycle-based com-
pounds, phenols, and polyphenols. In general, monoreactive com-
pounds are characterized by a lower selectivity than polyreactive
molecules, which, on the other hand, display softer reactivity and do
not act against physiological carbonyls [252].

The most important example of thiol-containing carbonyl scavenger
is represented by the endogenous tripeptide y-L-glutamyl-L-cystei-
nylglycine (GSH), a known antioxidant characterized also by a marked
sulfur nucleophilicity that allows the formation of covalent adducts
with electrophilic compounds [260]. The detoxifying activity is exerted
by the mercapturic acid, which is generated after the loss of GSH
terminal residues and makes the quenched molecules more hydrophilic,
facilitating its secretion. GSH quenching activity could be spontaneous
or catalyzed by specific enzymes, glutathione-S-transferases, that are
upregulated by oxidative stress to improve detoxification of a,f-un-
saturated aldehydes, such as 4-HNE.

A similar quenching activity has also been demonstrated by free
cysteine and N-acetyl cysteine (NAC) [137]. NAC is known as a pre-
cursor of GSH as well as a direct antioxidant for some oxidant species,
such as NO, and HOX. It is also able to break disulfides, thus releasing
free thiols as well as reduced proteins [261], besides its activity in
preventing ALEs accumulation [262].

NAC is employed in several branches of medicine including cardi-
ology, where it has been increasingly used over the past decades,
especially to reduce reperfusion injury in the treatment of acute myo-
cardial infarction as demonstrated in several animal models [263]. In-
deed, a recent systematic review highlighted the ameliorative proper-
ties of NAC in preventing diabetes-induced cardiac damage through
inhibition of oxidative stress [264], together with several preclinical
studies supporting this effect. Reyes et al. demonstrated in a rat model
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of long-term ascending aortic stenosis NAC treatment resulted in a re-
duction of myocardial fibrosis during the transition from compensated
left ventricular (LV) hypertrophy to heart failure, paralleled by reduced
oxidative stress due to restored glutathione levels and reduced MDA
[265]. Giam et al. demonstrated that NAC could blunt cardiac fibrosis
and related remodeling in the setting of heart failure, in mice with
cardiomyopathy secondary to the cardiac-specific overexpression of
mammalian sterile 20-like kinase 1, and this effect was ascribed to re-
duced oxidative stress [266].

In addition, NAC has also been proposed for the treatment of
atherosclerosis. In in vitro studies, NAC inhibits lipoxidation- and oxi-
dized LDL-induced endoplasmic reticulum (ER) stress in human en-
dothelial cells implicated in atherogenesis [267]. Moreover, Cui et al.
demonstrated that NAC attenuates atherosclerosis and reduces LDL
oxidation in a mouse model of atherosclerosis represented by LDL re-
ceptor knockout mice. This effect was also evidenced in vivo in patients
with coronary artery disease in which oxidized LDL, and not native
LDL, were reduced by NAC [268]. Moreover, in ApoE deficient mice,
NAC was able to induce atherosclerotic plaque stabilization [269].

Among the monoreactive nitrogen-containing compounds, an im-
portant role is played by the hydrazine derivatives, which react both
with a,B-unsaturated aldehydes and dicarbonyls, even if with low se-
lectivity. This category includes several well-established vasodilators,
such as hydralazine, used as antihypertensive drugs, all with an ex-
cellent scavenging activity. Thus, several studies have been designed to
evaluate the effects of their scavenging activity in oxidative stress-based
diseases; for example, many hydrazine derivatives can reduce athero-
sclerotic lesion development through the carbonyl stress inhibition
[270,271]. In particular, Vindis et al. demonstrated that hydralazine
traps 4-HNE and reduces the formation of 4-HNE adducts on the pla-
telet-derived growth factor receptor-B (PDGF() in smooth muscle cells
treated in vitro with oxidized LDL. Moreover, this effect was also evi-
denced in vivo in hypercholesterolemic rabbits. Indeed, accumulation of
4-HNE-adducts on PDGF[} was increased in the aorta of hypercholes-
terolemic rabbits in comparison with normocholesterolemic rabbits, but
hydralazine was able to reduce them, mainly in the intima, with a
concomitant reduction of the extension of the atherosclerotic plaque
[272].

Similarly, aminoguanidine reduces modifications of LDL induced by
MDA, thereby preventing macrophage uptake and degradation of oxi-
dized LDL [273], even if this protective effect could be also ascribed to
the antioxidant properties of aminoguanidine, not only to its activity as
RCS quencher [112].

Pyridoxamine (PM), one of the three natural forms of vitamin B6, is
another carbonyl quencher known to prevent the formation of both
ALEs and AGEs in various biological systems [112]. Several studies
reported that PM can trap lipid peroxidation intermediates, thus re-
ducing the chemical modifications of proteins exerted by peroxidizing
agents, in vitro but also in vivo [274-276]. It has been demonstrated that
PM can react with products of lipid peroxidation via its benzoyl amino
group, and completely prevented the modifications of lysine residues on
the RNase treated with arachidonic acid, and on LDL in a model of
copper-catalyzed oxidation [275]. These effects have been ascribed to
the ability of PM to intercept early lipid peroxidation products, pre-
cursors of reactive carbonyl groups involved in the formation of ALEs
[275,276]. In addition, Kang et al. showed that PM interferes with the
lipid peroxidation damage directly trapping MDA, under physiological
conditions, as demonstrated by its ability to reduce the generation of
lipofuscin-like fluorescence resulting from the incubation of MDA with
bovine serum albumin [274]. More recently, Lee et al. compared the
reaction of PM with ONE and 4-HNE and its effects on lysine mod-
ifications on human serum albumin exerted by the two lipid hydro-
peroxide-derived aldehydes. They demonstrated that the formation of
adducts of PM with ONE is preferred, and that albumin modified by
ONE, but not by 4-HNE, was decreased by treatment with PM [277].
Protective effects of PM have also been demonstrated in insulin-
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secreting cells exposed in vitro to NO, where PM was able to inhibit NO-
induced apoptosis through the inhibition of ALEs formation and car-
bonylation of poly (ADP-ribose) polymerase [278]. Finally, PM could
also reduce AGE/ALEs formation in vivo, in streptozotocin-diabetic rats
and in non-diabetic Zucker obese rats, with a consequent reduction of
hyperlipidemia and protection against renal and vascular complications
[279,280].

Carnosine, a polyreactive quencher, is a dipeptide of B-alanine and
His, characterized by a strong antioxidant capacity due to metal ion
chelation and RCS scavenging properties. These effects were demon-
strated in vitro and in vivo, both in physiological conditions and in an-
imal models of oxidative stress [281]. Several studies report the ability
of carnosine to prevent ALEs formation induced by different precursors,
including MDA [282]. It has been demonstrated that carnosine can
directly bind to a,B-unsaturated aldehydes, such as 4-HNE [283], ac-
rolein [284] and MDA [285]. Recently, Vistoli et al. evaluated also the
quenching activity of carnosine and some of its derivatives towards
MDA and methylglyoxal, and demonstrated that derivatives are more
reactive with MDA than with methylglyoxal [285]. The quenching ac-
tivity of carnosine towards 4-HNE have also been demonstrated in vivo
in Zucker obese rat [286]. Therapeutic use of carnosine and its analogs
have been tested in several pathological states, from cancer to Alzhei-
mer's and cardiovascular disease, ischemia or diabetic complications, as
previously summarized in the review by Boldyrev et al. [281].

Of note, a recent paper demonstrated the therapeutic value of a
carnosinase-resistant analog, carnosinol, which displayed a higher po-
tency and selectivity toward o,B-unsaturated aldehydes (e.g. 4-HNE,
ACR) and reduced 4-HNE adduct formation in rodent models of obesity
and metabolic syndrome [287]. Of note, Menini et al. showed that p-
carnosine was able to protect, in vitro, smooth muscle cells from 4-HNE-
induced injury and, to reduce, in vivo, atherosclerosis, in a mouse model
of ApoE null mice fed with a Western diet [288].

6.2. Other therapeutic strategies

Once ALEs are formed, alternative strategies could be employed to
reduce their effects, by enhancing, for example, their catabolism or by
acting on ALE-induced biological responses, as already widely demon-
strated for AGEs [252].

Degradation of ALEs and, in particular, of 4-HNE-modified proteins,
has been mainly ascribed to a proteasome-dependent process, even if 4-
HNE-protein adducts could form cross-linked aggregates able to inhibit
the proteasome system, thus impairing their cellular turnover [289].
Few studies reported alternative ways of degradation based on lyso-
somal degradation or protease activity [13]. Of note, the above-de-
scribed RCS quencher carnosine has been shown to react directly with
ALEs leading to the formation of carbonyl-carnosine adducts and, thus,
reducing crosslinking of oxidized proteins with other unmodified pro-
teins, such as the proteasome components [281,282]. Proteasome ac-
tivation could also be linked to the ability of carnosine to modulate
release, metabolism, and activity of nitric oxide, a known activator of
proteasome activity [281].

On the other hand, concerning the possibility of acting on the bio-
logical responses raised by ALEs, the extensive knowledge on the role of
LDL oxidation in the atherosclerotic process led to the development of
MDA-modified homologous LDL (MDA-LDL), able to exert ather-
oprotective effects in rabbits and mice [148]. More recently, Gonen
et al. demonstrated that also small immunogens generated from the
condensation of two or more MDA molecules with lysine could lead to
atheroprotective responses; therefore, they have been proposed to
generate a vaccine to retard or even prevent the development of
atherosclerosis [290]. Recent studies suggest also that inactivation of
oxPLs with modified forms of E06 antibody could reduce the in-
flammatory state associated with atherosclerosis [46].
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7. Lipid peroxidation in clinical studies

Several oxidative biomarkers are currently measured in research
laboratories, but they are not yet used as routine assays in clinical la-
boratories because of their uncertain diagnostic value [291,292]. The
clinical applicability of several oxidative stress markers is influenced by
the fact that some protein modifications by excessive ROS have a direct
effect on the function of target molecules, while other modifications
just reflect the general local degree of oxidative stress [293]. Venous
blood and urinary samples are the most commonly used in clinical
practice, but sometimes the measurement in specific tissue or cell
samples may give more precise information. Measurement of lipid
peroxidation products may be a reliable marker, as long as it is char-
acterized by high sensitivity, specificity, and reproducibility.

However, several clinical studies focused on the detection and
quantitation of the main lipid peroxidation products are actually re-
ported in the literature. One of the most important clinical studies that
evaluated the predictive value of lipid hydroperoxides levels for ad-
verse cardiovascular outcomes in patients with stable CAD was
PREVENT (Prospective Randomized Evaluation of the Vascular Effects
of Norvasc) Trial [294]. Circulating levels of 4-HNE bound to proteins,
for example, were measured by GC-MS in ambulatory symptomatic
heart failure patients and control subjects, along with other clinically-
and biochemically-relevant parameters, such as other oxidative stress
markers, total levels of fatty acids from all classes [295]. Few clinical
studies documented also circulating plasma levels of MDA using the
highly criticized TBARS method [198,200,296]. Urinary and plasma
isoprostanes have been mostly promoted for the in vivo estimation of
oxidative stress for human studies. Urinary and plasma 8-isoprostane
levels were measured in patients scheduled for coronary angiography,
in order to investigate their association with the presence and severity
of CAD [297,298]. Moreover, a case-control study was performed to
measure by LC-MS/MS systemic levels of multiple specific fatty acid
oxidation products including F2-isoprostanes in CAD patients and
subjects without CAD [299]. A larger case-control study also in-
vestigated the association between lipoprotein-associated phospholi-
pase A(2) (Lp-PLA(2)) activity and CAD in relation to oxidative stress
markers, in particular urinary 8-iso-PGF2a, in patients with angio-
graphically confirmed CAD versus healthy controls [300]. Indexes of
redox status have been also proposed evaluating the oxidative stress by
using more than one criterion [301,302]. The OXY-SCORE is a global
oxidative stress index, computed by subtracting the protection score
(GSH, alpha- and gamma-tocopherol levels, and antioxidant capacity)
from the damage score (plasma free and total MDA, GSSG/GSH ratio,
and urine F2-IsoPs). Its good performance was demonstrated in CAD
patients versus healthy subjects, and the OXY-SCORE was significantly
higher in CAD after adjusting for age, gender and smoking [303]. Si-
milarly, Oxidative-INDEX reflects both oxidative and antioxidant
counterparts [302].

8. Conclusions

Lipid peroxidation products represent a broad category of highly
reactive compounds that exert many biological effects due to direct
activation of signaling pathways or modification of other macro-
molecules, including nucleic acids, phospholipids or proteins.

Their involvement in the context of cardiovascular diseases has
been mainly associated with the oxidation of circulating lipoprotein
and the role of oxidized LDL in atherosclerosis. However, the heart is a
highly oxidative organ in which cardiomyocyte turnover is virtually
absent, making it particularly vulnerable to the accumulation of lipid
peroxidation products formed as a result of oxidative damage.

Technological advances, mainly in the field of mass spectrometry,
allowed overcoming the challenges in the detection, characterization,
and quantitation of such complex heterogeneous class of lipid mod-
ifications.
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Thanks to the expanding knowledge of the products and sources of
lipid peroxidation and ALEs formation, several therapeutic strategies
have been proposed and successfully applied to different oxidative-
based diseases. However, a deeper understanding of the mechanisms of
formation and targets of ALEs could expand the available therapeutic
strategies. Indeed, it is clear that antioxidants can be used to reduce
ALEs formation, but cannot neutralize the effects of ALEs when adducts
are already formed, and this aspect could explain why in vitro or pre-
clinical efficacy of antioxidant treatment is not always confirmed in
vivo, in human patients.
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ARTICLE INFO ABSTRACT

Keywords: Cardiovascular diseases (CVDs) represent the most important cause of mortality in women and in men. Contrary
Sex differences to the long-standing notion that the effects of the major risk factors on CVD outcomes are the same in both sexes,
Gender

recent evidence recognizes new, potentially independent, sex/gender-related risk factors for CVDs, and sex/
gender-differences in the clinical presentation of CVDs have been demonstrated. Furthermore, some therapeutic
options may not be equally effective and safe in men and women. In this context, proteomics offers an extremely
useful and versatile analytical platform for biomedical researches that expand from the screening of early di-
agnostic and prognostic biomarkers to the investigation of the molecular mechanisms underlying CDVs. In this
review, we summarized the current applications of proteomics in the cardiovascular field, with emphasis on sex
and gender-related differences in CVDs.

Significance: Increasing evidence supports the profound effect of sex and gender on cardiovascular physio-pa-
thology and the response to drugs. A clear understanding of the mechanisms underlying sexual dimorphisms in
CVDs would not only improve our knowledge of the etiology of these diseases, but could also inform health
policy makers and guideline committees in tailoring specific interventions for the prevention, treatment and

Cardiovascular disease
Risk factors

Oxidative stress
Proteomics

management of CVDs in both men and women.

1. Introduction

Cardiovascular diseases (CVDs) are the world's leading cause of
morbidity and mortality, accounting for > 17 million deaths annually
[1], and cause immense health and economic burdens [2,3]. In line
with the recommendations of the World Health Organization (WHO),
the principal health organizations in the field of heart diseases and
stroke (such as the American Heart Association and the European So-
ciety of Cardiology) formulated recommendations to drive organiza-
tional priorities and guide actions to prevent CVDs in clinical practice
[4,5]. In accordance with the strategic view of these recommendations,
to achieve the goal of significantly reducing deaths attributable to CVDs
continued emphasis is needed on the treatment and control of health
behaviors and risk factors at both the population and the individual
level [2,5]. In the era of precision medicine, the key challenge is to
bridge the gaps in our knowledge about sex- and gender-related dif-
ferences in the pathophysiology of the cardiovascular system, since
increasing evidence supports the notion that an individual's sex is one of
the most important modulators of disease risk and response to

treatment [6-8] (Box 1).

Indeed, a large amount of correlative data unveils the existence of
sexual diversities in human physiology and differential susceptibility to
a wide variety of pathologies including CVDs [9,10]. Beyond environ-
mental and social differences between men and women (e.g., occupa-
tional hazards, lifestyle, social stresses, access to healthcare) that can
contribute to gender differences in CVDs, sex hormones have long been
found to account for some sex-related differences in CVDs, and some
molecular mechanisms mediating these effects have recently been
elucidated [8,10,11]. Moreover, sex chromosomes are beginning to be
recognized as important determinants of sexual dimorphism in the
development of CVDs, independent of sex hormones [8,10-12]. In this
Review, we consider the evidence for sex and gender differences in
CVDs and summarize the proteomic research that has been conducted
in this field.

2. Sex-specific and gender-specific cardiovascular research

CVDs have long been considered as male diseases, an assumption
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Box 1
Sex vs. gender.
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gender are critical variables in preclinical and clinical research.

Sex and gender are different constructs. According to the WHO, sex “refers to the set of biological characteristics that define humans as female or
male”; it is primarily associated with physical and physiological features including chromosomes, gene expression, hormone levels, and
reproductive/sexual anatomy. Gender encompasses biology but is also influenced by experience and environment: it “refers to the socially
constructed roles, behaviors, activities, and attributes that a given society considers appropriate for men and women”; it influences the distribution
of power and resources, including access to healthcare. Sex and gender influence each other through complex interactions. Both sex and

http://www.who.int/reproductivehealth/topics/sexual_health/sh_definitions/en/
http://www.who.int/gender-equity-rights/understanding/gender-definition/en/

that stems largely from observations that CVDs in women develop later
in life than in men, and the misperception that CVDs among women are
not as severe as they are in men [13]. In line with this view, until re-
cently cardiovascular research was predominantly conducted in men
and it was assumed that clinical approaches based on research findings
involving men were equally relevant for women [13]. However, a
growing body of evidence has progressively revealed the importance of
CVDs in women and has fostered the awareness of sex- and gender-
related differences in the occurrence, management and outcomes of
CVDs [13]. Marked progress has been made in the involvement of
women in large-scale population studies and clinical trials. Never-
theless, several gaps in our understanding of sex- and gender-related
diversities in cardiovascular health still persist. Moreover, the use of
female animals, cells, or tissues, and sex-based reporting in preclinical
investigations have not been equally implemented [14], in spite of the
publication of a planned policy from the U.S. National Institutes of
Health (NIH) to balance sex in cell and animal studies [15]. In this
regard, it is important to highlight the value of preclinical studies for
understanding the molecular bases of sex differences, since such stu-
dies: 1) enable scientists to take full advantage of the power of mole-
cular genetics and ‘omics technologies; 2) allow the control of variables
such as diet, environment, exercise; and 3) offer the opportunity to
quantify the extent of sex or gender contribution to the biological
outcome, since in experimental animals gender has limited impact [9].

3. Sex and gender differences in CVD risk factors

Most of the traditional risk factors for CVDs, including elevated
blood pressure, dyslipidemia, excess body weight and obesity, diabetes,
and cigarette smoking, are similar between men and women, but for
some of them the impact differs between the sexes; furthermore, recent
evidence has emerged that recognizes new, potentially independent
female-specific risk factors (Fig. 1) [8,16].

Women-specific CVD risk factors

Systemic autoimmune diseases

Breast cancer treatments —, £

Depression 7

Menopause

63

Hypertensive disorders of pregnancy

3.1. Major risk factors affecting both men and women

3.1.1. Elevated systolic blood pressure

Elevated systolic blood pressure (SBP) is one of the leading risk
factors for global mortality and for CVDs. In 2015, the prevalence of
raised blood pressure was around 20% in females aged 18 and over and
around 24% in males [17]. Studies have reported conflicting results on
whether the association between increments in SBP and CVDs differs
between sexes [16]. A pooled analysis carried out in 2013, including
data from prospective cohort studies on > 1.2 million individuals and
over 50,000 cardiovascular events, found that every 10 mmHg incre-
ment in SBP was associated with a 15% increased risk of coronary heart
disease (CHD) and a 25% increased risk of stroke in both men and
women, indicating a similar impact of hypertension on cardiovascular
outcomes in both sexes [18]. In contrast, results of a recent meta-re-
gression analysis of US population-based studies indicate that women
experienced a 10% greater risk in CVDs per 10 mmHg increment in SBP
than men, after adjusting for age and baseline SBP [19].

3.1.2. Dyslipidemia

Raised total cholesterol (TC) is estimated to account for over 2.6
million deaths (4.5% of total) worldwide every year [20]. The pre-
valence of elevated TC is similar in men and women [20] and studies
addressing the possible sex/gender-specific effects of TC on CVD risk
have reported inconsistent results [21]. The first systematic meta-ana-
lysis evaluating the impact of TC on CVD risk in women compared with
men included data from over one million individuals and > 20,000
CHD and 16,000 stroke events [21]. This analysis found that for every
1-mmol/L increment in TC, the risk of CHD increased by 20% in women
and by 24% in men, indicating essentially a similar TC-related risk of
CHD in both sexes [21].

In population studies, high-density lipoprotein cholesterol (HDL-C)
is inversely related to the risk of myocardial infarction and death [22].

Fig. 1. Women-specific CVD risk factors.

Women-specific conditions to consider in risk
evaluation, diagnosis and treatment of CVDs in-
clude hypertensive disorders of pregnancy, ge-
stational diabetes mellitus, preterm delivery,
menopause, systemic autoimmune disease, breast
cancer treatments, and depression.

> Gestational diabetes mellitus

*— Preterm delivery
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Low HDL was initially suggested to be more predictive of coronary risk
in women compared to men [23]; however, analyses of > 300,000
people from 68 long-term prospective studies contributing to the
Emerging Risk Factors Collaboration (ERFC) analysis on the associa-
tions of major lipids and apolipoproteins with the risk of vascular dis-
ease indicated that, after adjustment for other cardiovascular risk fac-
tors, the association between HDL cholesterol levels and fatal CHD did
not vary significantly by sex: each 1-SD increase in HDL-C lowered the
risk of CHD mortality by 26% in women and by 21% in men [24].

3.1.3. Diabetes mellitus

Diabetes mellitus (DM) is an important predictor of a person's risk of
vascular disease [25]. It is one of the largest global health emergencies
of the 21st century, with an estimated global prevalence of over 400
million and a projected increase to 642 million by 2040, which poses an
enormous burden on healthcare [26]. Although there is little gender
difference in the global number of people with diabetes [26], compel-
ling evidence indicates that women, compared to men, have a sig-
nificant and clinically important higher excess risk of both CHD and
stroke consequent to diabetes (44% and 27%, respectively) [27-29].
Furthermore, diabetic women have a higher risk of developing heart
failure (HF) or peripheral arterial disease (PAD) compared with dia-
betic men [30]. Several hypotheses have been proposed to explain how
diabetes confers a female disadvantage in terms of vascular risk, but the
exact mechanisms remain unclear [16,31]. An attractive — but still
unproven — hypothesis is that women live in a suboptimal glycemic
(‘prediabetic’) state for a longer period of time than men, during which
their metabolic profile continues to deteriorate relative to men, so that
considerable vascular damage has already occurred by the time they are
clinically diagnosed with diabetes [31].

3.1.4. Body fat, excess body weight and obesity

Excess body weight is another major risk factor for CVDs and cur-
rently one of the greatest public health issues worldwide [1]. According
to the WHO global estimates, excess body weight has reached epidemic
proportions globally: in 2016, > 1.9 billion adults were overweight
(39% of men and 40% of women); of these, over 650 million were obese
[32]. The association between body mass index (BMI) and CHD has
been shown to be the same between men and women in the large-scale
analyses of the Prospective Studies Collaboration [33] and the ERFC
[34], and in a meta-analysis including data from 95 cohorts with > 1.2
million participants [35]. These results indicate that increased BMI has
the same deleterious effects on the risk of CHD in women and men.
However, there are numerous differences between males and females
regarding body fat, excess body weight and obesity that could be due to
either direct activation by sex steroids or by sex steroid-independent
mechanisms. Although men generally have greater body weight than
women, the proportion of body weight as fat is greater in women and
there is a clear hormone-related sexual dimorphism in the patterns of
body fat storage and fat metabolism [36]. In their fertile age, females
store the lipids in excess in subcutaneous deposits (such as the gluteal
femoral region) that are believed to be associated with lower cardio-
metabolic risk than the abdominal (visceral) fat accumulation that
predominates in men [36]. When ovarian activity ceases with the onset
of menopause, this female advantage is lost and women become more
vulnerable to the risks of an obesogenic environment [9]. In addition,
the concept has recently emerged that the complex and different effects
of obesity on CVDs could in different cases be detrimental, or in-
nocuous, or even protective [37]. Indeed, the possible existence of a
metabolically healthy obese phenotype (more appropriately defined as
a lower risk form of obesity), the important role of regional body fat
distribution and ectopic fat accumulation, and the presence of an
“obesity paradox” in patients with CVDs, are all observations which
emphasize the remarkable heterogeneity of obesity [37]. Thus, given
the complex metabolic roles of the adipose tissue [38] and the im-
portance of obesity as a driver of several major CVD risk factors [31],
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more research is needed on gender-specific pathophysiology of obesity
development.

3.1.5. Cigarette smoking

Smoking (including second-hand smoking) is an established cause of
a myriad of diseases and according to the WHO it is currently re-
sponsible of > 7 million deaths across the world each year [39]. With
regard to CVDs, it is well known that smoking negatively affects en-
dothelial function, oxidative processes, platelet function, fibrinolysis,
inflammation, and vasomotor function, thus promoting the develop-
ment of both atherosclerosis and the superimposed thrombotic com-
plications [5]. According to these proatherogenic roles of cigarette
smoking, the 10-year risk of fatal events is approximately doubled in
smokers compared to non-smokers [5]. While the beneficial effects of
smoking cessation on coronary risk are similar in women and men, the
mortality from CVDs is higher in female than male smokers, even after
adjustment for other risk factors [40]. Furthermore, a meta-analysis of
data from 75 prospective cohort studies and nearly 2.4 million subjects
showed that female smokers had a 25% higher risk of developing CHD
than men with the same exposure to tobacco smoke [41]. With regard
to stroke, a second meta-analysis, involving data from 81 cohorts
worldwide and nearly 4 million individuals did not find an overall
greater excess risk of smoking in women compared with men, but it
found a 10% higher risk in female smokers in Western populations,
where smoking is a long-standing habit also among women [42]. The
molecular basis underlying such differential female susceptibility to
tobacco smoke is not currently understood. Interestingly, a recent re-
port on genome-wide profiling in white blood cells found that the ex-
pression or methylation of several genes with a key role in the patho-
genesis of CVDs (especially genes involved in thrombin signaling) is
altered by smoking significantly more in females than in males [43].
These results underline the potential of blood-based omics profiling in
sex/gender-specific risk assessment.

3.2. Women-specific risk factors

The unique aspects of cardiovascular health in women have been
comprehensively reviewed by Garcia and colleagues [30], who pro-
vided an in-depth analysis on sex and gender differences related to
clinical practice in the prevention, diagnosis, and treatment of CVDs.
Sex steroid hormones, especially estrogen (the major sex steroid in fe-
males), have a plethora of physiological effects on the cardiovascular
system, as well as indirect effects mediated through changes in meta-
bolism and coagulation [8,11,44]. In view of that, it is thought that
changes in circulating levels of endogenous sex hormones, such as those
that occur in women during pregnancy and menopause, can affect
current and future CVD risk [8]. In addition, exogenous hormones in
the form of hormonal contraceptives and menopausal hormone therapy
modulate the hormonal environment, and subsequently women-specific
CVD risk [8]. The latter topics are not addressed in this review but have
been covered previously [8,45-47].

3.2.1. Hypertensive disorders of pregnancy and gestational diabetes mellitus

The vascular, metabolic and immunological adaptations that occur
to a woman's body during pregnancy pose a substantial challenge to the
cardiovascular system, and pregnancy-associated disorders are often
the result of the mother's inability to adapt to this vascular and meta-
bolic stress [8,16]. Accordingly, complications such as hypertensive
disorders (including the conditions of gestational hypertension and
preeclampsia) or gestational DM represent important women-specific
factors to consider in risk assessment, since they can place a woman at
long-term risk of developing CVDs, or reveal a preexistent cardiovas-
cular dysfunction [8,16]. Preeclampsia (defined as pregnancy-related
hypertension accompanied by proteinuria) occurs in 1-2% of all preg-
nancies [5]. A meta-analysis by Bellamy et al. [48] found that in
comparison to women with normal pregnancies, women who suffered
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from preeclampsia had a greater relative risk for developing hy-
pertension, CHD, and stroke later in life. Gestational hypertension af-
fects 10-15% of all pregnancies [5]. The associated risk of later CVDs is
lower than for preeclampsia, but is still elevated [49]. Gestational DM
has a prevalence of 3-5% of all pregnancy and is similarly associated
with an increased risk of future CVDs. Most of this risk appears to be
mediated by a sharply elevated likelihood of future type 2 DM in
women with gestational DM compared to women with normoglycemic
pregnancies, with up to 50% developing type 2 DM within 5 years [50].
Interestingly, women with a history of hypertensive disease in preg-
nancy have a higher risk for developing type 2 DM [49] and women
with gestational DM have a higher risk for gestational hypertension and
preeclampsia [51], suggesting a close link between the vascular and the
metabolic complications of pregnancy, which are both associated with
increased risk of CVDs later in life.

3.2.2. Menopause

In their fertile age, women are relatively protected against CVDs,
compared with age-matched men. However, this sex gap narrows after
menopause [30]. The decrease in ovarian activity during and after
menopause goes hand in hand with an increased risk of CVDs in
women, partially because the deleterious biological changes consequent
to the loss of endogenous estrogens favor hypertension, diabetes, hy-
perlipidemia, central obesity and the metabolic syndrome [8,16,52].
Two meta-analyses that assessed the relationship between age at me-
nopause and CVD risk found that menopause before age 50 was asso-
ciated with a 25% higher risk of CVDs [53], while natural meno-
pause < 40 years, better defined as primary ovarian insufficiency, was
related to an increased hazard ratio (HR) of CHD of 1.69 and an HR of
1.61 for total CVDs [54]. However, menopausal hormone therapy in-
creases the risks of serious disease, such as breast or endometrial can-
cers, and its cardiovascular effects are controversial; thus, the current
consensus is that it should never be prescribed for the aim of preventing
CVDs [8,30,47].

3.2.3. Other emerging, non-traditional CVD risk factors in women

Other conditions that are emerging as non-traditional CVD risk
factors in women include preterm delivery, systemic autoimmune dis-
eases (such as rheumatoid arthritis and systemic lupus erythematosus),
breast cancer treatments, and depression [16,30] (Fig. 1).

Spontaneous preterm delivery appears to be an independent risk
factor for the development of ischemic heart disease (IHD), stroke, and
overall CVDs according to a meta-analysis including 10 cohort studies
from five north western European countries and follow-ups that ranged
from 12 to 35 years [55]. Using data from = 70,000 participants in the
Nurses' Health Study II, Tanz et al. [56] recently demonstrated that
preterm delivery (< 37 weeks gestation) was associated with an in-
creased risk of future CVDs (HR of 1.42); remarkably, only a modest
proportion of the increased risk was accounted for by the postpartum
development of conventional CVD risk factors, which suggests that the
association between spontaneous preterm delivery and CVD risk is
mediated by alternative mechanisms [56]. At present, these mechan-
isms are not well understood, but it has been suggested that the in-
creased inflammatory status observed in women with preterm delivery
may play a role [55,56].

Many population studies attest the association between excess car-
diovascular burden and systemic autoimmune diseases [57]. Little is
known about the relationships between systemic autoimmune diseases
and sex, but it has been proposed that the microvasculature may play
an important role in the predisposition of women with autoimmune
diseases to develop accelerated CVDs [58]. Since systemic autoimmune
diseases are generally more prevalent among female subjects, they re-
present more common CVD risk factors in women compared to men
[30,58].

Breast cancer treatments also represent important causes of excess
CVD risk in women, due to incidental exposure of the heart to the
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deleterious effects of ionizing radiations and to the cardiotoxicity of the
breast cancers chemotherapeutic agents [30,59]. Since there has been
an enormous improvement in the survival rates of breast cancer, the
focus on cardiac health in breast cancer patients is becoming a priority.

Increasing evidence indicates that depression is a prevalent risk
factor for the development of CHD and a predictor of unfavorable
outcomes after a CHD event [60]. Overall, hundreds of studies in-
vestigated the relationship between depression and the onset and pro-
gression of CHD [60]. These investigations suggest that, although de-
pression is associated with other cardiac risk factors (such as sedentary
life), it is an independent risk factor for CHD morbidity and mortality
[60]. Since depressive disorders are more common in female subjects,
especially young women, they can affect women's CVD risk dis-
proportionately [61,62]. Many possible pathogenetic mechanisms have
been proposed to explain the relationship between CVDs and depres-
sion. Recently, we (C.B.) found an association between the brain-de-
rived neurotrophic factor (BDNF) Val66Met polymorphism and the
enhancement of thrombosis in an experimental model of carotid injury
or the increased occurrence of acute coronary syndromes in a human
coronary artery disease (CAD) cohort [63]. These findings provide a
potential mechanistic link between depression and CAD; however,
major challenges remain to be addressed for assessing the potential
cause—effect relationships of this association in humans. Given the en-
ormous public health impact of depression and heart disease, efforts are
needed to gain further insights into gender and individual differences in
the susceptibility for depression and CVDs, which could contribute to
the improvement of both prevention and treatment.

4. Sex and gender differences in CVD manifestations and
underlying pathophysiological mechanisms

CVDs occur and progress differently in the two sexes [10,11]. An
overview of sex and gender differences in the manifestations of CVDs
and the underlying pathophysiological mechanisms is provided below.

4.1. Ischemic heart disease

In the context of IHD, evidence of an uniquely female pattern of
disease is emerging, including not only atherosclerotic CAD, but also an
expanded spectrum of coronary disease, comprising coronary micro-
vascular dysfunction (CMD), spontaneous coronary dissection (SCAD),
and Takotsubo cardiomyopathy [30]. Furthermore, women with IHD
typically have a poorer prognosis then men [30].

With regard to CAD, women have often a non-obstructive pattern
that differs from the traditional male model of obstructive CAD [30].
Moreover, several histological observations attest the existence of dif-
ferences in the morphology of atherosclerotic plaques underlying CAD
in men and women [7]. According to registry data of patients dying
from coronary thrombosis, plaque rupture is more frequent in men than
women, whereas plaque erosion is more frequent in women than men
[64,65]. In women, this pattern seems to be affected by the hormonal
status, since pathological observations indicate that the incidence of
plaque rupture is higher than that of erosion in postmenopausal com-
pared to premenopausal women (87% vs. 17%, P = 0.001) [65].

CMD, defined as limited coronary flow reserve and coronary en-
dothelial dysfunction, is another frequent cause of IHD in women, as-
sociated with increased rate of cardiac death, stroke, or HF. It is char-
acterised by a decrease in the size of epicardial vessels and
microvasculature, diffuse atherosclerotic disease, increased arterial
stiffness and fibrosis, altered remodeling, and the presence of en-
dothelial or smooth muscle dysfunction [30]. Interestingly, impaired
coronary flow reserve in the absence of obstructive CAD has recently
been associated with excess cardiovascular risk in women [66].

SCAD is an uncommon cause of acute myocardial ischemia that
occurs when a tear forms between the layers of a coronary artery, and
most frequently (> 90%) affects women below 60 years of age [30,65].



R. Baetta et al.

The classic presentation is of a young healthy woman, without tradi-
tional atherosclerotic CVD risk factors, and sudden onset of acute cor-
onary syndrome [30].

Takotsubo cardiomyopathy, affecting postmenopausal women in
nearly 90% of the reported cases, is another sex-specific cause of
transient acute ischemic heart disease. The etiopathology of Takotsubo
cardiomyopathy is not clear; proposed mechanisms include multivessel
coronary artery spasm, impaired cardiac microvascular function, en-
dogenous catecholamine-induced myocardial stunning and myocarditis
[30,65].

4.2. Heart failure

HF, which occurs when the heart muscle is weakened and cannot
pump enough blood to meet the body's needs for blood and oxygen, has
a high prevalence in old age, affecting > 10% of those above 70 years
in Western societies and typically more women than men [11]. In
particular, women are = twice as likely as men to develop HF with
preserved ejection fraction, a condition for which no treatment has yet
proved effective [11,30].

4.3. Other vascular diseases

Other manifestations of CVD showing sex/gender-related differ-
ences include ischemic stroke, peripheral arterial disease (PAD), and
abdominal aortic aneurysm (AAA).

Women have an increased lifetime incidence of stroke compared
with men, largely because of a sharp increase in stroke risk in older
postmenopausal women, and an increased lifetime prevalence of stroke
risk factors, including hypertension, abdominal obesity and metabolic
syndrome [30]. Furthermore, elderly women have more severe strokes
and greater disability compared with age-matched men [67]. With re-
gard to the underlying pathohistological characteristics, evidence sug-
gests that carotid plaque morphology differs between men and women:
women with a carotid stenosis have more stable plaques than men,
independent of clinical presentation and cardiovascular risk profile
[68], while plaques from men are associated with more cellularity,
more inflammatory infiltrates, and more neovascularization [69].

PAD is now recognized to be associated with comparable morbidity
and mortality to CAD and stroke, and is associated with significantly
reduced quality of life [30]. Similar to CAD, PAD is more prevalent in
men than women at younger ages, but the incidence rises in women
after menopause; in addition, women generally display more severe
PAD compared to men and experience greater complications [67].

AAA is a localized ballooning of the abdominal aorta. It is 4 to 6
times more prevalent in men than women, and develops in women
=~ 10 years later than in men, although it has worse outcomes in women
[30]. The underlying reasons for males being predisposed are still not
completely clear because of the disease's complex pathogenesis [67].

5. Gender proteomics in CVD

A clear understanding of the mechanisms underlying sexual di-
morphisms in pathophysiology is crucial for precision medicine, in
which the knowledge of the molecular bases of diseases is considered
essential for the definition of appropriate preventive and therapeutic
approaches [9]. In this context, proteomics, and ‘omics approaches in
general, can provide powerful tools to analyse physiological and dis-
ease-induced biological states at the molecular level, taking into ac-
count both the organism's intrinsic properties, such as genetic factors,
and the effects of lifestyle, diet, and environment. The development of
sophisticated analytic platforms to handle increasingly complex data
now enables the analysis of complex biological samples with a high
throughput rate, offering an extremely useful and versatile analytical
tool for biomedical researches that expand from the screening of early
diagnostic and prognostic biomarkers to the investigation of the
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molecular mechanisms underlying CDVs. Proteomic studies focused on
sex and gender-related differences in CVDs are still very rare, but they
are expected to increase in the coming years and will provide novel
insights into the pathophysiology and clinical manifestations of these
diseases.

In the following paragraphs, we illustrate the most relevant ex-
amples of proteomics studies to date that have focused on sex/gender-
related differences performed to date in the context of CVDs.

5.1. Proteomics of biological fluids

5.1.1. Plasma and serum

Although proteomics of biological fluids has the potential to identify

novel proteins that can improve the accuracy of cardiovascular risk
prediction, many challenges still exist. Nowadays the plasma, with >
10,000 proteins identified (http://www.plasmaproteomedatabase.
org), represents the most challenging proteome due to the ex-
ceptionally wide concentration range of the proteins, from micromolar
to femtomolar level [70], and the presence of highly abundant proteins
(e.g. albumin; immunoglobulins) that constitute > 99% of the total
protein amount. As a consequence, discovering and validating novel
protein biomarkers for CVDs in plasma is very challenging [71], espe-
cially when the aim is the detection of gender-specific biomarkers.

Interest in gender differences in plasma dates back to the 1960s,
when some papers described such aspects mainly in animal studies,
such as in monkey and fish [72,73]. More recently, studies performed
on serum of cardiovascular patients have highlighted gender-related
differences. Serum adipocyte fatty acid-binding protein (A-FABP) le-
vels, for example, have a greater impact on atherosclerosis in women,
being independently associated with carotid intima-media thickness,
probably due to the higher fat percentage in women, to a difference in
regional fat distribution, or to sex hormones regulation [74]. Further-
more, in the non-diabetic population, smoking associates differently
with subclinical inflammation in the two sexes, with a decreased adi-
ponectin level in women and with an increased hs-CRP level in men
[75].

The first systematic proteomic study specifically addressing differ-
ences in serum protein composition between healthy male and female
subjects, was conducted by Miike et al. in 2010 [76]. By removing
highly abundant proteins and combining iTRAQ labeling, HPLC, nano-
LC and MS, the authors succeeded in identifying and analysing 4000
proteins from the human serum. They found differences in the serum
proteome of males and females: proteins more abundant in females
participated in cascades commonly involved in female diseases, such as
breast cancer and arthritis, whereas proteins more abundant in males
were involved in hormonal response and were usually activated in
conditions such as hypertrichosis and virilism [76].

To circumvent the limitations of immunodepletion-based strategies,
which may lead to biases because of cross-reactions of the antibodies
used or by proteins bound to carrier proteins such as albumin [77,78], a
subproteome enrichment by size-exclusion chromatography followed
by iTRAQ 2D-LC-nESI-FTMS analysis of whole serum of obese adults
was performed by Al-Daghri et al. [79]. Among the 2472 identified
proteins, 248 proteins exhibited significant modulation between
women and men. A key observation was the gender-specific differences
in proteins associated with B-estradiol signaling and immune system,
which were less abundant in males than in females, whereas the op-
posite occurred for proteins involved in lipid and testosterone meta-
bolism, vitamin D signaling, and coagulation [79].

The utility of proteomics to identify disease markers is becoming
increasingly evident in multifactorial diseases, such as CVDs, for which
the value of using more than one marker has been highlighted in several
studies [80,81]. Zethelius et al. [80] suggested that a combination of
biomarkers reflecting the myocardial cell damage (i.e. troponin I), left
ventricular dysfunction (i.e. N-terminal pro-brain natriuretic peptide),
renal failure (i.e. cystatin C), and inflammation (i.e. C-reactive protein)
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could improve the risk stratification with respect to a model essentially
based on established risk factors. A more extensive study, including 47
selected markers of inflammation, lipoprotein metabolism, adipocyte
metabolism, calcification and thrombosis measured by a multiplex
immunoassay, was performed in 2561 men and women of African-
American and non-Hispanic White ethnicity [81]. The authors reported
an association between female sex and levels of inflammatory and
calcification markers, insulin-resistance promoting adipokines, na-
triuretic peptides, and coagulation factor levels and activity, in-
dependently of potential confounding variables [81].

5.1.2. Urine

Another interesting biological fluid in proteomics is urine; similarly
to plasma, it provides information not only from the urinary track, but
also from other organs, potentially providing biomarkers for other
systemic diseases. Moreover, urinary proteomics may be advantageous
in terms of non-invasiveness of urine sampling, low dynamic range of
analytes which facilitates the detection and analysis of biomarkers, lack
of requirement for special sample preparation, and relative stability of
the stored sample [82]. Of course, the interest in urinary proteome
developed first in the field of urologic and kidney diseases, in particular
in IgA nephropathy [83] and prostate cancer [84], but there is now an
increasing interest in investigating urine as an orthogonal sample for
studying systemic diseases [85]. Indeed, ongoing clinical trials invol-
ving urinary proteomics for protein biomarker discovery or validation
(registered at clinicaltrials.gov) included studies in urologic and kidney
diseases, as well as studies analysing urine along with orthogonal bodily
fluids or tissue samples in diseases spanning neurology, cancer, and
cardiology, among others [85].

The central question about individual variability or gender-related
variations in the normal urine proteome was first addressed by
Thongboonkerd et al. [86], who observed using two-dimensional elec-
trophoresis (2-DE) that total protein was higher in male urine compared
to female urine, but there were fewer protein spots. Recently, a study
based on a 2D-LC-MS/MS and iTRAQ approach provided evidence of
significant differences between the male and female urinary proteomes
[87]. In particular, the females had higher abundance of some lipid and
carbohydrate metabolism-related proteins. The analysis also revealed a
larger inter-individual variation in the female urinary proteome than in
males, maybe due to the higher variation in the levels of proteins as-
sociated with inflammatory response and cell movement and migration
[871.

The analysis of the urinary proteome in females and males is ex-
tremely timely considering the diagnostic utility of the urinary pro-
teomics in the cardiovascular field. In 2012, Kuznetsova et al. [88]
found a panel of urinary proteins that were specific for essential hy-
pertension with left ventricular dysfunction from a discovery set in
asymptomatic hypertensive patients; this set also distinguished, in a
validation test, hypertensive patients with HF from healthy controls.
The same authors also found that, in the general population, the urinary
proteome correlated with diastolic LV dysfunction [89], and that the
urinary peptide-based classifier, but not systolic pressure, predicted the
incidence of fatal and nonfatal cardiovascular and cardiac events over a
follow-up period of 5 years in 791 randomly recruited Flemish subjects
[90].

5.2. Tissue proteome

5.2.1. The aging myocardium

The first proteomic study with a particular emphasis on myocardial
gender differences was performed in a primate model of aging heart
and published by Yan et al. in 2004 [91]. By employing 2-DE coupled to
mass spectrometry (2-DE/MS), the authors found that only in the left
ventricular samples of male monkeys there was a decreased abundance
of enzymes participating in glycolysis (e.g. pyruvate kinase, a-enolase),
glucose oxidation (pyruvate dehydrogenase E1 f), the tricarboxylic
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acid cycle (oxoglutarate dehydrogenase), and the electron transport
system (complexes I1I-V) accompanied by a reduced capacity of mi-
tochondria for oxygen consumption. As these differences were also
present in the human failing heart [92,93], they could be involved in
the pathogenesis of the disease, whereas the absence of these changes in
females might explain their delayed cardiovascular risk.

5.2.2. Sex differences in pressure overloaded heart

Left ventricular hypertrophy (LVH), characterised by the growth in
left ventricular mass caused by increased cardiomyocyte size, can be a
physiological adaptation to strenuous physical exercise or a patholo-
gical condition, which is either genetic or secondary to left ventricular
overload. While physiological LVH is usually benign and regressive,
pathological LVH is a compensatory phenomenon, which eventually
may become maladaptive and evolve towards progressive left ven-
tricular dysfunction and HF. A large number of studies have recognized
the influence of sex and/or gender on pathological cardiac remodeling
and have shown differences in clinical outcomes and therapeutic re-
sponses, with males more prone than females to develop greater cardiac
remodeling responses in hypertensive condition and aortic stenosis
(reviewed in [94]). In the latter case, the cardiac performance is more
preserved in female compared with male patients with a similar degree
of aortic stenosis [95,96]. Whether sex/gender-related differences re-
sult from intrinsic differences in molecular adaptation to pressure
overload, or are related to age, degree of stenosis, left ventricle geo-
metry or other factors extrinsic to the myocardium is not currently
known. By employing the transverse aortic constriction model to si-
mulate pressure overload in male and female wild-type (WT) and es-
trogen receptor B (ERf) knockout mice, Kararigas et al. [97] found that
in WT mice, hypertrophy was significantly more pronounced in males
than females, an effect that was abolished in ER( knockout mice, thus
supporting the hypothesis of a cardioprotective effect of estrogen in
pressure overload [98]. To provide mechanistic insights into the in-
fluence of sex and ERp on the heart response to pressure overload, they
used 2-DE/MS and found decreased levels of several metabolic and
mitochondrial proteins, a finding compatible with the negative out-
come in males. For example, males with pressure overload had a re-
duced level of aldehyde dehydrogenase, which has been shown to play
a major role in cardioprotection and maintenance of contractile func-
tion in alcohol-induced left ventricular hypertrophy and ischemia/re-
perfusion injury [99,100]. Furthermore, in male ERB knockout mice
with pressure overload there was a substantial decrease in the levels of
several myosin heavy chain isoforms compared with the sham control
group, suggesting an increased susceptibility of male ERP knockout
mice to impairments in the functional and structural adaptation to
pressure overload. On the other hand, in female mice proteins that
might confer cardioprotection, such as cytoskeletal and structural
proteins, appeared to be elevated in response to pressure overload [98].
Vinculin, for example, is an important protein of the cytoskeleton, an
actin-binding protein whose mutations can cause dilated cardiomyo-
pathy in humans [101]. Thus, this proteomic analysis suggests that the
response of the heart to pressure overload is highly modulated by sex
and that ERJ is crucial for the tight regulation of mechanisms active in
the development of left ventricular hypertrophy.

5.2.3. Cardioplegia

Cardioprotection afforded by cardioplegia, a reproducible and safe
method to induce and maintain electromechanical cardiac quiescence
during surgeries, has been found to be significantly lower in the aged
female compared with the aged male rabbit heart [102]. These findings
are in accordance with human studies indicating that women have a
significantly higher risk and worse outcomes after cardiac surgery with
respect to men [103,104]. Furthermore, in patients undergoing cor-
onary artery bypass grafting (CABG), women have a significantly higher
operative mortality and less favorable long-term survival than men
[104]. Multivariate analysis also shows that women have higher
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mortality rates than men in low-risk and medium-risk groups. Only
among very high-risk patients is gender not found to be an independent
predictor of adverse outcomes [104]. Among possible mechanisms in-
volved in these gender differences, mitochondrial function seems to be
modulated by gender, as well as by age, suggesting a role in the gender-
related responses to global ischemia and to the cardioprotection af-
forded by cardioplegia [105].

A proteomic report by Black et al. [106] showed that specific
pathways associated with the mitochondrion modulated cardioprotec-
tion using cardioplegia in the mature rabbit male and female hearts.
Specifically, glycolysis/gluconeogenesis and the pentose phosphate
pathway were affected in the aged male hearts, whereas glyoxylate/
dicarboxylate metabolism was significantly altered only in female
hearts. The authors suggested that an alteration of these pathways
might contribute to decreased myocardial functional recovery and
myonecrosis following ischemia [106]. It is expected that improved
understanding will pave the way to future cardioprotective approaches.

5.2.4. Atherosclerotic plaque

Notwithstanding the high heterogeneity of atherosclerotic lesions,
which makes plaque analysis a challenging task, proteomic profiling of
human plaque samples has been shown to be a feasible approach for the
analysis of proteins within the atherosclerotic lesion [107,108]. A
variety of proteomics techniques have been used, from 2-DE with
peptide mass fingerprinting, to more complex mass spectrometry
techniques, utilising LC-MS/MS, or a combination of these techniques
[107,108]. Up to now, the only study that investigated the potential
sexual dimorphism in plaque proteome was performed by Liang and
colleagues, which used 2-DE combined with MALDI-TOF MS, as well as
nLC-MS/MS for secondary confirmation, to analyse the proteomic
profile of different regions of human carotid plaques [109]. Twenty six
patients undergoing carotid endarterectomy were enrolled in the study,
which had an equal gender ratio and very similar mean ages for men
(72.6 += 1.8 years) and women (71.4 + 1.7 years). Different regions
of human carotid plaques were studied, specifically fatty streak, plaque
shoulder, plaque centre, and fibrous cap; these were compared to an
internal control [109]. In this study, 2-DE/MS analysis identified 52
unique proteins, 41 of which were confirmed by nLC-MS/MS analysis,
including proteins such as procollagen C-endopeptidase enhancer 1,
biglycan, hepatoma-derived growth factor, calmodulin, SH3 domain-
binding glutamic acid-rich like, and Protein S100-A11, which had not
previously been mapped in human carotid plaques. By 2-DE/MS, the
abundance of 18 proteins was found to be significantly altered in plaque
regions compared to the internal control region. Of these proteins, 5
showed gender-specific alterations with 2-DE/MS, including ferritin
light chain and transthyretin, which were also validated using nLC-MS/
MS [109]. In men, a significantly higher content of ferritin light chain
was detected in fibrous cap, in line with previous proteomic in-
vestigations showing an increased abundance of ferritin light chain in
atherosclerotic plaque [110,111]. In contrast, the abundance of ferritin
light chain was found to be significantly decreased in female carotid
plaque relative to the respective internal control site [109]. These
findings deserve further investigation, since ferritin light chain is re-
sponsible for the storage of iron in cells and the accumulation of tissue
iron has been implicated in the progression of atherosclerosis [112]. On
the other hand, the content of transthyretin was found to be sig-
nificantly higher in female carotid plaque [109]. Transthyretin is an
evolutionarily conserved carrier protein associated with cardiac amy-
loidosis and a serine peptidase that is suspected to play multiple pa-
thophysiologic roles, including the cleavage of substrates such as apo-
lipoprotein A-I, that might affect the development of atherosclerosis
[113,114]. Its function within the atherosclerotic lesion and the sig-
nificance of the gender difference in its abundance in human carotid
atheroma, reported for the first time by Liang and colleagues [109], is
unknown.
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5.2.5. Adipose tissue

The first proteomic analysis addressing gender differences in visc-
eral adipose tissue from type 2 DM patients was published in 2016 by
Gomez-Serrano et al. [115]. Protein abundance changes reported in this
study revealed distinctive male and female phenotypes in terms of the
antioxidant response: levels of SOD1, SOD3 and several GST proteins
were higher in men, and the peroxide-scavenging enzymes GPX1 and
GPX3 were higher in women. Interestingly, the levels of fatty acid
synthase were found to be increased in women, supporting the notion
that visceral adipose tissue in women correlates with dysfunctional
hypertrophic adipocytes characterised by a significant increase in cell
size, in contrast to men who showed more numerous and smaller adi-
pocytes (adipocyte hyperplasia). According to the authors, these novel
findings suggest a worsening of the obese phenotype in women once
type 2 DM emerges, due to an increased pro-inflammatory state and
decreased visceral adipose tissue adipocyte hyperplasia compared to
men, resulting overall in a more dysfunctional adipose tissue [115].

5.3. Circulating cells: platelets

That gender might influence platelet biology was anticipated over
30 years ago [116,117]. A state-of-the-art paper by Patti et al. [118]
highlights that, although less represented in clinical studies, the female
gender may obtain different benefits from antiplatelet therapy with
respect to men. Also, the thrombotic and bleeding risks, as well as
outcomes after a cardiovascular event, appear to differ between gen-
ders. Among the multiple factors involved in these effects, hormonal
mechanisms and differences in platelet biology might contribute to
different gender characteristics. From a biochemical point of view, it is
well known that many differences occur in platelets between females
and males: the platelet count differs significantly, with higher values in
women than in men [119]; in women, platelets have a higher number of
surface receptors and bind a greater amount of fibrinogen (reviewed in
[118]); their reactivity is also different, both with and without anti-
platelet therapy [120]. The increased platelet responsiveness in fe-
males, at least in animal models, appears to be an intrinsic feature of
the platelet itself, independent of the platelet size and the expression of
surface adhesion molecules [121].

In recent years, it has become increasingly evident that proteomics
can provide novel insights into basic research questions regarding the
protein composition and the post-translational modifications (PTMs)
occurring in platelets, which might be useful to understand the impact
of the diseases and, eventually, of therapeutic interventions [122]. In-
deed, platelet signaling is much more complicated and nonlinear than
originally anticipated, involving a considerable level of cross talk
among signaling pathways. However, as yet no proteomic study has
addressed the issue of sex/gender-specificity of platelet proteomics in
the cardiovascular system, with the exception of a single paper on
human platelets derived from volunteers [123]. In this study, using
protein microarrays, Eidelman et al. showed that gender differences
appeared in the low abundance signaling proteome, whereas 2-DE re-
vealed only high abundance proteins that did not differ between gen-
ders. Considering that there are still gaps in knowledge on gender-
specific platelet biology and antiplatelet therapy, and that the percen-
tage of women included in clinical trials evaluating the impact of an-
tiplatelet drugs on cardiovascular outcomes (= 30%) has not changed
in the last 20 years, it is evident that more women need to be included
in order to produce strong evidence-based recommendations on the
topic.

5.4. Gender dependence of nutritional effects on proteomics

In the nascent arena of nutriproteomics, proteomics aims to char-
acterise the molecular and cellular changes occurring at the protein
level following exposure to food nutrients. Indeed, proteomics in nu-
tritional sciences can help indeed to understand the impact of nutrients
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on living systems, to identify potential biomarkers that can aid in life-
style changes or dietary habits, and, finally, to assess food safety and
functionality [124].

As discussed by Anand et al., short-term controlled-feeding studies
with CVD risk factors as outcomes, long-term prospective cohort studies
with CAD, stroke, and type 2 DM as outcomes, and a limited number of
randomized controlled trials with CVD endpoints collectively show that
multiple aspects of diet substantially influence CVD risk [125]. This
review, as many others [126,127] underlines that the traditional
Mediterranean-type diet, characterised by a high intake of olive oil,
fruit, nuts, vegetables, and cereals; a moderate intake of fish and
poultry; a low intake of dairy products, red meat, processed meats, and
sweets; and wine in moderation, provides a well-tested healthy dietary
pattern to reduce CVD risk by about a third. A series of papers by Be-
dard [128-131] showed that men have greater cardiometabolic
changes than premenopausal women in response to the Mediterranean
diet. Up to now, some proteomics studies have been performed to in-
vestigate the effects of nutrients typical of the Mediterranean diet, i.e.
olive oil and omega-3 fatty acids, on different specimens (lipoproteins,
urine, peripheral blood mononuclear cells, platelets) in the context of
CVDs [132-138], but no one has specifically addressed sex or gender
differences.

Beyond the impact of food on the proteome, there is convincing
evidence, at least from animal models, that caloric restriction benefits
health by slowing the aging process and delaying the onset of age-as-
sociated chronic diseases, including CVD. Several studies have now
demonstrated that cardiovascular aging can be affected by changes in
food intake [139,140], mainly due to reductions in inflammation and
oxidative stress: in the vasculature, caloric restriction appears to protect
against endothelial dysfunction and arterial stiffness and attenuates
atherogenesis by improving several cardiometabolic risk factors; in the
heart, it reduces cardiomyocyte apoptosis, protects against fibrosis, and
preserves or improves left ventricular diastolic function [141]. While
there is strong evidence supporting the inclusion of modest caloric re-
striction in lifestyle programs targeting cardiovascular health, the im-
pact of caloric restriction on human health is not fully understood and
deserves further investigation [142].

The aging process is further complicated by the sex differences in
lifespan, which is a world-wide phenomenon with women outliving
men by more than a decade in some countries, and not unique to hu-
mans because most sexually reproducing species show sex differences in
patterns of aging. A comprehensive explanation does not currently
exist, even if interference of sex-steroids and altered activity of nutrient-
sensing pathways may contribute [143]. Up to now, only one paper has
addressed the combined effects of gender and caloric restriction at the
proteomic level. Valle et al. found that females differ remarkably from
males in the mechanisms that regulate substrate utilisation and energy
metabolism, in the antioxidant systems, and in the stress response
[144]. Caloric restriction also affects overlapping sets of proteins and
many of the gender differences are attenuated by caloric restriction
suggesting that cellular pathways are similarly regulated in females and
caloric restricted rats and could be related with a greater longevity
[144].

6. Gender differences in oxidative stress and oxidative PTMs in
CVDs

6.1. Oxidative stress in CVDs

Partially reduced oxygen species (PROS; e.g. superoxide radical
anion, hydrogen peroxide, hydroxyl radical) and oxynitro species (e.g.
nitric oxide, peroxynitrite) at physiological levels play an important
role as regulatory mediators in fundamental cell functions and con-
tribute to the maintenance of cell homeostasis [145]. In contrast, a
redox imbalance in favor of pro-oxidant processes leads to oxidative
stress and oxidative damage, which have been implicated in the
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pathogenesis of a wide variety of diseases including cancer, neurode-
generative diseases, and vascular diseases [145]. In particular, oxida-
tive stress is one of the most potent inducers of endothelial dysfunction
and is involved in the initiation, progression and clinical manifestation
of atherosclerosis [146-148]. Moreover, several conditions that re-
present risk factors for CVD, such as hypertension, diabetes mellitus,
metabolic syndrome, obesity and cigarette smoking, are strongly linked
to oxidative stress [149].

Evidence is emerging for gender differences in the occurrence and
susceptibility of redox imbalance and oxidative stress, including in the
cardiovascular system. For example, gender differences have been
found in circulating leptin, which has proinflammatory properties, and
leptin levels were found to correlate with increased total glutathione
[150]. Markers of oxidative stress have mostly been reported to be
lower in females than males during the first decades of life, but oxi-
dative stress appears to be elevated in post-menopausal women when
compared to pre-menopausal women, and is thought to play a major
role in menopause symptoms such as hot flushes and osteoporosis,
which argues for the involvement of female sex-hormones in main-
taining low oxidative status [151]. In elderly people the redox balance
seems to be inverted; for example, higher serum hydroperoxide levels
have been observed in female CAD patients compared to males with
CAD [151,152]. As a result, it has been suggested that estimation of
oxidative stress could be a useful biomarker for cardiovascular risk
especially in elderly women [153]. However, “oxidative stress” is a
composite of many different parameters and therefore comes in a
variety of forms; there is no single universal measure. This emphasizes
the importance of using a panel of redox biomarkers appropriate to the
disease condition [154]. In atherosclerosis and other vascular dys-
functions, the presence of lipid oxidation products such as lipid hy-
droperoxides, small reactive aldehydes (malondialdehyde, hydro-
xynonenal) or oxidized LDL have commonly been analysed by a variety
of methods [149,155].

Oxidative stress can lead to oxidative modifications of proteins, with
a variety of (mostly deleterious) effects on the functions of those pro-
teins, and it is increasingly appreciated that a full understanding of the
proteome and how it is altered by physiological conditions (such as
gender) or disease requires analysis of all different protein forms, as
discussed below.

6.2. PTMs and protein speciation in CVDs

The existence of PTMs and their effect on protein function has been
recognized for many years: for example, phosphorylation is an arche-
typal PTM that regulates activity of many enzymes and interactions of
proteins, but the number and types of PTMs existing is now known to be
very extensive [156]. However, many proteomics studies simply seek to
identify proteins in samples, and the issue of variability in protein
structure is thus often ignored. This approach has significant limitations
for understanding cellular processes, as explained by Jungblut et al.
(2008), who coined the termed “protein speciation” to reflect the en-
ormous variety in protein chemical structures over and above the amino
acid sequence [157]. “Protein species” are defined as different protein
forms resulting from covalent modifications of the protein with func-
tional relevance [158]; they are thought to occur for most mammalian
genes, and it has been estimated that, while the number of genes en-
coding human proteins is approximately 20,000, the number of human
protein species is in the range of 1 billion. Species variation arises at
every step from gene expression to protein degradation, and influences
subcellular localization, degradation, subunit assembly, tertiary struc-
ture or enzyme activity.

Nowadays it is clear that information at the protein species level
cannot be ignored to obtain biological relevant information on a pro-
tein. Indeed, the success rate of FDA approved diagnostic markers to
date is very low compared to the number of published disease markers,
and it has been suggested by Steffen et al. [159] that the biochemistry
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of the proteins and especially the occurrence of a multitude of protein
species originating from a single gene is a major reason for this. This is
particularly important in the setting of heart disease, which comprises a
diverse range of acute (such as ischemia/reperfusion), chronic (such as
heart failure, dilated cardiomyopathy) and genetic (such as hyper-
trophic cardiomyopathy) disease states, all of which have been asso-
ciated with protein PTMs [160]. These notions on relationships of
function to the exact chemical formula of the protein species have re-
cently been discussed in a Special Issue of the Journal of Proteomics
(2016), with recommendations on how to improve studies of a pro-
teome, particularly in the disease state, in the future [161]. In CVD
research, the protein species concept has been introduced by Schwab
et al., who performed a 2-DE/ESI-LC-MS approach to assess the effect of
a dietary supplement with the phytoestrogen genistein on the protein
patterns involved in the maintenance of normal heart physiology at the
protein species level [162,163]. By this approach, the authors observed
a substantial impact of sex, age, and genistein on the abundance of a
multitude of protein species, especially mitochondrial enzymes in-
volved in the fatty acid metabolism or playing a role in the tricarboxylic
acid cycle or the respiratory chain [163].

Because it is not possible in this review to consider all of the possible
PTMs, the next sections focus on oxidative modifications, as there is
growing interest in proteomics and analysis of oxidative PTMs
(0xPTMs) to proteins in CVDs. While many oxidative modifications to
proteins can occur, including oxidations of cysteines, methionines,
prolines, as well as hydroxylations, chlorinations and nitrations of
tyrosines or tryptophans, only a subsection of these are thought to have
regulatory effects [156]. Many other modifications may have no func-
tional effect, or simply cause loss of activity. Another interesting cate-
gory of oxPTMs are those caused by adduct formation by small reactive
aldehydes, which includes the formation of AGEs (advanced glycation
end products) and ALEs (advanced lipoxidation end products); some
functional effects have been described for these modifications, such as
altered binding to the receptor for AGEs or altered subcellular locali-
zation.

Analysis of all of these oxPTMs by mass spectrometry is extremely
challenging [164], and this is especially true of glycation and lipox-
idation [164-166]. Unlike enzymatically-induced modifications, such
as phosphorylation, ubiquitinylation or farnesylation, which occur on
specific residues, oxPTMs tend to occur randomly on a number of sus-
ceptible residues and proteins, making it extremely difficult to define all
protein species. Thus improved enrichment processes and mass spec-
trometry-based methods for detection of oxPTMs including AGEs and
ALEs are urgently required. Development of untargeted and semi-tar-
geted bottom-up MS methods together with improved data mining al-
gorithms are currently being developed with the H2020 innovative
training network MASSTRPLAN (Project ID: 675132; http://cordis.
europa.eu/project/rcn/198275_en.html), and will ultimately help to
identify a larger fraction of protein species and their role in CVDs.
However, at the current time most work on oxPTMs in CVDs have been
carried out by more conventional proteomics approaches, as described
in the following section.

6.3. Emerging role of oxPTMs in CVDs

In the context of CVDs, the interest towards PTMs and especially
oxPTMs of proteins has grown considerably. The analysis of PTMs
should provide useful information for the identification of mechanisms
potentially involved in the genesis and/or progression of CVD. Ranging
from immediate and reversible modifications, such as phosphorylation
and some oxidative modifications, which enable rapid response to
changes in the cellular environment, to long-term and irreversible
modifications, such as AGE formation, analysis of the PTM status of
proteins can provide clues to the molecular basis of the underlying
pathology. Furthermore, emerging evidence supports a major role of
PTMs in regulating multiple pathways of the intracellular quality
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control mechanisms evoked by the cell to minimize the level and
toxicity of misfolded proteins and defective organelles in the cell.
Indeed, poor quality control is associated with many forms of heart
diseases [167,168]. Liddy et al. [160] nicely described the most re-
levant PTMs that seem to be of emerging significance in cardiac disease,
but within the Human Proteome Project further work is going on to
identify and characterise as many PTMs as possible, including oxPTMs
[169].

At the organelle level, the discovery and knowledge of PTMs oc-
curring in the mitochondrial proteome have recently exploded with the
advent of mass spectrometry and the most characterised PTMs and
oxPTMs have been nicely reviewed by Stram et al. [170]. Many mi-
tochondrial PTMs have a relevant role in signal transduction pathways,
energy generation, apoptosis, autophagy, metabolism, and tissue re-
sponse to ischemic injury, but the functional significance of the various
mitochondrial PTMs in regard to their impact on the pathophysiology
of disease remains an intense area of investigation [170]. Mitochondrial
dysfunction almost certainly has a role in CVDs, such as stroke, HF, and
cardiac ischemia/reperfusion injury [171,172]. Based on these as-
sumptions, it is likely that prevention or reversal of mitochondrial da-
mages might represent a potential target for the treatment of CVDs. At
the time of writing, the only study that investigated PTMs in the mi-
tochondrial proteome linked to gender differences was performed in rat
hearts by Lagranha et al. [173], likely due to the lack of standardized
methods to analyse mitochondrial proteome [174]. The authors found
an increased phosphorylation of aldehyde dehydrogenase 2 and of the
E2 subunit of alpha-ketoglutarate dehydrogenase in females, an event
that may be responsible of the lower production of oxidants and of the
cardioprotection of the female heart in the ischemia-reperfusion model.

7. Conclusions

The differences between females and males begin even before im-
plantation of the zygote in the uterus and continue throughout prenatal
development phases, in childhood and adulthood. These differences
include diverse susceptibility to some diseases, such as certain types of
cancer and autoimmunity, in which females have an overall higher
susceptibility [175]. The existence of sexual diversities in the onset,
manifestation, and outcome has now been recognized also in CVDs
[6-8]. The endogenous causes of the sex differences observed in many
diseases are largely unknown, and the situation in CVD research is not
much different. Beyond environmental and social differences between
men and women (e.g., occupational hazards, lifestyle, social stresses,
access to healthcare) that can contribute to gender differences in CVDs,
sex hormones and sex chromosomes have been found to account for
some sex differences in CVDs [8,10-12]. However, several gaps in our
understanding of sex- and gender-related diversities in cardiovascular
health still exist. The search for sex/gender-related mechanisms is
further complicated by the still-increasing sex bias in preclinical re-
search [14], despite the fact that in 2014 the NIH announced that sex
should be considered as a biological variable in applications for pre-
clinical research funding [15].

By generating large sets of molecular data, ‘omics technologies,
including genomics/transcriptomics, proteomics, metabolomics, lipi-
domics and others, can provide deep biological insight into human
health and disease. Applications of these technologies to investigations
aimed at elucidating the causes underlying sex- and gender-related
diversities in pathophysiology is a challenging task. While great tech-
nological progress has been made and some excellent bioinformatic
methods are currently available for computational analysis, further
improvements in the acquisition, storage, handling and integration of
large volumes of data are needed [176]. In particular, a crucial aspect
of ‘omics studies on complex phenotypes such as CVDs is the collection
of high-quality biological samples providing the basis for the creation of
large data sets that can accurately incorporate the many sources of
variability (including key variables as race/ethnicity, age, and sex/
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Fig. 2. ‘Omics applications in cardiovascular research: unveiling sex/gender-differences in CVDs. The figure highlights the role of proteomics in biomedical researches that expand from
the screening of early diagnostic and prognostic biomarkers to the investigation of the molecular pathways underlying CDVs. The deciphering of proteomes via protein speciation, and its
integration with genomics/transcriptomics, metabolomics, and lipidomics, may reveal novel mechanisms responsible for sex/gender-differences in CVDs, thus providing new oppor-

tunities oriented towards precision medicine.

gender) into rigorous statistical models [176]. Notwithstanding these
challenges, it is hoped that, by exploiting multi-omics approaches to
integrate information about gene expression and protein species com-
position of an organism with metabolic fingerprints and lipid profiles
(Fig. 2), we will gain a more comprehensive understanding on how sex
and gender impact cardiovascular health. This is an exciting field where
‘omics approaches could make a significant contribution to precision
medicine [177].

Finally, the current knowledge of the relationship between the
function and the exact structural formula of protein species to health
and disease suggests that the focus on disease-associated protein species
in the future will bring to more specific disease markers. Last, the exact
chemical composition including not one but every posttranslational
modification and complete sequence coverage at the protein species
level should be achievable with further progress in sample preparation
techniques, especially concerning separation techniques at the protein
level, mass spectrometry and algorithms for mass spectrometric data
processing.

Executive summary

Clinically important sex- and gender-related differences exist in risk
factors, occurrence, management and outcomes of cardiovascular
diseases (CVDs).

Traditional CVD risk factors affecting both men and women

e Hypertension

— Slightly higher prevalence in men than in women

— Uncertain whether the association between increments in systolic
blood pressure and CVDs differs between men and women

e Dyslipidemia

— Similar prevalence of elevated total cholesterol (TC) in men and in
‘women

— Similar TC-related risk of CHD in men and in women

e Diabetes mellitus (DM)

— Similar prevalence in men and in women

— Higher excess risk of coronary heart disease (CHD), stroke, heart
failure (HF), and peripheral arterial disease (PAD) in diabetic
women compared with diabetic men

® Excess body weight

— Similar prevalence in men and in women

— Similar association between body mass index (BMI) and CHD in
men and in women

— Hormone-related sex dimorphism in patterns of body fat storage
and fat metabolism potentially affecting the relationship between
excess body weight and CVD risk

o Cigarette smoking

— Mortality from CVDs higher in women than in men who smoke

— Higher risk of developing CHD in women than men with the same
exposure to tobacco smoke

— Similar beneficial effects of smoking cessation on CVD risk in
women and in men
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Women-specific CVD Risk Factors

e Pregnancy complications

- Hypertensive disorders of pregnancy and gestational DM are
important women-specific factors to consider in CVD risk
assessment

e Age at menopause

- Women who undergo menopause before age 50 or primary ovarian

insufficiency have an increased risk of CVDs

- Controversy remains regarding the cardiovascular effects of
menopausal hormone therapy; the current consensus is that it
should never be prescribed for the aim of preventing CVDs

e Emerging, non-traditional CVD risk factors in women

- Preterm delivery, systemic autoimmune diseases, breast cancer
treatments, and depression are new emerging factors that can
affect CVD risk in women

Sex/gender-differences in CVD manifestations and underlying
pathophysiology

e Coronary artery disease (CAD)

- Prevalence higher in men than women at younger ages, but the
incidence rises in women after menopause

- Prevalence of obstructive CAD phenotype in men vs. non-
obstructive CAD in women

- Plaque rupture more frequent in men than in women; plaque
erosion more frequent in premenopausal women than in men

- Poorer prognosis in women compared to men

e CVDs more prevalent in women

- Expanded spectrum of coronary disease in women, comprising

coronary microvascular dysfunction (CMD), spontaneous coronary

dissection (SCAD), and Takotsubo cardiomyopathy

more women than men

e Ischemic stroke

Increased lifetime incidence in women compared with men

— More severe strokes and greater disability in elderly women
compared with age-matched men

e PAD

- Prevalence higher in men than women at younger ages, but the
incidence rises in women after menopause

— More severe PAD in women compared to men

e Abdominal aortic aneurysm (AAA)

— Prevalence higher in men than women

— Worse outcomes in women

Role of oxidative stress in CVDs

- Several conditions that represent risk factors for CVDs are strongly

linked to oxidative stress
- Oxidative stress is involved in the initiation, progression and
clinical manifestation of atherosclerosis

- Evidence is emerging for gender differences in the susceptibility to

oxidative stress

- Oxidative stress can lead to oxidative modifications of proteins
(0xPTMs), with a variety of (mostly deleterious) effects on their
functions

- oxPTMs, together with other post-translational modifications, are

actually an intense area of investigations by proteomics
Gender proteomics in CVDs

— Applications of ‘omics technologies to investigations aimed at
elucidating the causes underlying sex- and gender-related
diversities in pathophysiology is a challenging task

HF (particularly with preserved ejection fraction) affects typically
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A full understanding of the proteome and how it is altered by
physiological conditions (such as gender) or disease requires
analysis of all different protein forms

Proteomic studies in this field are still very rare, but they are
expected to increase over the next years

Several gaps in our knowledge of sex/gender-related diversities in
CVDs still exist. The successful integration of ‘omics technologies
(including genomics/transcriptomics, proteomics, metabolomics,
lipidomics, and others) could make a significant contribution to
precision medicine developed on top of sex/gender-based
assessments.
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Glossary

2-DE  two-dimensional electrophoresis:

2D-LC-MS/MS  two-dimensional liquid chromatography/tandem mass spectrometry:
2-DE/MS  two-dimensional electrophoresis coupled to mass spectrometry:

8-plex iTRAQ:

AAA  abdominal aortic aneurysm:

BMI body mass index:

CAD coronary artery disease:

CHD coronary heart disease:

CMD  coronary microvascular dysfunction:

CVD  cardiovascular disease:

DM diabetes mellitus:

ERFC Emerging Risk Factors Collaboration:

ERp estrogen receptor f3:

GPX glutathione peroxidase:
GST glutathione S-transferase:
HDL-C  high-density lipoprotein
HF  heart failure:

HR  hazard ratio:

IHD ischemic heart disease:
iTRAQ isobaric tags for relative and absolute quantitation:

LVH left ventricular hypertrophy:

MALDI-TOF MS  matrix-assisted laser-desorption ionization- time of flight mass spectrometry:
NIH National Institutes of Health:

nLC-MS/MS  nano liquid chromatography/tandem mass spectrometry:

0xPTM oxidative post-translational modification:

PAD peripheral arterial disease:

PTM  post-translational modification:

SBP  systolic blood pressure:

SCAD  spontaneous coronary dissection:

SOD  superoxide dismutase:

TC total cholesterol:

2ol

ol:
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ABSTRACT

Introduction: Protein prenylation is a ubiquitous covalent post-translational modification characterized
by the addition of farnesyl or geranylgeranyl isoprenoid groups to a cysteine residue located near the
carboxyl terminal of a protein. It is essential for the proper localization and cellular activity of numerous
proteins, including Ras family GTPases and G-proteins. In addition to its roles in cellular physiology, the
prenylation process has important implications in human diseases and in the recent years, it has
become attractive target of inhibitors with therapeutic potential.

Areas covered: This review attempts to summarize the basic aspects of prenylation integrating them with
biological functions in diseases and giving an account of the current status of prenylation inhibitors as
potential therapeutics. We also summarize the methodologies for the characterization of this modification.
Expert commentary: The growing body of evidence suggesting an important role of prenylation in
diseases and the subsequent development of inhibitors of the enzymes responsible for this modifica-
tion lead to the urgent need to identify the full spectrum of prenylated proteins that are altered in the
disease or affected by drugs. Proteomic tools to analyze prenylated proteins are recently emerging,
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thanks to the advancement in the field of mass spectrometry coupled to enrichment strategies.

1. Introduction

Among posttranslational modifications (PTMs), protein lipidation is
unique owing to its structural versatility and the ability to directly
control the attachment of soluble proteins to cell membranes
without the requirement of other mediators. Indeed, numerous
membrane proteins require a temporary membrane association to
fulfill their biological functions. This can be achieved via interaction
with membrane lipids (i.e. phospholipids or sphingolipids),
through conserved lipid-binding domains present in the protein,
or by covalent attachment of lipid groups (reviewed in [1]).

Different lipid classes, namely fatty acids, isoprenoids, ster-
ols, phospholipids, and glycosylphosphatidylinositol anchors,
are known to be enzymatically attached, and, with the excep-
tion of palmitoylation, lipid modifications (N-myristoylation,
cholesterylation, and prenylation) are all irreversible.

Originally discovered in fungi in 1978 [2], the first preny-
lated protein was identified in mammalian cells about 10 years
later [3], and the number of identified prenylated proteins is
still increasing, thanks to novel analytical strategies based on
mass spectrometry (MS) (170 entries in UniProt database,
UniProt release 2017_01).

A number of exhaustive reviews have described the pathways
and enzymes involved in the prenylation process [4-18]. Briefly,
prenylation is a multistep enzymatic process in which three
prenyltransferases (PTases) catalyze this modification adding
hydrophobic prenyl moieties to proteins: farnesyltransferase
(FTase), geranygeranyltransferase | (GGTase 1), and Rab geranyl-
geranyltransferase (RabGGTase or GGTase Il) (Figure 1). As their

names suggest, these enzymes carry out farnesylation, whereby
a C15 moiety (three isoprene units) is transferred to a cysteine
side chain, or geranylgeranylation, in which a C20 moiety (four
isoprene units) is transferred. FTase and GGTase | are often
referred to as CAAX PTases because they recognize a four-
amino-acid C-terminal motif that is termed the CAAX box
where C is cysteine, A is usually an aliphatic amino acid, and X
can be a variety of amino acids. Proteins can then be further
processed by RAS-converting CAAX endopeptidase 1 (RCET),
which removes the AAX residues, followed by isoprenylcysteine
carboxyl methyltransferase (ICMT), which ‘caps’ the carboxyl
group on the now carboxy-terminal isoprenoid-modified
cysteine residue with a methyl group. RabGGTase differs both
structurally and functionally from the CAAX PTases because it
recognizes the overall structure of Rab proteins instead of a short
C-terminal sequence. This recognition is mediated by an acces-
sory Rab escort protein that can bind mammalian Rab proteins
and present them to the catalytic subunit of RabGGTase.

The protein substrates of the three PTases are very diverse
in nature. This group includes the y-subunits of heterotrimeric
G proteins, centromeric proteins, regulators of the cell cycle
and apoptosis, nuclear structural proteins such as lamins,
enzymes of glycogen metabolism, and proteins of the visual
cascade, but the largest, and most extensively studied group,
is composed by the small GTPase superfamilies including the
well-known Ras, Rab, Rho, and Rac. Small GTPases are essential
signaling proteins that regulate a variety of cell processes and
functions, such as cell growth, differentiation, cytoskeletal
organization, and vesicle trafficking. The prenylation status of
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Figure 1. Overview of prenylation reactions. (A) Isoprenoids substrates for prenylation (FPP, farnesyl pyrophosphate, Structure 1; GGPP, geranylgeranyl
pyrophosphate, Structure 2). (B-D) Mechanism of action of farnesyltransferase (FTase) (panel B), geranygeranyltransferase | (GGTase 1) (panel C), and Rab
geranylgeranyltransferase (RabGGTase or GGTase Il) (panel D). (E) Processing of farnesylated or geranylgeranylated CAAX-proteins catalyzed by RAS-converting
CAAX endopeptidase 1 (RCE1), which removes the -AAX residues, followed by isoprenylcysteine carboxyl methyltransferase (ICMT), which adds a methyl group from
S-adenosylmethionine (AdoMet) to the carboxy-terminal isoprenoid-modified Cys residue.

small GTPases affects their intracellular trafficking, subcellular
localization, and interactions with substrates. Therefore, pre-
nylation modifies the functions of small GTPases as well as the
functions of their downstream effectors [4-18].

In addition to their roles in cellular physiology, the prenyla-
tion and post-prenylation of CAAX proteins have important
implications in human diseases as discussed later, and in the
recent years, these proteins have become attractive targets in
the search for inhibitors with therapeutic potential.

2. Prenylation in diseases
2.1. Prenylation in progeria

Studies on lamin proteins, a group of proteins that, being loca-
lized near the inner side of the nuclear membrane, form the
nuclear lamina and affect many nucleus functions, were among
the first to show farnesylation of mammalian proteins [5]. Indeed,
posttranslational farnesylation had previously been demon-
strated for fungal mating pheromones [19], and the first direct
evidence of the relationship between the CAAX motif and farne-
sylation was obtained by nuclear magnetic resonance (NMR) of
the Saccharomyces a-factor [20]. The preference for lamin farne-
sylation, over geranylgeranylation, derives entirely from the
C-terminal methionine residue, being the human lamin CAAX
boxes CSIM for prelamin A, CAIM for mammalian lamin B1, and
CYVM for lamin B2. The functional role of the CAAX-box mod-
ification of prelamin A is unique among mammalian proteins
because it is eliminated during prelamin A maturation.

Indeed, the sequential processing steps to generate the
mature forms of lamin A, lamin B1, and lamin B (reviewed in
[21] and [22]) include (a) addition of a 15-carbon farnesyl
isoprenoid to the CAAX by FTase and (b) modification by a
prenyl-CAAX-specific endoprotease that removes the tripep-
tide at the carboxyl terminus of prelamin A and lamin B. RCE1
is responsible for the cleavage of the peptide in B-type lamins,
while RCE1 as well as ZMPSTE24, the Zn-metallopeptidase that
is also required for the final proteolytic step of prelamin A, has
been implicated in the cleavage of the -SIM tail from prelamin
A. Third, the carboxyl terminal farnesylcysteine is then methy-
lated by an ICMT. Finally, while B-type lamins are permanently
farnesylated and carboxymethylated, prelamin A undergoes
an additional cleavage of the carboxyl terminal 15 amino
acids mediated by ZMPSTE24, leading to the release of the
mature, unfarnesylated, and unmethylated lamin A.

Up to this date, more than 400 mutations have been iden-
tified in the protein-coding region of the LMNA gene (http://
www.umd.be/LMNA). Some of these mutations are unique for
lamin A, while others are located in the region encoding for
both lamin A and C. These mutations cause the onset of
several distinct forms of laminopathies, but one of the most
striking and devastating is the fatal Hutchinson-Gilford pro-
geria syndrome (HGPS), a sporadic autosomal dominant seg-
mental genetic disease leading to premature aging affecting 1
subject every 4 million [23].

HGPS is caused by a series of single point mutation in the
LMNA gene that, although silent, induce an alternative splicing
leading to the translation of the disease-causing abnormal



lamin A protein, progerin [24]. The main HGPS-causing muta-
tion in LMNA is a single-nucleotide substitution that alters the
splicing of the prelamin A transcript, leading to the in-frame
deletion of 50 amino acids [24].

This deletion leaves the CAAX motif of prelamin A intact
and available for farnesylation and methylation, but it elimi-
nates the ZMPSTE24 cleavage site, preventing the conversion
of the mutant prelamin A (generally called progerin) into
lamin A. Progerin accumulation also leads to misshapen cell
nuclei in cultured fibroblasts and is responsible for all of the
disease phenotypes of HGPS [24].

Yang et al. generated knock-in mice expressing farnesy-
lated progerin (LmnaHG/+) and tested whether their pro-
geria-like disease phenotypes might be ameliorated by an
FTase inhibitor (FTI). They showed that FTI treatment lessened
the severity of disease phenotypes in LmnaHG/+ mice [25].
The favorable results with FTI therapy in LmnaHG/+ mice have
raised hopes for positive results from the FTI trial in humans.
Nevertheless, recent studies in mice have suggested that the
FTI treatment strategy may be destined to fall short of a
complete cure. Yang et al. [26] generated knock-in mice
expressing a ‘non-farnesylated’ version of progerin (LmnaHG/
+) and showed that those animals developed severe progeria,
but less severe than in mice bearing farnesylated progerin.
The understanding that non-farnesylated progerin elicits dis-
ease suggested that an altered primary structure (i.e. the 50
amino acid deletion), and not merely the farnesyl lipid, con-
tributes to the pathogenesis of HGPS.

The first FTI used in human clinical trial for HGPS was
lonafarnib [27]. Cardiovascular and neurovascular benefits
were demonstrated including decreased vascular stiffness,
incidence of stroke, headache, and transient ischemic attack,
after 2 years of treatment. There was also evidence for skeletal
and audiologic benefits. However, lonafarnib was not able to
improve all disease phenotypes and not all subjects benefit
from this treatment [28]. The possibility that targeting ICMT
could be an effective strategy for treating HGPS was
addressed by lbrahim et al. [29] who found that a hypo-
morphic allele of ICMT improved disease phenotype by
increasing body weight, normalizing grip strength, and pre-
venting bone fractures and death in ZMPSTE24-deficient mice.
Furthermore, ICMT inhibition increased proliferation and
delayed senescence in human HGPS fibroblasts [29].

2.2. Prenylation and Alzheimer’s disease

Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder affecting approximately 11% of the population aged
65 years and older and is clinically characterized by impaired
episodic memory. The pathological signs of AD are intracel-
lular neurofibrillary tangles and deposits of aggregated amy-
loid-Bprotein (AB) in neuritic plaques and cerebral vessels, an
event that compromises the plasticity and structural integrity
of the synapses [30]. However, the relationship between the
neuropathology of AD and the behavioral changes is not
completely clear. Emerging evidence demonstrates that pro-
tein prenylation and alterations in the level and function of
some small GTPases may contribute to the pathogenesis of
AD (reviewed in [31] and [32]).
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For example, atorvastatin-induced depletion of isoprenoids is
associated with the reduction of protein prenylation and the
stimulation of non-amyloidogenic processing of amyloid precur-
sor protein (APP) through the a-secretase activity, which, cleav-
ing within the sequence of A, precludes the formation of intact
AB in favor of the neurotrophic soluble fragment sAPPa [33].

In contrast, other in vitro studies reported that lovastatin or
simvastatin augments intracellular levels of APP and AR, par-
alleled by a decrease of secreted A, in a geranylgeranylpyr-
ophosphate (GGPP)-dependent manner [34]. The mechanisms
proposed include the increase/activation of B-secretase [34],
inhibition of vesicle trafficking [35], and inhibition of y-secre-
tase activity [36]. Independently from the effects exerted by
different statins, these data indicate that prenylation is
involved in determining levels of intracellular Ap.

Interestingly, the interplay between prenylation and APP/
AR metabolism seems to be reciprocal. Indeed, the activities of
the enzymes involved in the mevalonate pathway may be
directly regulated by AP and other APP cleavage products,
such as APP intracellular domain, influencing the levels of
isoprenoids and other lipids [37].

In accordance, the levels of farnesylpyrophosphate (FPP)
and GGPP, as well as that of FPP synthase and Ras, in the
cytosol or in the membranes (prenylated forms) are higher in
the brains of AD patients, suggesting that also protein pre-
nylation could be increased in AD brains [38,39].

In addition to APP/AB metabolism, prenylation/GTPases have
been demonstrated to be involved in different aspects of AD
pathogenesis. For example, inhibition of Rho GTPases prenyla-
tion leads to attenuation of AB-induced neuroinflammation [40].

Despite these premises, results from epidemiological studies
show that the risk of AD is decreased by statins even if pro-
spective studies have produced mixed results. The discrepan-
cies among these studies are most likely caused by differences
in the choice and dose of statins, the selection of patient
populations, the treatment durations, and the criteria of out-
come measures (reviewed in [41,42]). However, another critical
aspect is the fact that statins reduce FPP and GGPP levels
simultaneously and consequently alter both farnesylation and
geranylgeranylation pathways, which are both involved in the
regulation of different cellular functions. Recent studies demon-
strated that selective inhibition of protein farnesylation, but not
geranylgeranylation, improves synaptic and cognitive function
with a reduction of AD pathology, suggesting the potentiality
of these inhibitors as therapeutic agents for AD. Interestingly,
inhibiting the level of FPP, but not GGPP, enhances hippocam-
pal synaptic plasticity in brain slices of mature C57BL/6 mice
[43]. Consistently, Cheng et al. demonstrated that haplodefi-
ciency in FTase, but not in GGTase-1, rescues cognitive function
and attenuates Ap-associated neuroinflammation and neuro-
pathology in a mouse model of AD [44]. Thus, FTIs have also
been proposed for the treatment of neurodegenerative dis-
eases and one FTI (LNK-754), developed by Link Medicine
Corp. [45-47], has been tested in Phase | clinical trials in sub-
jects with mild AD and in healthy elderly volunteers to evaluate
tolerability, safety, and pharmacokinetics (http:/clinicaltrials.
gov, NCT01013610 and NCT00903253). However, additional
studies are needed to clarify the role of protein farnesylation
on the onset and progression of AD.
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2.3. Prenylation and hepatitis

Chronic hepatitis delta is a severe liver disease occurring in
subjects that carry the hepatitis B surface antigen (HBsAg) and
are also infected with the hepatitis delta virus (HDV), the
smallest virus in human virology with a genome of about
1700 nucleotides coding for the hepatitis delta antigen
(HDAg) of 195 amino acids [48].

Treatment still relies on interferon, first introduced empiri-
cally in the 1980s, but results are limited [49]. Therapy is
problematic because the minimalist HDV does not encode
for any enzymatic function and has no replicative machinery
of its own to be targeted by antivirals.

The crucial role of prenylation, which is an essential step for
virion assembly and packaging of viral particles [50], has led to
the hypothesis that disruption of this PTM by drugs could
prevent virion morphogenesis. The prenyl-lipid on the HDAg
is farnesyl, and FTase inhibitors were used with success in vitro
and in the mouse model to diminish HDV release [51].

Koh and colleagues [52] provided the first proof-of-concept
that a prenylation inhibitor, lonafarnib, can decrease HDV mRNA
in a dose-dependent manner and indicated a new unconventional
strategy to attack a virus resistant to conventional therapies. One
potential advantage of the use of FTase as antiviral target is that it
is more difficult to develop resistance against a host target.

In clinical practice, several problems need to be considered
before lonafarnib becomes a therapeutic option in human
HDV disease, and future studies will need to address if mono-
therapy with a prenylation inhibitor can be sufficient to cure
HDV or if combination therapies, for example, with pegylated
interferon alfa will be required.

As far as hepatitis C is concerned, the analysis of prenylated
proteins by using a combination of [H’] mevalonate labeling,
coimmunoprecipitation, and bioinformatics search led to the
identification of a geranylgeranylated host protein called FBL2,
which forming a specific complex with the HCV NS5A protein
is crucial for HCV RNA replication [49].

2.4. Prenylation in infective diseases

During the last decade, the advanced detection methods of
PTMs, including the modified peptide enrichment combined
with high-accuracy MS, the sequencing of pathogen genomes
for PTMs activity prediction, and the functional studies of the
host-pathogen relationships, highlight that bacteria have also
developed several PTMs, in order to use host cell pathways for
their benefit, to bypass the host defenses, and finally to pro-
mote their replication (reviewed in [53]). Legionella pneumo-
phila, the etiological agent of the severe pneumonia
legionellosis, is a paradigm of highly adapted intravacuolar
pathogens that have set up sophisticated biochemical strate-
gies to hijack host cell processes. Similar to many bacteria,
Legionella interacts with the host cell through secretion of
effector proteins which serve as substrates for protein—protein
interactions with proteins from the host cell or other bacteria
but also as substrates for PTMs using the eukaryotic machin-
ery. These effectors contain the CAAX motifs that after pre-
nylation are targeted to host organelles, thus facilitating
intracellular infection [53,54].

An important role in the control of cell growth and mor-
phogenesis of microbial pathogen is also exerted by preny-
lated Ras-like GTPase family proteins. For instance, Rasl
protein prenylation, in Candida albicans, is required for a
correct membrane localization to support hyphal growth,
which is a virulence-associated phenotype for this organism
[55]. Similar effects have been demonstrated in Aspergillus
fumigatus in which an altered hyphal growth, defective cell
walls, and reduced virulence have been also associated with
mislocalization of RasA from the plasma membrane [56]. In
addition, other components of the prenylation pathway, such
as PTases, could affect fungal virulence. It has been demon-
strated that the expression of a gene encoding for a subunit of
both FTase and GGTase-l, RAM2, is crucial for the viability of C.
albicans [57] and Candida glabrata, in vitro as well as in
infected mice [58]. Furthermore, for the human fungal patho-
gen Cryptococcus neoformans, not only farnesylation and ger-
anylgeranylation but also post-prenylation processing have
been shown to influence the virulence of this fungus [59].
Finally, as reviewed by Eastman et al. [60], protein prenylation
occurs in a wide variety of pathogenic protozoa, including
Trypanosoma brucei, Trypanosoma cruzi, Leishmania species,
Plasmodium falciparum, Toxoplasma gondii, Giardia lamblia,
and Entamoeba histolytica. Growth of the protozoan parasites
has been shown to be seriously damaged by the inhibition of
protein farnesylation in comparison with mammalian cells,
suggesting high potential of the enzyme protein FTase as an
antiparasitic drug target. Indeed, FTIs have already been
shown to be efficacious in the treatment of eukaryotic patho-
gens in animal models, including infection with both T. brucei,
the causative agent of African sleeping sickness, and P. falci-
parum, one of the causative agents of malaria [61].

2.5. Prenylation and cancer

Members of the Ras family of GTPases, which almost all con-
tain the CAAX motif, have attracted a great interest because of
their well-established role in oncogenesis [62]. Besides Ras,
several other CAAX proteins are involved in the initiation
and progression of cancer: the Rho family of GTPases, which
includes Rac and Cdc42, and many phosphatases and kinases
(reviewed in [63]). As nicely discussed by Wang et al. [64], the
discovery of the essential role of prenylation in modulating
Ras function generated enormous enthusiasm for the devel-
opment of prenylation inhibitors, in particular FTase inhibitors,
with more than 400 patents registered in less than a decade
[65]. The impressive results obtained in animal model of tumor
promptly led to clinical trials, but the results were quite con-
tradictory. Indeed, the outcome of Phase Il and Phase Il
clinical trials was, in general, rather disappointing, considering
that many FTls failed to demonstrate antitumor activity in Ras-
dependent cancers, presumably because one of the most
frequent mutated form of Ras in human cancers (K-Ras) is
able to avoid FTI blockade through cross-prenylation by the
related enzyme GGTase | [66]. Thus, the recognition of alter-
native prenylation of RAS enhanced attention on targeting
GGTase |, which processing additional proteins, such as Rho,
has the potential to modulate also inflammation. So far,



geranylgeranyl trasferase inhibitors (GGTIs) have shown signif-
icant efficacy in several animal models of both cancer and
inflammatory diseases. However, there is still much to be
learned about the modifications and functions of the CAAX
proteins. The effects of GGTase | appear to be very complex as
suggested by the surprising results showing that the gene
deletion of GGTase | in mice, instead of protecting from
inflammatory symptoms, on the basis of the inflammatory
effects of Rho GTPases, induced severe joint inflammation
[67]. Overall, these findings highlight the cell context-specific
interplay of the biological processes determined by the CAAX
protein prenylation.

2.6. Prenylation and spermatogenesis defects

Protein prenylation in the seminiferous epithelium is crucial in
early stage of spermatogenesis before sexual maturity [68]. This
finding comes from the observation that male rats treated with
the HMG-CoA inhibitor, rosuvastatin, present a delay in the age
of puberty onset and epididymal development accompanied by
testicular and epididymal alterations [69]. Moreover, Wang et al.
suggest that male infertility due to mumps virus infection
before puberty could be ascribed to reduced levels of prenyla-
tion caused by deficiency of geranylgeranyl diphosphate
synthase, which induce excessive synthesis and secretion of
chemokine and cytokine in Sertoli cells, leading to spermato-
gonia apoptosis and subsequent adult infertility, as demon-
strated in a mouse model [70]. The same authors further
demonstrated the importance of protein farnesylation as cell-
intrinsic regulator, able to stimulate the mTORC1 signaling
pathway influencing the expression of differentiation-related
genes. Indeed, geranylgeranyl diphosphate synthase reduction
is associated with FPP accumulation, changing the ratio
between protein geranylgeranylation and farnesylation, which
regulate spermatogonial stem cell differentiation in early stage
of spermatogenesis, thus providing a potential basis for primary
male sterility treatment, which is caused by spermatogonial
stem cell exhaustion and germ cell depletion [68].

2.7. Other diseases

Many studies reviewed by Roosing et al. [71] suggest that the
retina specifically requires proteins modified with lipid moi-
eties, most probably due to the membranous structure of the
photoreceptors. The retina, therefore, may be particularly sus-
ceptible to prenylation of proteins, which would give rise to
retinal symptoms before (if at all) affecting other tissues.
Several genes implicated in inherited retinal diseases encode
proteins involved in the prenylation process as mediator or
target. Mutations in these genes may result in diminished or
abolished protein synthesis, but can also cause protein inacti-
vation and accumulation of inactive prenylated proteins, with
deleterious effects in photoreceptor cells and subsequent pro-
gressive degeneration of photoreceptors, the retinal pigment
epithelium, and the choroid.

Very recently, it has been demonstrated that alteration of
glucose homeostasis in complex diseases such as infection,
obesity, and type 2 diabetes might be due to sustained inflam-
mation which suppressing CYP7A1 leads to accumulation of
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intermediate metabolites of the mevalonate pathway. This
phenomenon results in prenylation of RHOC, which is conco-
mitantly induced by inflammatory cytokines, and in the eleva-
tion of plasma glucose [72].

3. Proteomics and prenylation

The growing body of evidence suggesting an important role
of prenylation in diseases is leading to the development of
several inhibitors of the enzymes responsible for this modifi-
cation [73]. Thus, prenylome-wide approaches are urgently
needed to identify the subsets of prenylated proteins that
are affected by FTIs and/or GGTls, which in turn should help
to elucidate the link between physiological effects of PTase
inhibitors (PTIs) and their targets.

However, tools to analyze prenylated proteins from a global
point of view are only recently emerging. Indeed, the study of
lipid modification, and in particular prenylation, is a really diffi-
cult task, due to not only their low abundance, typical of many
PTMs, but also the extremely high hydrophobicity that compli-
cates protein extraction and separation and their MS analysis
[74]. After in-gel digestion of modified proteins, lipidated pep-
tides are not efficiently eluted [75], and lipidated proteins or
peptides display also reduced efficiency in terms of ionization
and fragmentation by tandem MS (MS/MS), making their ana-
lysis more difficult by liquid chromatography (LC) coupled to
MS [18,76]. It is therefore clear that there is strong need of tools
to modify and enrich prenylated proteins to reach a compre-
hensive knowledge of the prenylome and to quantify it.

An enormous step forward into the analysis of posttransla-
tionally modified proteins has been done in the recent years,
thanks to the technological advancement in the field of MS,
the most powerful tool to address this challenging issue.

However, since almost all PTMs present lower stoichiome-
try in comparison with unmodified proteins, MS sensitivity is
still not enough, and specific enrichment techniques are
essential to achieve detection and characterization of these
low-abundant components in complex mixtures of proteins
from cell or tissue lysates (Figure 2). Several enrichment stra-
tegies at protein or peptide level have been developed so far
to deal with the different types of PTM before MS analysis for
their identification and localization of the modification site.
Affinity enrichment strategies using antibodies have been
successfully applied to the study of tyrosine phosphorylation
and nitration, arginine methylation, and lysine acetylation [77]
through the immunopurification of modified proteins or pep-
tides with high-quality antibody that are, unfortunately, not
available for all the PTMs. Other affinity purification methods
using, for example, lectin have been used for the enrichment
of N-glycosylated proteins, while in the case of phosphoryla-
tion, the chemical characteristics of the phosphate group
allow their enrichment with matrix-immobilized metal ions,
such as IMAC or TiO2-based methods, with an high efficiency
[78,79]. Other PTMs, such as O-glycosylation or glycosylpho-
sphatidylinositol (GPI) modification, have been investigated
using modification-specific enzymes that allow the release of
the PTM, such as PNGase, for the release of N-linked oligosac-
charides [80] or their tagging with biotin for subsequent
enrichment [81-83]. Alternatively, a series of methods using
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Figure 2. Enrichment strategies for PTM analysis. Proteomic analysis of post-translationally modified proteins often require enrichment strategies before gel-based or MS-
based methods for the identification of the modified proteins and the modification site. These strategies can be based on labeling, affinity purification or enzymatic reactions.

in vivo metabolic labeling or in vitro chemical labeling has
been developed to convert the PTMs (i.e. palmitoylation and
myristoylation) in molecules that can be easily traced or
tagged with biotin for enrichment [77].

As far as prenylation is concerned, several methods based on
biochemistry and molecular biology are available in the literature
to study this modification, but most of these studies are tailored
to individual proteins and are based on enzyme overexpression
and inhibition or labeling with radioactive isoprenoids.

Radioactive labeling was the first method employed to
evaluate protein prenylation in vitro, and it is based on the
treatment of cells with a labeled H3-mevalonate, which is
converted by the cells in H3-FPP and H3-GGPP and incor-
porated in prenylated proteins through the action of
PTases. The labeled prenylated protein can be detected
by autoradiography and the combination with immunopre-
cipitation of a protein of interest has proven to be the
method of choice to determine the prenylation of indivi-
dual proteins. Using H3-mevalonate, it is impossible to
discriminate between the two types of prenylation, and
to do that, it is necessary to use alternatively H>-labeled
FPP or GGPP as isoprenoids donors [84]. To further confirm
the presence of prenylation, additional experiment can be
performed to visualize by Western blotting the change of
apparent molecular weight of the protein of interest upon
inhibition of prenylation or the subcellular localization of
prenylated proteins in membrane fractions. These radio-
active-based methods are in general used in combination
with the generation of mutants in which the cysteine,
target of prenylation, is substituted by a serine in order
to confirm the modification site.

Despite the evident disadvantages, they have been suc-
cessfully applied in many cases. For example, Wang et al.
demonstrated that the geranylgeranylation of a specific
host protein is necessary for RNA replication of hepatitis

C virus (HCV) using cell labeling with H3-mevalonate, mole-
cular biology, bioinformatics, and immunoprecipitation
experiments [85]. Based on previous observations suggest-
ing that HCV geranylgeranylation was essential for HCV
RNA replication [86,87], they overexpressed a tagged
form of one of the HCV protein (NS5A), and, studying its
radioactive interactors, they were able to hypothesize the
prenylation of F-box/leucine-rich repeat protein 2 (FBL2).
Indeed, overexpressing a tagged form of FBL2, wild type
(Myc-FBL2WT) or mutated to eliminate the putative mod-
ification site (myc-FBI2-C420S), they evidenced that only
the immunoprecipitated Myc-FBL2WT was positive for
autoradiography because of prenylated but not the
mutated form. Furthermore, they demonstrated that the
Myc-FBL2WT was able to localize in membrane fraction,
while the mutated one was mainly located in the cytosol,
and the treatment with GGTI, but not FTI, lead to a relo-
calization in the cytosol for Myc-FBL2WT [85].

However, this approach has several drawbacks linked to the
safety of working with radiochemicals, the costs, and the
quantity of time required to obtain results with autoradiogra-
phy (up to 3 months) [84]. For these reasons, it is not suitable
for broad-based proteomic studies to identify novel preny-
lated proteins in complex mixtures [18,84].

Antibodies against specific prenylated proteins are commer-
cially available for immunohistochemistry, ELISA, or Western
blotting analysis [84]. On the other hand, antibodies against
the prenyl groups that could be used for affinity purification of
prenylated proteins in combination with MS-based methods are
still sparse, and, to the best of our knowledge, no examples of
antibody-based enrichment of prenylated proteins exist.

Hereinafter in this review, we describe the emerging broad-
based strategies developed to identify and quantify protein
prenylation in vivo and in vitro. Indeed, in order to analyze
protein prenylation from a global point of view, several



techniques have been developed based on MS coupled, for
example, with prenyl group derivatization, bioorthogonal
labeling, or in vitro reactions with recombinant PTases.

3.1. Strategies to study prenylated proteins

3.1.1. MS-based methods for prenylome analysis

The growing knowledge of the complexity of PTMs occurred
in the last decade is strictly connected with the improvements
in the performances of LC and the advancements in MS with
the introduction of novel high-resolution instruments, for a
more precise measurement of precursor and products and
different types of fragmentation (electron capture- and elec-
tron transfer-based fragmentation) essential for sequencing
and identification of the modification site [88].

Though prenylation has been extensively studied in the
past two decades, systematic MS-based analyses are still rare.

Prenyl group structures have been studied by MS coupled to
gas chromatography [89] or high-performance liquid chroma-
tography (HPLC) after hydrogenation, cleavage of the thioether
bond by Raney nickel cleavage, and isolation of free lipids [90].
Fewer examples exist in which MS has been applied to obtain
the exact location of the modification, beyond the characteriza-
tion of the lipid moieties [75].

Analyzing synthetic peptides, by electrospray ionization
(ESI) or matrix-assisted laser desorption ionization (MALDI)
MS/MS, it has been demonstrated that the fragmentation of
farnesylated peptides during collision-induced dissociation
(CID) produces a neutral loss of 204 Da, which equate the
farnesyl group, or a marker ion of 205 Da corresponding to
the protonated form of the farnesyl group, together with
some fragment ions (135, 149, and 163 m/z) that could help
in the identification of putative farnesylated peptides [91]. In
particular, monitoring of the neutral loss seems to be the
preferential method for the analysis of prenylated peptides
by MALDI, while with ESI the marker ions would be better [91].

Several HPLC methods have been proposed to separate
peptides bearing lipid modification before MS analysis, but
the high hydrophobicity renders this task still challenging,
especially if the modified and unmodified peptides need to
be separated in a single HPLC run [92]. To circumvent this
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limitation, Wotske et al. demonstrated that farnesylated pep-
tides could be identified also in complex mixtures by MS,
despite their low abundance, exploiting the separation effi-
ciency of multidimensional protein identification technology
(MudPIT) chromatography avoiding other enrichment steps.
Indeed, peptides from in vitro farnesylated Rab proteins were
detected and identified in a complex mixture of Hela cell
lysate coupling a first separation by strong cation exchange
chromatography with a second separation by reverse-phase
chromatography. They demonstrated that the low-abundant
farnesylated peptides, identified by the presence of a farnesyl
neutral loss during fragmentation, were eluted significantly
later than their non-farnesylated counterpart near the end of
the gradient (5-80% acetonitrile) after the majority of pep-
tides. However, it should be noticed that the farnesyl group
occasionally split off the peptide during ionization complicat-
ing the interpretation of the results [92].

More recently, Bhawal et al. developed a novel ‘MS cleavable
strategy’ based on the derivatization of the prenyl groups with
m-chloroperoxybenzoic acid (mCPBA) introducing a mono-oxi-
dized thioether bond that, during CID in the gas phase of the
MS, produces a neutral loss that allows the unambiguous dis-
tinction of farnesylated or geranylgeranylated peptides in a
single experiment. In addition to the introduction of a mono-
oxidized thioether bond on modified cysteines, that is very
labile and can be easily broken [93] to release the neutral
RSOH group (R is the mass of the epoxidized prenyl group), it
produces also the epoxydation of a variable number of isopre-
noid groups that could be very useful in the characterization of
prenylated peptides and for the addition of an enrichment tag
(Figure 3). The mCPBA reaction introduces a maximum of five
epoxy group in the farnesylated peptides and six in the ger-
anylgeranylated peptides, generating several targets for MS/MS
analysis with no effects of hydrolysis after long HPLC gradients
[76]. To further clarify the potential application of this method,
Bhawal et al. tested a different fragmentation technique (elec-
tron-transfer dissociation [ETD]) in combination with CID to
study epoxidized prenylated peptides, and they evidenced a
more efficient fragmentation of the backbone with ETD, but
with the loss of the signature fragment due to mono-oxidized
thioether bond cleavage, which is prevalent with CID
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Figure 3. Prenylated protein analysis by the ‘mass spectrometry cleavable strategy’. After protein digestion prenylated peptides can be epoxydized with
m-chloroperoxybenzoic acid (mCPBA). This treatment allows the direct analysis of prenylated peptides by MS, with the identification of the type of modification
(farnesyl or geranylgeranyl) on the basis of the presence of a specific neutral loss signature followed by peptide sequencing. Otherwise prenylated peptides can be
derivatized with a biotin probe and enriched by means of an avidin system before MS analysis.
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fragmentation, suggesting that a combination of CID and ETD
could be useful for an efficient analysis of prenylated peptide
by MS [94]. This MS-based method offers several additional
advantages: after neutral loss, the newly generated precursors
can be more easily fragmented and therefore sequenced; the
epoxidation of unsaturated attached lipids reduce the extreme
hydrophobicity of prenylated peptides with a consequent bet-
ter performance of the reverse-phase chromatography separa-
tion; and the epoxy groups could be used for enrichment
strategy based on the introduction of enrichment tags such as
azide biotin [76].

The method has been validated with spiking experiment
with prenylated peptides in a matrix of unmodified peptides;
however, up to this date, no examples exist for its application
in complex samples, and a dedicated search algorithm is
going to be developed. Nevertheless, this is a promising
approach that could be applied not only in vitro, but also in
vivo in animal models and in clinical samples, avoiding any
type of labeling and exploiting the ability of MS for relative
and absolute quantitation.

3.1.2. Metabolic labeling for prenylome analysis

In order to avoid radioactive labeling, other analogs have
been proposed for in situ metabolic labeling of prenylated
proteins in the so-called ‘bioorthogonal labeling’ approach.
This approach is based on the use of lipid analogs containing
functional groups, such as alkyne or azide modifications,
which are cell permeable and metabolically stable, but nor-
mally absent in biological samples and largely inert toward
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biological molecules. These molecules could be the target of
a bioorthogonal reaction based on the ‘click chemistry’ with
chemical tags for fluorescence detection or enrichment.

The term ‘click’ chemistry coined by Sharpless [95]
describes chemical reactions such as the Huisgen copper(l)-
catalyzed azide-alkyne 1,3-dipolar cycloaddition (CuUAAC) reac-
tion between azides and alkynes that offers high yields gen-
erating only inoffensive products. Fluorophore ligation allows
prenylated protein imaging in cells or in gels, while biotin
ligation could be used for enrichment of prenylated proteins
for identification and quantitation of single target by Western
blotting or proteome wide profiling and quantification of
protein prenylation by MS (Figure 4).

In particular, isoprenol analogs (such as alkyne-farnesol,
Alk-FOH) are preferred to pyrophosphate for their increased
cell permeability. Furthermore, it has been demonstrated that
exogenous isoprenols can be used by mammalian cells to
generate isoprenoid diphosphate substrates by kinases, inde-
pendently from the mevalonate pathways, and this process is
upregulated with the inhibition of mevalonate pathway [96].
Indeed, this bioorthogonal approach is in general combined
with statin treatment to reduce the pools of endogenous
isoprenoids even if this affects the bioorthogonality of the
reaction considering the multiple effects exerted by statin [96].

Metabolic labeling of living cell has been demonstrated to
be powerful for the definition of the specificity of PTase, for
the assessment of PTl efficiency, and for the discovery of novel
prenylated proteins, notwithstanding obvious limitations exist
for the application to clinical samples [74]
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Figure 4. Workflow for prenylated protein analysis by bioorthogonal labeling. Cells are metabolically labeled using isoprenoids analogs containing alkyne or
azide groups (i.e. alkyne farnesol, C15Alk) and subsequently derivatized in several ways for their identification or visualization. A) Labeled cells can be fixed and
permeabilized before fluorochrome incorporation for analysis of prenylated proteins by fluorescence microscopy or flow cytometry. B) Labelled cells can be lysed
and derivatized with fluorochrome to be visualized with an imaging system for fluorescence detection after protein separation by SDS-PAGE. C) Labeled cells can be
derivatized with biotin probes and visualized by Western blotting or enriched with an avidin system before protein digestion for MS analysis.



Several azide or alkyne analogs have been used so far, such
as anilinogeraniol in combination with detection with anti-
anilinogeranyl antibody [97], azidogeranylgeranyl analog deri-
vatized using tetramethyl-rhodamine for fluorescence detec-
tion [98], and C15Alk used in combination with differential gel
electrophoresis (DIGE) [99]. In particular, Degraw et al.
explored the use of several alkyne-containing analogs to
study protein prenylation, in the presence of various inhibitors
and in different cell lines, in comparison with azides [100]. In
all these cases, proteins are separated by 2-DE and only pre-
nylated proteins are detected, and differentially expressed
proteins are identified by in-gel digestion and MS [97-99]. A
recent paper by Palsuledesai et al. proposed also metabolic
labeling with C15Alk followed by cycloaddition of a fluoro-
phore for imaging of prenylated proteins using microscopy
and quantification using flow cytometry for the evaluation of
the global prenylome state [101].

On the other hand, bioorthogonal labeling using biotin tag
demonstrated its efficacy for the first time in the study from
Kho et al. in which FPP-azide-modified proteins were selec-
tively ligated with a phosphine capture reagent via the
Staudinger reaction, instead of the azide/alkyne click reaction,
and subsequently enriched by affinity purification leading to
the identification of 18 farnesylated proteins [102].

A pull-down approach, employing an alkyne farnesol ana-
log as reporter and CuAAC, was also applied in the study from
Charron et al. to identify more than 100 prenylated proteins in
the prenylome of macrophages. Together with known small
GTPases, unannotated proteins were also identified as puta-
tive target of prenylation such as the zinc-finger antiviral
protein, for which farnesylation was demonstrated to be
essential for its targeting in lysosomes and late endosomes
and for its antiviral activity [103].

More recently, Suazo et al. used the C15AIkOPP probe to tag
prenylated proteins for both in-gel fluorescence labeling and
pull-down for proteomic analysis to study the prenylome of P.
falciparum, which is mainly composed of Rab GTPases together
with few proteins involved in membrane trafficking [104].

The main advantage of this approach is the compatibility
with subsequent proteomic analysis by MS. Indeed, the selec-
tion of a short clickable lipid analog reduces the hydrophobi-
city of the modified proteins, ameliorating their extraction and
separation; the biotin tagging allows the efficient enrichment
of prenylated proteins; quantitative data can be obtained; the
ionization efficiency is increased by the addition of a positive-
charged linker region, and better fragmentation spectra can
be obtained after tag removal [18].

However, some limitations exist. Metabolic labeling in animal
models, by direct introduction into the bloodstream or injection
into specific organ or xenograft tissue, is still in its infancy and
requires studies to determine pharmacokinetic and pharmaco-
dynamic behavior of the isoprenoid analogs [105].

Furthermore, results need to be validated with other tech-
niques. Some unspecific protein identifications could be
obtained due to the in vivo metabolism of these analogs
into other lipid molecules [106], and the intracellular localiza-
tion of modified proteins could be incorrect due to the pre-
sence in some analogs of an artificial ether linkage that
renders the probes not completely biomimetic [74].
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In comparison with the MS-based methods described pre-
viously, concomitant detection of farnesylated and geranylger-
anylated proteins is currently complicated by the quality of
analogs that are not suitable or nonselective for geranylger-
anylation [105], and the exact location of the modification site
could be obtained only through mutagenesis.

3.1.3. In vitro prenylation assays

In order to analyze protein prenylation in samples that are not
accessible to metabolic labeling, some tools for in vitro pre-
nylation (IVP) have been developed. These approaches are
based on the treatment of cells or tissue lysates with exogen-
ous recombinant PTases and synthetic substrates, bearing
fluorophores or enrichment tags, to induce protein prenyla-
tion of those sites that are not in vivo prenylated (Figure 5)
[74]. Fluorescent isoprenyl pyrophosphates, such as 7-nitro-
benzo[1,2,5]oxadiazol-4-ylamino (NBD) conjugated to FPP or
GGPP, have been used to evaluate prenylation catalyzed by
FTase and GGTase-l on selected small GTPases evaluating the
fluorescence after SDS-PAGE of treated cell lysates or in living
cells, thanks to its cell permeability [107].

The implementation of this method for proteomic studies is
really complex because the synthetic substrates need to have
an affinity for PTase similar to that of native substrate despite
the tag, and for this reason, engineered protein PTases need
to be developed [106,108].

Nguyen et al. developed a functionalized substrate, biotin-
geranylpyrophosphate (BGPP), optimized to function as a lipid
donor in all the protein prenylation reactions, using a set of
engineered mammalian PTases able to selectively conjugate
BGPP to the prenylation substrates (Figure 5). This method
allowed the characterization and quantitative analysis of the
prenylome of COS7 cells treated with compactin, a mevalo-
nate pathway inhibitor, thanks to the possibility to isolate the
biotin-labeled unprenylated proteins for proteomic analysis by
MudPIT. They also demonstrated that this approach could be
used to test the selectivity of prenylation inhibitors, incubating
the cells with the PTI and subsequently the lysates with BGPP
and different PTases [108].

This method was also successfully applied to study the
prenylation of Rab proteins in Choroideremia disease, a dis-
ease resulting from the genetic deletion of Rep1 in which
unprenylated Rabs accumulate in the eye, demonstrating
that the presence of unprenylated Rab38, which is not func-
tional, could be responsible for the observed eye defects [109].

More recently, Ali et al. optimized this approach to deal
with the possible effects on prenylation exerted by a
bisphosphonate drug used for bone disorders treatment,
zoledronic acid (ZOL). Employing recombinant geranylgera-
nyltransferase RabGGTase/REP1 and the biotinylated sub-
strate BGPP, they were able to evidence the effects of ZOL
on prenylation of J477 macrophages proteins and demon-
strated that IVP assay is more sensitive (>10 times) than
Western blotting for the detection of unprenylated Rap1.
Furthermore, by combining IVP with quantitative MS based
on stable isotope labeling with amino acids in cell culture
(SILAC) and biotin-avidin enrichment, they identified 18
different unprenylated Rab proteins in J774 cells after ZOL
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Figure 5. Workflow for in vitro prenylation assays. After cell or tissue lysis,
the extracted proteins that are not modified can be prenylated by recombinant
prenyltransferases in the presence of a chemical substrate, such as biotin-
geranyl pyrophosphate (BGPP). Prenylated proteins are now biotinilated and
can be visualized by Western blotting or analyzed by mass spectrometry after
enrichment through the avidin system and protein digestion.

treatment, mainly Rab proteins associated with the endo-
phagosome pathway (such as Rab1, Rab5, Rab6, Rab7,
Rab11, Rab14, and Rab21), and also RhoA and Rac2. They
also demonstrated the effectiveness of IVP assay in animal
models and, in particular, in peritoneal macrophages iso-
lated from mice treated with ZOL, confirming the prenyla-
tion of endophagosome-associated Rabs [110].

The methods described above represent powerful tools to
study prenylation because they bypass the use of radioactivity,
and biotin tagging allows the enrichment of prenylated pro-
teins for a broad-based proteomic analysis and could be used
in a variety of samples from cell-free systems [108,109] to
clinical samples to quantitatively compare protein prenylation.
However, limitations arise from the generation of synthetic
substrates modified by the addition of fluorophore or biotin
groups, which reduced their cell permeability and could mod-
ify the affinity for the PTases [106]. Furthermore, the rate of
prenylation of proteins in lysates can be established only by

identifying proteins that were not modified, and this is often
forced through statin treatment to reduce endogenous iso-
prenoids reservoirs. Thus, information about in vivo-prenylated
proteins could only be deduced, and possible cross talk
between PTase could not be ruled out [74].

4. Conclusion

PTMs represent the most delicate and complex regulatory
networks in eukaryotic cells. In particular, the role of prenyla-
tion in several disease state ranging from infective disease to
cancer has been demonstrated, leading to the development of
many PTls that are under evaluation for their therapeutic
application. However, only few studies have tackled these
complex PTMs from a global point view, due to the lack of
dedicated proteomic tools. The methods that are now avail-
able for the analysis of prenylated proteins in vitro and in vivo
are mainly based on the application of MS analysis coupled
with specific enrichment strategies to overcome the low abun-
dance of modified proteins and the effects of prenylation on
the efficiency of protein extraction and analysis.

5. Expert commentary

One of the challenges facing the field of prenylation is the
variety and complexity of prenylated proteins. Even though
numerous biologically important proteins have been identified
to undergo prenylation [13], the number of the prenylome
components is still unknown [111]. Based on the literature,
several hundred proteins are subjected to prenylation
[73,112], but only 170 human proteins result to be annotated
in UniProt as prenylated (http://www.uniprot.org/; UniProt
release 2017_01). Thus, the impact of prenylated proteins cer-
tainly extends beyond what has been demonstrated up to now.

The majority of the studies has focused on the prenylation
of individual proteins and therefore has only touched the tip
of the iceberg.

Several methods are recently being developed to char-
acterize protein prenylation globally, including sequence-
based computer programs specially designed to predict if
proteins are prenylated [111]; but the most important pro-
gresses have been made over the past few years, thanks to
the development of quantitative proteomic approaches
based on MS, that could be applied to the study of protein
prenylation not only in vitro, but also in vivo. The combina-
tion of MS with prenyl group derivatization or tagging of
prenylated proteins with isoprenoid analogs, obtained by
metabolic labeling [74] or by IVP reactions, has proven
particularly powerful and will help to provide unique
insights into prenylation targets and PTI selectivity.

However, the analysis of protein prenylation in vivo in
mammalian tissue and in the clinical setting is still a challen-
ging task. Indeed, metabolic labeling is complicated by the
pharmacokinetic and pharmacodynamic issues of the lipid
analogs used for labeling [105]. Furthermore, the so-called
IVP assays can be applied to mammalian tissues to compare
the levels of prenylation of proteins in different physiopatho-
logical conditions, but this is not a direct evaluation of the



amount of prenylated protein because only unmodified pro-
teins can react and thus in vivo levels could only be inferred
[108]. In this context, the strategy proposed by Bhawal et al.
[76], which is based on prenyl group derivatization, is promis-
ing, but additional studies need to be performed to demon-
strate the feasibility in complex samples.

In order to identify specific prenylated proteins, condi-
tional knockout mice, in which FTase and GGTase activities
can be ablated in a tissue-specific manner, have been gen-
erated and used as in vivo model system to investigate the
targets of prenylation inhibition. In conjunction with the
aforementioned approaches to characterize the prenylome,
animal models with conditional knockout of FTases and
GGTases in specific tissues [113] offer powerful tools for
elucidating the mechanisms of a disease, identifying and
validating therapeutic targets, and ultimately improving
the outcomes of clinical trials.

It is important to note that, when dealing with prenyla-
tion, one should also take into consideration that preny-
lated protein could undergo further processing leading to
removal of the C-terminal tripeptide and methylation of the
new C-terminal cysteine. Indeed, it has been demonstrated
that some proteins, like Gy, could be present both in the
unmethylated and in the methylated form [114]. This aspect
was tackled by Kassai et al. using a top-down MS-based
approach that allowed them to provide the evidence, from
the MS/MS spectra, that mouse Ty is farnesylated and car-
boxyl methylated at the C-terminal residue [115]. Thus, it is
necessary to consider also the proteolytic cleavage and
methylation of C-terminal cysteine as a possible variable
modification for database search in global proteomic stu-
dies using MS. However, not all the approaches described in
this review could address this issue. Indeed, by performing
an IVP assay, only unprenylated proteins can be modified
after cell/tissue lysis; thus, any information on post-prenyla-
tion processing is lost.

Overall, the novel strategies described in this review repre-
sent important progresses in the field of protein prenylation
analysis, improving the sensitivity of the detection and allow-
ing the identification of modified proteins in a high-through-
put manner, thanks to affinity-enrichment steps. However,
despite great advances have been obtained, tools and meth-
odologies still need to be better characterized.

6. Five-year view

A deeper knowledge of prenylation process would improve
the understanding of disease mechanisms with amelioration
of therapy and diagnosis. We believe that the application of
the novel strategies described in this review represents a step
forward in the identification and characterization of the pre-
nylation targets in broad-based studies, meeting the challenge
of analyzing these large and hydrophobic PTMs.

However, another challenge still exists which is represented
by the PTM cross talk. Various publications have demonstrated
that multiple PTMs can coexist on the same protein influencing
each other [77,116,117], and, in particular, a cross talk exists
between lipid modification and other PTMs such as phosphor-
ylation [118,119], glycosylation [120], or ubiquitination

EXPERT REVIEW OF PROTEOMICS (&) 11

[18,121,122]. To this regard, recent advances in nonrestrictive
sequence alignment algorithms provide a possible means for
identifying all types of PTMs in a protein [77,123-126].

In order to determine how these multiple PTMs act together,
proteomic studies in which multiple PTMs are contemporarily
analyzed would be useful. However, up to this date, workflows
for the comprehensive analysis of multiple PTM, including pre-
nylation, are still lacking and need to be developed to analyze
PTM cross talk on a global scale, further increasing the sensitivity
and the range of abundance of the detected proteins.

Notwithstanding enormous progress has been obtained in the
last few years, for many questions about prenylation an answer is
still lacking, despite enormous investment in development of
novel, potent, and selective inhibitors of PTases. Understanding
the global effects of this PTM would increase the possibility to
exploit therapeutic potential of PTl in several diseases.

Thanks to these approaches, a quantitative proteome-wide
analysis of the regulation of protein prenylation and its mod-
ulation by therapeutic agents could be obtained, and their
application in prenylome profiling of individuals in clinical
settings could facilitate personalized medicine, decoding inter-
individual differences in the response to drug treatments.

Key issues

® Prenylation is a multistep enzymatic process in which three
known prenyltransferases (PTase) catalyze this modification
adding hydrophobic prenyl moieties to proteins.

® The known protein substrates of PTases are very diverse in
nature, but we are far from a comprehensive knowledge of
all the existing prenylated proteins.

® |n addition to the roles in cellular physiology, the prenylation
and post-prenylation of CAAX proteins have important impli-
cations in several human diseases, such as cancer, Alzheimer’s
disease, progeria, hepatitis, infertility and infective disease.

® The role of prenylation in diseases is leading to the devel-
opment of several inhibitors of the enzymes responsible for
this modification.

® The available methods for the analysis of prenylome, in vitro
and/or in vivo, are mainly based on MS coupled, for example,
with prenyl groups derivatization, bioorthogonal labeling or in
vitro reactions with recombinant prenyltransferases, for their
enrichment

® Prenylome-wide approaches are only recently emerging to
mine prenylated proteins and to identify the subsets of
prenylated proteins that are affected by FTIs and/or GGTIs.
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