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2 Center for Advanced Technologies, Adam Mickiewicz University, 61–614 Poznań, Poland

1. Reactive Species, Oxidative Damage, and Biomarkers

Reactive oxygen and nitrogen species (ROS/RNS) are generated as a result of normal
intracellular metabolism. Their physiological roles in biology related to redox signaling
mean that they participate in the modulation of apoptosis, stress responses, and prolifera-
tion [1–3]. ROS/RNS species include small molecules such as hydrogen peroxide (H2O2),
peroxynitrite (ONOO−), and hypohalous acids (HOCl or HOBr), as well as radicals such
as superoxide radical anion (O2

•−), nitric oxide (NO•), hydroxyl radical (HO•), nitrogen
dioxide radical (NO2

•), and carbonate radical anion (CO3
•−) [4,5]. The two progenitors

of the ROS network are O2
•− and NO• (Figure 1). Their concentrations are ~0.1 nM O2

•−
and ~10 nM NO• under physiological conditions, but these concentrations can increase
by up to 100-fold during inflammatory response, having a negative effect by causing dam-
age to biomolecules [6]. The enzymes superoxide dismutase (SOD) and catalase (CAT)
control the production of O2

•−, first by dismutation to H2O2 and O2 and, secondly, by
transforming H2O2 to water and oxygen (see Figure 1—red color) [7]. Figure 1 also shows
the main pathways via which other biologically important free radicals can be produced,
either via H2O2 or as a consequence of peroxynitrite ONOO− formation [8]. H2O2 is at
the crossroads of several pathways for the formation of HO•, with the main ones being
Fenton reaction (Fe2+ and H2O2) [9], Haber–Weiss reaction (O2

•− and H2O2), and the
reduction of previously formed HOCl or HOBr by superoxide radicals. The spontaneous
decomposition of ONOOH also produces HO•. ONOO− reacts with CO2, and the resulting
adduct rapidly decomposes to NO2

• and CO3
•−. The regulation of ROS and related species,

as well as oxidative repair, becomes less efficient with aging, resulting in the accumulation
of ROS-derived damage. The free radical theory of aging claims that ROS-derived damage
contributes to the functional decline of organ systems and predisposes those affected to
pathologies such as cancer, as well as cardiovascular and neurodegenerative diseases [10].

It is also worth mentioning that small reactive sulfur species (RSS) like H2S and its
congeners or H2S-derived radicals are emerging players in biological processes, partic-
ularly those related to mitochondria chemistry [11]. In chemical biology, it is believed
that molecule modification/damage is due mainly to the activation of ROS through RSS
generation. Regarding the reactivity of free radicals and, in particular, thiyl radicals (RS•)
towards biomolecules, there is the well-known cis–trans isomerization of double bonds
in unsaturated fatty acids moieties, which leads to the alteration of these biomolecules
without resulting in oxidative stress products [12]. Figure 2 shows the reaction mechanism
for this transformation, which consists of the reversible addition of RS• to the cis double
bond, forming the trans geometry as the thermodynamically favorable structure. It is
worth noting that the radical RS• acts as a catalyst for cis–trans isomerization, and the
isomerization mechanism occurs on polyunsaturated substrates as a step-by-step process
(i.e., each isolated double bond behaves independently).

Biomarkers and their products are substances, structures, or processes that can be
measured in the body. They can be used to influence or predict the incidence of an outcome
or a disease. Some of the reactive species mentioned above can damage organs, tissues, and
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cells by oxidizing DNA, proteins, and lipids, thereby resulting in diseases. The enormous
importance of oxidative and free radical chemistry for a variety of biological processes, in-
cluding aging and inflammation, has motivated researchers to try to understand the related
mechanistic steps at the molecular level with the development of related biomarkers. The
identification of modified biomolecules has a diagnostic value for the evaluation of in vivo
damage. Therefore, the development of biomarkers through biomolecule modification and
characterization by analytical protocols, followed by biomarker validation and extension to
clinical research, have important applications in medicine and therapeutical approaches
(Figure 3).

 

Figure 1. The enzymes SOD and CAT control the production of superoxide radical anion (O2
•−) (see

red color). The processes that generate HO• are the Fenton and Haber–Weiss reactions of H2O2, the
reduction of HOCl by O2

•−, and the spontaneous decomposition of ONOOH, whereas the processes
that generate CO3

•− are the decomposition of ONOOH and H2O2 reacting with Fe2+ and bicarbonate.

 
Figure 2. Thiyl radical-catalyzed cis–trans isomerization of a monounsaturated fatty acid moiety.

 
Figure 3. Omics technologies and the role of biomimetic radical chemistry in biomarker discovery.
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This Special Issue covers various aspects of biomarker research, from biomarker iden-
tification, including chemical reactivity and analytical procedures, to biomarker validation
and pre-clinical applications. Examples include DNA oxidation products, peptide and pro-
tein modifications, lipid peroxidation and isomerization, and defense and repair strategies.

2. Brief Overview of the Special Issue

2.1. Biomarkers of DNA Damage

Purine 5′,8-cyclo-2′-deoxynucleosides (cPu) are solely generated by the attack of HO•
radicals on purine moieties via C5′-radical chemistry, resulting in the formation of an
additional C5′−C8 covalent bond; 5′,8-cyclo-2′-deoxyadenosine (cdA) and 5′,8-cyclo-2′-
deoxyguanosine (cdG) exist in the 5′R and 5′S configurations (Figure 4). cPu can be removed
only by the nucleotide excision repair (NER) pathway, and different repair efficiencies of
R and S diastereoisomers have been detected [8]. On the contrary, the well-known 8-
oxo-purine (8-oxo-Pu) lesions, namely, 8-oxo-7,8-dihydro-2′-deoxyadenosine (8-oxo-dA)
and 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxo-dG), derive from the oxidation at the C8
position of adenine and guanine caused by a variety of reactive oxygen species (ROS) and
can be repaired by base excision repair (BER) [8].

 
Figure 4. The structures of 5′,8-cyclo-2′-deoxyadenosine (cdA), 5′,8-cyclo-2′-deoxyguanosine (cdG),
and 8-oxo-7,8-dihydro-2′-deoxypurine (8-oxo-dG or 8-oxo-dG).

Two articles in this Special Issue deal with the simultaneous measurement of six
purine lesions in DNA samples using LC-MS/MS protocol. The first of these articles
reports on Cockayne syndrome (CS) cell lines [13]. In particular, the six purine lesions were
ascertained in the mtDNA of wild-type CSA and CSB cells and defective counterparts in
comparison with the corresponding total nDNA. The 8–oxo–Pu levels were found to be
in the range of 25–50 lesions/107 nucleotides in both mtDNA and nDNA. The four cPu
were undetectable in mtDNA both in defective cells and in the wt counterparts (CSA and
CSB), contrary to their detection in nDNA, indicating the absence of HO• reactivity within
mtDNA. Additional tailored in vitro experiments demonstrated a higher resistance to HO•
attack for mtDNA in comparison with nDNA associated with their different DNA helical
topologies. The second of these articles reports on the brain tissue of mice [14]. A murine
model of immunodeficient (SCID) xenografted young (4 weeks old) and old (17 weeks
old) mice was compared with corresponding controls without tumor implantation. Both
cPu and 8-oxo-cPu formation was evaluated in this study to compare the effect of tumor
development and gather information on the aging process. Progressive DNA damage due
to age and tumoral conditions was confirmed by raised levels of 5′S-cdG and 5′S-cdA.

2.2. Biomarkers of Lipid Damage

The above-mentioned brain tissue of young (4 weeks old) and old (17 weeks old) mice,
in parallel to DNA damage, was also evaluated to ascertain changes in lipid content [14].
The remodeling of fatty acids involved a diminution of palmitic acid accompanied by an
increase in arachidonic acid, along both age and tumor progressions, causing increases
in the unsaturation index, the peroxidation index, and total TFA, indicators of increased
oxidative and free radical reactivity. The authors concluded that under aging and dis-
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ease progressions, membranes are not spectators, and targeted strategies are needed for
preserving their molecular integrity [14].

Lipid peroxidation (LP), an important type of oxidative/radical damage in biological
systems, is associated with a large number of pathological conditions, from atherosclerosis
and cardiovascular diseases to neurological disorders and cancer [15]. Moreover, ferroptosis
is a caspase-independent type of cell death triggered by iron-dependent LP [16]. The
chemistry of LP, with radical chain-propagation reactions, is reviewed in [17] in this Special
Issue, with a focus on the kinetics of various processes which help us to understand
the mechanisms and efficacy of antioxidant strategies. The author of this article also
describes the LP products that are commonly used as biomarkers to monitor the damage of
biological systems, as well as their ability as electrophiles to alter other biomolecules such as
proteins. An overview of the biological consequences of LP is presented, with an emphasis
on membrane integrity and function, cell signaling, cancer, neurological disorders, and
ferroptosis [17].

4-hydroxynonenal (4-HNE) is the quintessential biomarker for the oxidative degra-
dation of polyunsaturated fatty acids (PUFA). The relationship between 4-HNE and the
metabolomic profiling of patients with prostate cancer is reported on in [18]. In this study,
measurements of 4-HNE–protein adducts in prostate cancer tissues and plasma samples
from prostate cancer patients were obtained and compared with samples collected from
healthy controls. The results indicated an absence of 4-HNE–protein adducts in prostate
carcinoma tissues but increased 4-HNE–protein levels in the plasma of these patients,
associated with different long-chain and medium-chain fatty acids with the presence of
prostate cancer. The metabolic pathway of unsaturated fatty acid biosynthesis was found
to be significantly affected by 4-HNE 18].

Plasmalogens are an important class of membrane phospholipids; in red blood cells
(RBCs), their content reaches 15–20% and increases in tissues like the heart (32–50%), brain
(20–50%), and spermatozoa (55%). Plasmalogens are characterized by having the following
two fatty acids: one unsaturated fatty acid linked to the glycerol moiety through a cis-
vinyl ether function and the other PUFA residue linked through an acyl function. An
article in this Special Issue reports on the radical reactivity and identification of TFA [19].
In addition to the reported optimal transesterification procedure, it was demonstrated
that the vinyl ether reactivity is similar to the reactivity of the arachidonic moiety that
contains four C–C double bonds in cis–trans isomerization by thiyl radicals. Furthermore,
a biomimetic Fenton-like model involving plasmalogen-containing liposomes or RBC
ghosts, was used to compare peroxidation and isomerization processes, allowing for a full
picture of plasmalogen reactivity under free radical conditions [19]. Trans fatty acids can
also be produced endogenously from free radicals and thiols, which makes them valuable
biomarkers for free radical activity in the human lipidome [12]. It was recently reported that
resistance to ferroptosis induced by the LP microenvironment is based on the membrane
enrichment of combined SFA and TFA during remodeling [20].

2.3. Antioxidant Protection

The main types of antioxidants for LP are discussed in terms of structure–activity
rationalization, with a focus on mechanisms, kinetics, and their potential role in modulating
ferroptosis, in [17]. In this particular study, antioxidants were classified as preventive,
chain-breaking, or termination-enhancing and varied from small molecules to complex
enzyme systems.

A review paper in this Special Issue focuses on red blood cells (RBCs) as a biological
target of oxidative reactivity due to their content of both proteins (in particular, hemoglobin)
and lipids (in particular, polyunsaturated components of RBC membranes) [21]. After pre-
senting a summary of the most relevant mechanisms and effects of oxidants in RBCs, along
with a summary of the production of modified biomolecules that can act as biomarkers, the
review describes an antioxidant armoire with low-molecular-weight compounds (such as
ascorbate, alpha-tocopherol, and glutathione) and a large network of antioxidant proteins
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that can react and deactivate oxidant species (such as superoxide dismutase, glutathione
peroxidase, glutathione reductase, peroxiredoxin 2, thioredoxin, thioredoxin reductase,
glutaredoxins, and catalase). An excursus of the main pathological consequences of ox-
idative stress in RBCs is also provided. Enzymatic defense deficiencies, which cause this
otherwise very resistant and flexible cell type to become fragile and degrade, are also
explored [21].

Another review paper in this Special Issue focuses on diabetes mellitus, a pathological
condition characterized by oxidative stress and inflammation; thus, knowledge on the
molecular mechanisms of polyphenols is required to ensure their utility as nutritional
antioxidants that can be used to improve the efficiency of antidiabetic treatments [22].
Diabetes mellitus includes the occurrence of this condition during pregnancy; therefore,
the use of nutrition as a tool for pharmacological improvements and to optimize fetus
resistance is even more justified. After a thorough description of the molecular mechanisms
of reactive oxygen species generation in cells, DNA, and lipid- and protein-damaging
processes, along with the individuation of biomarkers of this reactivity (such as advanced
glycation-end—AGE—products), this overview of diabetes mellitus not only includes
results from clinical trials but also concludes by describing pancreatic cell function, glucose
homeostasis (also controlled by antioxidants), and the enzymatic antioxidant defense
system. This review offers a complete evaluation of polyphenols as antioxidants, focusing
on nutritional, metabolic, and clinical aspects and supporting their use in diabetes mellitus
treatment [22].

Another article in this Special Issue focuses on the toxic effects of cadmium (Cd)
as a potentially toxic element (PTE) deriving from pollution or industrial processes that
humans can be involved with, thus causing a human health concern and the need for
individuating a good antioxidant treatment [23]. In particular, liver cells are targets of
Cd-induced oxidative stress, especially when this element is combined with the exposure of
free fatty acids, which are known as the main compounds processed in liver cells. Moreover,
melatonin (MLT), a hormonal regulator of the circadian rhythm that, as an antioxidant
and cytoprotective agent, is endowed with pharmacological properties, was considered to
efficiently counteract the oxidative damage. This article shows a proof of concept of the
synergic activity between Cd and fatty acids for reactive oxygen species (ROS) generation
in an in vitro model of liver cells (HepaRG) and intestinal epithelial cancer cells (CACO-2
cells), thus enhancing the potential for fatty acids to produce lipotoxicity and cell damage.
Melatonin demonstrated its utility as a cytoprotective agent, having specific molecular
mechanisms involving ERK1/2 agonism, halting cell signaling via the MAPK-ERK1/2
pathway and SAPK activation in the hepatic cell line. Cd and fatty acids induced the
accumulation of cellular lipids, whereas MLT lessened the cell death induction effects both
in HepaRG and CACO-2 cell lines [23]. These results should encourage further pre-clinical
and clinical studies on using MLT as an antioxidant intervention option in the context of
Cd exposure.

2.4. Oxidative and Radical Stress: Measurements and Protein Studies

Another review in this Special Issue deals with important issues related to the use
of fluorescent or luminescent probes and other chemical reagents to measure oxidative
and radical stress [24]. This review emphasizes the need to understand reaction pathways
and, in particular, to quantify the kinetic parameters of key reactions and measure the
intracellular levels and localization of probes if such reagents have to be used. Very useful
information is given, including (i) a discussion on ROS in general terms, (ii) the most widely
used probes for ROS, and (iii) key points to consider when using chemical probes in free
radical biology.

The structural properties of some proteins (keratin, collagen, bovine and fish gelatins)
exposed to gamma radiation (10 kGy) have been studied by researchers via a variety
of analytical and spectroscopical techniques [25]. Protein denaturation and changes in
the secondary structures have been observed. Proteins with higher degrees of ordered
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structures are more stable against gamma radiation and temperature. The presence of
riboflavin has different effects on their secondary structures, with a stabilizing effect for
keratin and fish gelatin and a destabilizing effect for bovine gelatin, observed in both
irradiated and non-irradiated samples. Riboflavin facilitates the release of free radicals that
further interact with the protein chains.

Despite the therapeutic and commercial success of protein therapeutics, the develop-
ment of stable protein formulations can present challenges. Indeed, proteins are subjected
to physical and chemical degradation. Another review in this Special Issue focuses on the
primary processes of free radical formation that are relevant to pharmaceutical formula-
tions [26]. In this review, it is reported that oxidation and the formation of free radicals
represent the major pathways for the chemical degradation of pharmaceutical formulations.
In particular, emphasis is placed on autoxidation, metal-catalyzed oxidation (Fenton and
Fenton-like reactions), photo-degradation, and radical generation from cavitation as result
of mechanical stress and various stabilizing additives like antimicrobial preservatives.

3. Conclusions

The articles/reviews that comprise this Special Issue and are described above focus
on modified endogenous biological molecules as markers of oxidative changes or other
changes initiated by free radicals, as well the structural properties of proteins formulated
for storage. A broader understanding of the mechanisms and effects of oxidative stress
generation in a biological context can be obtained by reading the articles of this Special Issue.
The strong multidisciplinarity of this research area is well represented, allowing for readers
to obtain a broad perspective of chemical, mechanistic, analytical, molecular, and structural
aspects, together with an understanding of applications in biological, pharmaceutical, pre-
clinical, and clinical fields. It is hoped that through exploring the articles/reviews within
this collection, the readers of this Special Issue can find interesting sources of inspiration
for conducting further research on free radicals and oxidative stress.
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Abstract: Mitochondrial (mt) DNA and nuclear (n) DNA have known structures and roles in cells;
however, they are rarely compared under specific conditions such as oxidative or degenerative envi-
ronments that can create damage to the DNA base moieties. Six purine lesions were ascertained in
the mtDNA of wild type (wt) CSA (CS3BE–wtCSA) and wtCSB (CS1AN–wtCSB) cells and defective
counterparts CS3BE and CS1AN in comparison with the corresponding total (t) DNA (t = n + mt).
In particular, the four 5′,8–cyclopurine (cPu) and the two 8–oxo–purine (8–oxo–Pu) lesions were
accurately quantified by LC–MS/MS analysis using isotopomeric internal standards after an enzy-
matic digestion procedure. The 8–oxo–Pu levels were found to be in the range of 25–50 lesions/107

nucleotides in both the mtDNA and tDNA. The four cPu were undetectable in the mtDNA both
in defective cells and in the wt counterparts (CSA and CSB), contrary to their detection in tDNA,
indicating a nonappearance of hydroxyl radical (HO•) reactivity within the mtDNA. In order to
assess the HO• reactivity towards purine nucleobases in the two genetic materials, we performed
γ–radiolysis experiments coupled with the 8–oxo–Pu and cPu quantifications on isolated mtDNA
and tDNA from wtCSB cells. In the latter experiments, all six purine lesions were detected in both of
the DNA, showing a higher resistance to HO• attack in the case of mtDNA compared with tDNA,
likely due to their different DNA helical topology influencing the relative abundance of the lesions.

Keywords: mitochondrial and nuclear DNA damage; 5′,8–cyclopurines; 8–oxo–dG; gamma radiolysis;
hydroxyl radical; isotope dilution LC–MS/MS; cockayne syndrome

1. Introduction

Molecular oxygen (O2) is used for the production of reactive oxygen species (ROS)
that are involved in the signaling pathways of various basal and adaptive physiological
responses controlling organism homeostasis [1–4]. However, ROS are also responsible for a
variety of pathological processes, as their overproduction contributes to biomolecule dam-
age, which has been linked with the etiology of various diseases [4–6]. Under physiological
conditions, most human resting cells experience ca. 5% oxygen tension; however, the [O2]
gradient occurring between the extracellular environment and mitochondria, where oxygen
is consumed by cytochrome c oxidase, results in a significantly lower [O2] exposition of mi-
tochondria [7–9]. It is estimated that up to 1% to 5% of the consumed mitochondrial oxygen
is converted to ROS [10]. In 1972, Harman proposed that mitochondria were the primary
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source of cellular free radicals, and were thus responsible for the free–radical–based ageing
process [11].

Human mitochondrial DNA (mtDNA) is a circular molecule of ~16.5 kb and must be
compacted in order to fit within a mitochondrion [12,13]. mtDNA exists in a compacted
DNA–protein complex known as the mitochondrial nucleoid that may be protective to-
wards the source of mitochondrial free radicals [14]. As cellular ROS are produced by
the mitochondrial respiratory chain, in the form of superoxide, much attention has been
focused on the putative role of ROS in mitochondrial mutagenesis [15]. mtDNA such as
nuclear DNA (nDNA) is highly susceptible to ROS, and is easily oxidized to accumulate
DNA modifications [16–18]. Increased oxidative damage in mtDNA has been associated
with neurological degeneration, inflammasomes, tumorigenesis, and malignant progres-
sion [19,20]. Among the mtDNA repair pathways, the base excision repair (BER) pathway
has been extensively characterized to remove some of oxidative DNA damage in the mito-
chondria as efficiently as in the nuclei [17]. Implications of other repair pathways remain
unclear, although the absence of nucleotide excision repair (NER) in the mitochondria
is well documented [17]. Indeed, despite the permanent exposure to ROS and the less
protective pathways in the mitochondria, it is not clarified how the integrity of genetic
information is maintained in this compartment [16–18].

ROS include radicals such as the superoxide radical anion (O2
•−), nitric oxide (NO•),

hydroxyl radical (HO•), nitrogen dioxide (NO2
•), and the carbonate radical anion (CO3

•−),
as well as molecules such as hydrogen peroxide (H2O2), hypochlorous acid (HOCl), and
peroxynitrite (ONOO−) [6,21,22]. In quantitative terms, O2

•− is the most abundant radical
formed in aerobic organisms and the main entry to the ROS network. Aerobic life would
not be possible without the enzymes known as superoxide dismutases (SODs) and catalase
(CAT), which transform O2

•− to water [23]. As shown in Figure 1, H2O2 is at the crossroad
of several pathways: H2O2 transformation to highly reactive HO• occurs by the Fenton
reaction (Fe2+ + H2O2) and Haber–Weiss reaction (O2

•− + H2O2) [22,24]; myeloperoxidase
(MPO) uses H2O2 and Cl− to generate HOCl, which further reacts with O2

•− to produce
HO• [25]. Therefore, O2

•− being quite unreactive in typical free radical reactions, such
as hydrogen atom abstraction or addition, is converted to H2O2, which is able to diffuse
and generate the most reactive HO• radical. The diffusion distance of HO• is very small
because of their high reactivity with all types of biomolecules (DNA is not an exception)
and, consequently, there is a low probability to be intercepted by antioxidants [26]. HO• is
able to react with DNA, causing single strand breaks, abasic sites, DNA–DNA intrastrand
adducts, DNA–protein crosslinks, and base damage [27]. Evidence has been provided that
in human fibroblasts, mtDNA may be more vulnerable to H2O2 compared with nDNA,
showing a higher frequency of H2O2–driven lesions in cell culture models, despite it being
a well–known H2O2 scavenging system (cf. Figure 1) [28]. It has been reported that H2O2
treatment results in strand breaks or abasic sites that are converted to strand breaks [29]. It
has been suggested that the relationship between free radicals and mtDNA mutations is
not as straightforward as it is often portrayed [17]. Indeed, it has been reported that the
absence of oxidative stress induced mutations in the mitochondrial genome may be due to
the rapid degradation of oxidized DNA molecules [30]. Consistently, the mechanism of
damaged mitochondrial DNA degradation has been recently characterized [31,32].

In the present work, we considered the simultaneous measurement of the six purine
lesions in mtDNA shown in Figure 2. 5′,8–cyclopurines (cPu) represent a very interesting
and peculiar family of DNA lesions because they are exclusively generated by the reaction
of HO• radicals with genetic material via C5′ radical chemistry of the purine moieties [33].
They consist of 5′,8–cyclo–2′–deoxyadenosine (cdA) and 5′,8–cyclo–2′–deoxyguanosine
(cdG), existing as 5′R and 5′S diastereoisomeric forms (Figure 2) [34–36]. On the other
hand, the 8–oxo–Pu family, which consists of 8–oxo–dG and 8–oxo–dA, is generated by
oxidation at the C8 position by a variety of ROS, such as HO• and ROO• radicals, H2O2,
singlet oxygen or ONOO– [33,37]. cPu lesions are substrates of NER, whereas 8–oxo–Pu
lesions are substrates of BER [38–41].

9



Biomolecules 2022, 12, 1630

Figure 1. Relevant pathways of the reactive oxygen species (ROS) network: hydroxyl radical (HO•)
formation from superoxide radical anion (O2

•−) in the mitochondria. SOD: superoxide dismutase;
CAT: catalase; MPO: myeloperoxidase.

Figure 2. Structures of cPu lesions generated by H–atom abstraction from H5′ position by HO•

radical and 8–oxo–Pu lesions generated by purine oxidation from HO• radical and other ROS species.

cPu, as transcriptional blocking lesions, have been identified as molecular defects in
neurodegenerative processes [42]. In particular, Cockayne syndrome (CS) is an autosomal
recessive neurodegenerative premature aging disorder associated with defects in NER.
Over 90% of CS cases are due to mutations in either the CSA or CSB genes, responsible
for the defect in the transcription coupled nucleotide excision repair (TC–NER) observed
in CS cells. The lack of this repair mechanism makes CS cells hypersensitive to UV light.
Moreover, cells from CS patients present elevated levels of ROS and are also defective
in the repair of a variety of oxidatively generated DNA lesions [43–45]. Additionally,
elevated levels of mitochondrial DNA damage, hypersensitivity to bioenergetic inhibitors,
redox unbalance due to an increase of mitochondrial ROS, and mitochondrial dysfunction
have been reported in CS cells [20]. We recently reported two studies on the oxygen–
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dependent accumulation of purine lesions in total (t) DNA (t = n + mt) [46] and membrane
lipidome remodeling [47] in wild type and defective CSA and CSB cell lines. Based on
our interest in clarifying the DNA damage scenario, in the present work, we evaluated in
this cell system mtDNA damage of purine with a very sensitive protocol (LC–ESI–MS/MS
system with isotopomeric internal standards) [33,36,48]. We addressed the following
chemical/biological points: (i) the simultaneous measurement of the six purine lesions
shown in Figure 2, carried out in the mtDNA of wild type and defective CSA and CSB
cell lines, grown under atmospheric oxygen tension; (ii) comparison of the six purine
lesions between mtDNA and tDNA, and role of HO• radicals in the oxidatively–induced
damage; and (iii) the model reactivity of mtDNA and tDNA in an “isolated” context, using
the reaction of genetic material with HO• radicals under biomimetic conditions [49] and
measuring the levels of six lesions. The results contribute to a better understanding of
the genome integrity features under HO• radical reactivity estimating the contribution of
different helical topology in distinct genetic pools such as mtDNA and nDNA.

2. Materials and Methods

2.1. Cell Lines and DNA Isolation

CSA and CSB SV40–transformed cell lines were established and cultured as pre-
viously described [50]. More precisely, an isogenic cell line that expresses the wtCSA
protein tagged with the Flag and HA epitopes (CS3BE–wtCSA) was used. The defective
counterpart is CS3BE [51]. For CSB cell lines, we used CS1AN–wtCSB and CS1AN (de-
fective CSB cells) [52]. Defective cell lines carry the empty vector. Cell culture studies are
grown under standard atmospheric oxygen tension. The mitochondria were isolated by a
non–mechanical, reagent–based method according to the procedure of The Mitochondria
Isolation Kit (Thermo Fisher Scientific, Waltham, MA, USA). Then, mtDNA was extracted
using a high–salt extraction procedure [46,50]. A similar procedure was used for the
isolation of tDNA.

2.2. γ–Radiolysis Experiments

Each sample of mtDNA and tDNA from CSA1N–wtCSB was dissolved in double
distilled water (ddH2O) with a concentration of 0.5 mg/mL; in particular, 33.5 μg of
tDNA was suspended in 67 μL and 45.9 μg of mt–DNA was suspended in 91.8 μL. The
solution was placed in a glass vial of 2 mL containing a 300 μL glass insert, flushed
with N2O for 10 min and exposed to gamma rays at room temperature (22 ± 2 ◦C) using
a 60Co–Gammacell apparatus at different doses (dose rates: 1.44 Gy/min). The exact
absorbed radiation dose was determined with the Fricke chemical dosimeter, by taking
G(Fe3+) 1.61 μmol J−1 [53]. The irradiation doses used were 0, 20, and 40 Gy for tDNA
and 0, 15, 30, and 45 Gy for mtDNA. The experiments were performed in triplicate. The
samples were lyophilized after the irradiation experiments.

2.3. Enzymatic Digestion and Quantification of Modified Nucleosides by Stable
Isotope LC–MS/MS

The purine DNA lesions levels were quantified as described previously [33,36,46,54]
and are summarized in Figure 3. Briefly, 10 μg of DNA were enzymatically digested in
a reaction mixture including 0.2 mM pentostatin, 5 μM BHT, 3 mM deferoxamine, and
the internal standards ([15N5]–5′S–cdA, [15N5]–5′R–cdA, [15N5]–5′S–cdG, [15N5]–5′R–cdG,
[15N5]–8–oxo–dG and [15N5]–8–oxo–dA), the samples were filtered off by centrifugation
through a 3 kDa microspin filter, and were cleaned up and enriched by an HPLC–UV
system coupled with a sample collector and injected into the LC–MS/MS system. The
quantification of the modified nucleosides was carried out by a triple–stage quadrupole
mass spectrometer (Thermo, Waltham, MA, USA) using positive electrospray ionization
(ESI) following a gradient program (2 mM ammonium formate, acetonitrile, and methanol)
and the detection was executed in multiple reaction monitoring mode (MRM) using the two
most intense and characteristic precursor/product ion transitions for each lesion [55,56].
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Figure 3. Flow diagram showing protocol steps for the quantification of cPu and 8–oxo–Pu lesions
via isotope–dilution LC–ESI–MS/MS.

2.4. Statistical Analysis

All of the measurements were performed in triplicate and the data were expressed as
mean ± standard deviation (SD). The unpaired t-test was used for the statistical analysis
and a two–tailed p-value < 0.05 and p-value < 0.01 were considered to indicate a statistically
significant difference.

3. Results and Discussion

3.1. Purine mtDNA Lesions Levels in Wild Type and Defective CSA and CSB Cells

The mtDNA from wtCSA (CS3BE–wtCSA), wtCSB (CS1AN–wtCSB), and defective
counterparts CS3BE and CS1AN cell lines cultivated under standard atmospheric oxygen
tension have been isolated. After hydrolysis of the genetic material to single nucleosides
by an enzymatic cocktail containing nucleases, analysis by liquid chromatography with
tandem mass spectrometry (LC–MS/MS) was performed for the determination of the
modified nucleosides (four cPu and two 8–oxo–Pu), in accordance with a recently optimized
protocol [33,36,46,55,56]. The levels of 8–oxo–dG and 8–oxo–dA are reported in Table 1.
Unexpectedly, none of the four cPu lesions were detected. 8–oxo–dG was found to be
significantly raised in defective CSB cells compared with the wild type cell line (p = 0.011).

Table 1. The levels (lesions/107 nucleosides) of 8–oxo–dG and 8–oxo–dA in mtDNA isolated from
CSA and CSB (wt and defective) cells.

mtDNA 8–oxo–dG 1 8–oxo–dA 1

CS3BE–wtCSA 28.30 ± 0.13 7.32 ± 0.13
CS3BE 29.31 ± 0.22 7.58 ± 0.07

CS1AN–wtCSB 39.00 ± 0.18 * 8.08 ± 0.15
CS1AN 40.90 ± 0.22 * 8.71 ± 0.17

1 The numbers represent the mean value (±standard deviation) of the DNA lesions levels from the measurement
of triplicate; statistical significance: * (p < 0.05) was observed between CS1AN–wtCSB and CS1AN cell samples
(see Table S1).

Comparing the 8–oxo–dG and 8–oxo–dA levels of mtDNA (Table 1) with the correspond-
ing values of tDNA of the same cellular lines reported recently by us (see Table S2) [46], we
observed an increase in lesions in all four cellular lines going from tDNA to mtDNA, e.g.,
the increase in 8–oxo–dG was ~40% in wt cells and ~10% in defective cells. Similar trends
of 8–oxo–dG was previously reported in CS cells by the less sensitivity HPLC–ED detection
method [52]. On the other hand, the calculated ratio 8–oxo–dG/8–oxo–dA of 3.9 and 4.8 for
CSA and CSB cells, respectively (from the data of Table 1), was very similar to the analogous
ratio calculated in the tDNA of the same cellular lines (cf. Table S2), indicating comparable
reactivities of the two purine bases (dG and dA) towards the ROS independently of the two
genetic pools.

Table 2 shows the levels of total 8–oxo–Pu and cPu in mtDNA in comparison with
analogous data calculated for tDNA of the same cellular lines, and Figure 4 also illustrates
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the overall behavior. The 8–oxo–Pu levels were ~ 40% higher in the mtDNA than the tDNA
of the wt cells, whereas the increase was limited to ~10% in defective cells. Table 2 and
Figure 4 indicate the absence of cPu lesions in the mtDNA, whereas the cPu levels in tDNA
were in the same order of 8–oxo–Pu. The four cPu in the mtDNA were undetectable in
defective cells and in the wt counterparts (CSA and CSB). Based on the limit of detection of
our analytical methodology, we can infer that the total number of cPu lesions was at least
two orders of magnitude lower in the mtDNA compared with the tDNA.

Table 2. Total amount of 8–oxo–Pu and cPu (lesions/107 nucleosides) in mtDNA in comparison with
values of tDNA isolated from CSA and CSB (wt and defective) cells.

8–oxo–Pu 1 cPu 1

mtDNA 2 tDNA 3 mtDNA 2 tDNA 3

CS3BE–wtCSA 35.62 ± 0.26 26.32 ± 1.22 N/D 20.56 ± 0.30 *
CS3BE 36.89 ± 0.28 33.98 ± 2.40 N/D 22.04 ± 0.55 *

CS1AN–wtCSB 47.08 ± 0.21 *** 32.49 ± 3.04 N/D 22.84 ± 1.39
CS1AN 49.61 ± 0.13 *** 43.73 ± 1.86 N/D 23.67 ± 0.62

1 The numbers represent the mean value (± standard deviation) of DNA lesions levels from the measurement of
triplicate. 2 Present work; N/D = not detected. 3 From [46]. Statistically significant samples * (CS1AN–wtCSB vs.
CS1AN; p = 0.035); *** (CS1AN–wtCSB vs. CS1AN; p = 0.0005).

Figure 4. Comparison between 8–oxo–Pu and cPu lesions in the mtDNA and tDNA samples. The
levels (lesions/107 Nu) of 8–oxo–Pu and cPu lesions in mtDNA (blue) and tDNA (red) extracted
from CS1AN–wtCSB, CS1AN, CS3BE–wtCSA, and CS3BE cells. The error bars represent the standard
deviation of the mean, calculated from three independent samples, * denotes a statistically significant
difference (p < 0.05) between the groups, *** denotes a statistically significant difference (p < 0.001)
between the groups (see Table S3).

The absence of cPu lesions in the mtDNA in both defective cells and in the wt coun-
terparts (CSA and CSB) may indicate the absence of reactivity with HO• radicals towards
mtDNA. The presence of 8–oxo–Pu in the absence of cPu should be informative of the oc-
currence of the molecular rather than the radical reactivity. Indeed, similar to HO• radicals,
other oxidizing species such as H2O2 or ONOO− are also able to generate 8–oxo–Pu as
DNA lesions [29,37]. It is interesting to note that these oxidizing species are increased in
CSA defective cells. Treatment with catalase, a H2O2 scavenger, has shown that high levels
of H2O2 are present in CSA defective cells [57]. Moreover, CSA defective cells are charac-
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terized by increased levels of reactive nitrogen species and peroxynitrite, and decreased
levels of NO [57,58].

In humans, mitochondrial DNA represents about 1–10% of total cellular DNA (about
1000 to 10,000 copies per cell). In contrast with the invariable copy number of the nuclear
genome (diploid), a single cell can contain many copies of mtDNA dependent on different
processes involved in the mitochondrial homeostasis, such as mitochondrial replication, mi-
tochondrial dynamics, and mitophagy. It has been estimated that each human cell contains
from hundreds to thousand mitochondria [59]. Cells with a higher energy expenditure
have a higher number of mitochondria and, consequently, more copies of mitochondrial
DNA. A recent study estimated that cardiac and skeletal muscle contained between 4000
and 6000 copies of mtDNA per cell, while the liver, kidney, and lung tissues averaged
between 500 and 2000 copies [60].

Previous work in human HeLa cell extracts indicated that cdA and cdG lesions are
excised with a similar efficiency by NER and that the R–diastereoisomers of both cdA and
cdG cause greater distortion of the DNA backbone and are better substrates of NER than
the corresponding S ones [41,61]. However, the absence of NER in the mitochondria is well
documented; therefore, the nonappearance of cPu lesions in the mtDNA cannot be due to
their repair [17]. In order to understand the HO• reactivity towards DNA helical topology
better, we selectively generated HO• radicals by ionizing irradiations in the presence of
isolated mtDNA or tDNA samples from wtCSB cells and carried out the quantification of
the six purine lesions as described in the next section.

3.2. Hydroxyl Radical–Induced Formation of Purine Lesions: tDNA vs. mtDNA

The findings in the cell cultures motivated our interest to investigate the reactivity of
mtDNA and tDNA taken out of their biological contexts. HO• radicals are known for their
reactivity and ability to cause chemical modifications to DNA, the site of attack being both
the base moieties (85–90%) and the 2–deoxyribose units [62]. Therefore, we exposed tDNA
and mtDNA, isolated from CS1AN–wtCSB, to HO• radicals generated by irradiation.

Radiolysis of neutral water leads to the reactive species eaq
−, HO•, and H• as shown in

Reaction 1, together with H+ and H2O2. The values in parentheses represent the radiation
chemical yields (G) in units of μmol J−1. In an N2O–saturated solution (~0.02 M of N2O),
eaq

− are converted into the HO• radical via Reaction 2 (k2 = 9.1 × 109 M−1 s−1), with
G(HO•) = 0.55 μmol J−1, i.e., HO• radicals and H• atoms account for 90 and 10%, respec-
tively, of the reactive species [63,64]. The rate constants for the reactions of HO• radicals
and H• atoms with DNA (Reactions 3 and 4) have been reported to be ca. 2.5 × 108 M−1 s−1

and 6 × 107 M−1 s−1, respectively [62,63].

H2O +  -irr → eaq
−(0.27), HO•(0.28), H•(0.062), H+(0.27), H2O2(0.07) (1)

eaq
− + N2O + H2O → HO• + N2 + HO− (2)

HO• + DNA → radical product (3)

H• + DNA → radical product (4)

Figure 5 summarizes our findings and the resulting formation of 8–oxo–dG, 8–oxo–dA,
5′R–cdG, 5′R–cdA, 5′S–cdG, and 5′S–cdA in the function of irradiation doses in both tDNA
and mtDNA (for specific values, see Table S4). As expected, the number of the lesions
studied increased with the increment of the dose [55,56]. 8–oxo–dG is the main detected
lesion, whereas 8–oxo–dA is formed in lower yields and similarly for each of the four cPu
(5′S–cdG, 5′R–cdG, 5′S–cdA and 5′R–cdA). Furthermore, the slope of the obtained lines
represents the number of lesions formed per Gy, as summarized in Table 3 (cf. Table S5).
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Figure 5. γ–Irradiation induced formation of 8–oxo–dG, 8–oxo–dA, 5′R–cdG, 5′R–cdA, 5′S–cdG,
and 5′S–cdA in (A) tDNA and (B) mtDNA samples; the values represent the mean ± SD of n = 3
independent experiments.

Table 3. The levels of 8–oxo–dG, 8–oxo–dA, 5′R–cdG, 5′R–cdA, 5′S–cdG, and 5′S–cdA (Lesions/107 nu/Gy)
from the irradiation of N2O saturated tDNA or mtDNA (0.5 mg/mL) of CS1AN–wtCSB in aqueous solutions.

Lesion tDNA mtDNA

8–oxo–dG 35.2 3.8
8–oxo–dA 5.1 0.8
5′R–cdG 4.0 0.8
5′R–cdA 4.9 0.8
5′S–cdG 7.1 0.5
5′S–cdA 3.0 0.4

From the analysis of the data reported in Table 3 in terms of lesions/107 nu/Gy, the
ratios 8–oxo–dG/8–oxo–dA were 6.9 and 4.8 in tDNA and mtDNA, respectively. It is worth
mentioning that the same ratio in calf–thymus DNA was found to be 7.7 under similar
experimental conditions, although the number of lesions/Gy was four to five times higher
with respect to tDNA [55]. The mechanism of the formation of 8–oxo–dG through the
reaction of HO• radical with ds–oligonucleotide [55,56] and calf–thymus DNA [65,66] has
been investigated in detail. It was demonstrated that the addition of HO• to the C8 position
of the guanine moiety accounts for a minor percentage (~10%), whereas the main yield of
8–oxo–dG is produced by a one–electron oxidation reaction involving DNA radicals [56,
65,66]. The lower yield of formation of 8–oxo–dA was attributed, to a minor extent, to the
latter path in the case of adenine moieties. However, the HO•–adducts of guanine and
adenine moieties afforded a variety of products, including 8–oxo–dG and 8–oxo–dA [33,67].
It is worth underlining that the lesions/Gy decreased substantially when going from tDNA
to mtDNA (9.3 times for 8–oxo–dG and 6.4 times for 8–oxo–dA, see Table 3).

Intramolecular cyclization products 5′R–cdG, 5′R–cdA, 5′S–cdG, and 5′S–cdA were
also formed in the same fashion, but in lower yields (Figure 4). The slope of the lines
obtained represents the number of lesions formed per Gy, and these data are also reported
in Table 3. The attack at the H5′ of DNA by HO• was estimated to be 55% for all possible
sugar positions and the resulting C5′ radical in the purine nucleotide moieties likely evolved
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with an internal cyclization onto the C8 position of the base with the formation of cPu
as the final product (Scheme 1) [33–36]. The most important finding was the significant
reduction in lesions/Gy going from tDNA to mtDNA (5.0, 6.1, 14.2, and 7.5 times for
5′R–cdG, 5′R–cdA, 5′S–cdG, and 5′S–cdA, respectively), similar to the case of 8–oxo–dG
and 8–oxo–dA (9.3 and 6.4 times, respectively). The observed differences between tDNA
and mtDNA in the reaction with HO• were likely due to the different topology of the
nuclear and mitochondrial genome [68].

 
Scheme 1. Purine 2′–deoxynucleoside reacts with HO• yielding cPu via the cyclization of the C5′

radical followed by oxidation.

We also considered the total amount of 8–oxo–Pu and cPu lesions (lesions/107 nu)
in both the tDNA and mtDNA of CS1AN–wtCSB cells irradiated at different doses. The
scale referring to tDNA (Figure 6A) was six times higher than the scale referring to mtDNA
(Figure 6B), clearly indicating the different amounts of accumulated lesions in the two
genetic materials (Table S6). The 8–oxo–Pu was nearly twice that of the cPu values in
both genomic materials (Figure 6): in units of lesions/107 nu/Gy, we calculated 40.3 for
8–oxo–Pu and 19.0 for cPu in tDNA, and 4.6 for 8–oxo–Pu and 2.5 for cPu in mtDNA. These
values also indicate that 8–oxo–Pu and cPu were 8.8 and 7.6 times, respectively, higher in
the tDNA than in the mtDNA.

Figure 6. Total amount of cPu and 8–oxo–Pu lesions (lesions/107 nu) in irradiated samples of tDNA
(A) and mtDNA (B). The numbers represent the mean value (± standard deviation) in triplicate.

From the reaction of the HO• radicals with tDNA and mtDNA, it is clear that (i) the
formation 8–oxo–Pu was twice that of cPu, indicating a true competition of the two path-
ways in Figure 2, although we cannot exclude a small percentage of 8–oxo–Pu formation by
the reaction of H2O2 generated from the irradiation of water (see reaction (1)), and (ii) the
values of both 8–oxo–Pu and cPu in tDNA were ~8 times higher than in mtDNA, revealing
a different accessibility of HO• to mtDNA and nDNA structures. The structure of mtDNA
is arranged in a loop, which is loosely supercoiled [12]. The comparison of 8–oxo–Pu
lesions arising from γ–radiation sourced HO• on tertiary DNA helical forms of supercoiled
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(SC), open circular (OC), and linear (L) conformation was known [68]. Purine oxidation in
dsDNA follows L > OC >>SC, indicating increased damage towards the extended B–DNA
topology, where 8–oxo–dG and 8–oxo–dA levels increase ≥10–fold in both circular and
linear conformers.

The cPu lesions can be present in two diasteroisomeric forms, 5′R and 5′S, for each
2′–deoxyadenosine and 2′–deoxyguanosine moieties. The diastereomeric ratio (R/S) at-
tracts interest as it can inform on mechanistic issues that are related to structural conforma-
tions of both isomers in association with their abundance. Figure 7 shows the R/S ratios for
cdG and cdA lesions of irradiated tDNA and mtDNA samples. The reported data indicate
that the ratios are similar within tDNA or mtDNA and independent of the irradiation dose,
i.e., the R/S average ratios are 0.52 for cdG and 1.75 for cdA in tDNA, whereas in mtDNA
they are 1.35 for cdG and 1.74 for cdA (Table S7).

Figure 7. Diastereoisomeric ratios (5′R/5′S) for cdG and cdA lesions in irradiated samples of tDNA
(A) and mtDNA (B). The numbers represent the mean value (± standard deviation) in triplicate.

It is worth underlining that in previous studies using extracted tDNA from various
animal tissues, the S form was found to always be more abundant than the R form in cdG,
whereas in cdA, the R form was always more abundant than the S form [36], this is in
accordance with our present results. For example, the R/S levels of the cdG and cdA lesions
in the tDNA of the liver and kidney of normal Swiss mice associated with age–related
processes [69] are similar to the values of Figure 7A. In the brain of a rat model of Wilson
disease, the S-cdG was always higher than the S-cdA (1.5 times) [70] similar to the ratios in
the brains of normal, SCID, and tumor–bearing mice [71]; in the latter, the R/S cdA was
always higher that the cdG ratio (approximately 1.3-1.6 times). Moreover, in various tissues
(such as the brain, spleen, and liver) of prdx1–/– mice, the R/S cdG was found to be 0.23,
0.14, and 0.40 while the R/S cdA was 0.11, 0.23, and 0.08 [72]. As Figure 6B shows, in
the mtDNA in both cdG and cdA, the R form is always more abundant in both cdG and
cdA. In this respect, it is worth recalling that the R/S ratios of 8.3 for cdG and 6 for cdA
were obtained in water upon the irradiation of free nucleosides (R form is always more
abundant) [73,74], indicating that the diastereomer ratio is dependent on the molecular
complexity. The R/S ratios can be used to support further biological implications in the
formation and/or repair of these lesions, although a clear scenario for the R/S formation is
still missing [36]. The structure of mtDNA is arranged in a loop, with one strand called
H (heavy; purine rich) and the other strand called L (light; pyrimidine rich) [12]. We
are suggesting that this arrangement strongly influences the local conformations at the
reactive sites prior to C5′ radical cyclization, which makes one type of diastereoisomer
more prevalent.
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4. Conclusions

In this work, we measured the purine lesions in mtDNA of four cellular lines, i.e.,
wtCSA, wtCSB, and their defective counterparts, and compared with their analogous
data of tDNA. The 8–oxo–Pu lesions were comparable in mtDNA and tDNA, although
they were found to be constantly higher in mtDNA for all four cellular lines. The cPu
lesions were undetectable in mtDNA, suggesting at least a 100 times lower level than in
tDNA. We evidenced, for the first time, the DNA damage scenario as a contribution of two
distinctive pathways, i.e., the molecular ROS and the radical ROS species, which can be
clearly distinguished by comparing our results in the cell cultures with the cPu levels of the
irradiation experiments. Indeed, we evaluated that the absence of cPu lesions in the mtDNA
of the cellular experiment may indicate a nonappearance of HO• radical reactivity and that
the amount of 8–oxo–Pu in mtDNA was consistent with the contribution of DNA reactivity
with oxidizing species, such as H2O2 or ONOO−. Moreover, a suggestive hypothesis to
explain the absent accumulation of cPu adducts in the mtDNA of CS cells could play a
crucial role in specific mechanisms devoted to the maintenance of the mitochondrial genome
integrity. In particular, in mammalian cells, a degradation mechanism of damaged mtDNA
molecules has been recently discovered [32]. Moreover, mitophagy and mitochondrial
fission can further contribute to the removal of dysfunctional/damaged organelles reducing
the cPu levels up to undetectability. In the reaction of γ–irradiation generated HO• radicals
with isolated tDNA and mtDNA, the values of all six purine lesions in the tDNA are
~8 times higher than in mtDNA. We evidenced a different accessibility of HO• into mtDNA
and nDNA structures which were associated with different helical topologies.
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Abstract: The consequences of aging and disease conditions in tissues involve reactive oxygen species
(ROS) and related molecular alterations of different cellular compartments. We compared a murine
model of immunodeficient (SCID) xenografted young (4 weeks old) and old (17 weeks old) mice with
corresponding controls without tumor implantation and carried out a compositional evaluation of
brain tissue for changes in parallel DNA and lipids compartments. DNA damage was measured by
four purine 5′,8-cyclo-2′-deoxynucleosides, 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxo-dG), and
8-oxo-7,8-dihydro-2′-deoxyadenosine (8-oxo-dA). In brain lipids, the twelve most representative
fatty acid levels, which were mostly obtained from the transformation of glycerophospholipids, were
followed up during the aging and disease progressions. The progressive DNA damage due to age
and tumoral conditions was confirmed by raised levels of 5′S-cdG and 5′S-cdA. In the brain, the
remodeling involved a diminution of palmitic acid accompanied by an increase in arachidonic acid,
along both age and tumor progressions, causing increases in the unsaturation index, the peroxidation
index, and total TFA as indicators of increased oxidative and free radical reactivity. Our results
contribute to the ongoing debate on the central role of DNA and genome instability in the aging
process, and on the need for a holistic vision, which implies choosing the best biomarkers for such
monitoring. Furthermore, our data highlight brain tissue for its lipid remodeling response and
inflammatory signaling, which seem to prevail over the effects of DNA damage.

Keywords: tumor-bearing mice; aging; hydroxyl radical; oxidatively-induced DNA lesions; brain
fatty acids; age-induced remodeling

1. Introduction

The aging process or disease conditions cause free radical stress and can impair the
molecular and enzymatic network that controls the redox balance in organisms [1,2]. Single
DNA adducts or multiple lesions generated under stress, such as tandem or clustered
lesions, are substrates of the different cellular repair systems that protect genome instability.
However, due to the progressive loss of the protective machineries, depending either
on the aging degenerative mechanisms or on enzymatic deficiencies, these adducts are
poorly repaired and, therefore, may accumulate in the genome, causing damage to cellular
components [3]. Purine 5′,8-cyclo-2′-deoxynucleosides (cPu) are solely generated by the
attack of HO• radicals on purine moiety via C5′-radical chemistry, resulting in the formation
of an additional C5′−C8 covalent bond; 5′,8-cyclo-2′-deoxyadenosine (cdA) and 5′,8-cyclo-
2′-deoxyguanosine (cdG) exist in the 5′R and 5′S configurations (Figure 1) [4–6]. cPu can
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be removed only by the nucleotide excision repair (NER) pathway, and different repair
efficiencies of the R and S diastereoisomers has been detected [7,8]. On the contrary, the
well-known 8-oxo-purines (8-oxo-Pu) lesions, i.e., 8-oxo-7,8-dihydro-2′-deoxyadenosine
(8-oxo-dA) and 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxo-dG), are derived from the
oxidation at the C8 position of adenine and guanine by a variety of reactive oxygen
species (ROS) and can be repaired by base excision repair (BER) [9]. The role of oxygen
is crucial in the formation of the four cPu. In recent model studies by our group [10,11],
cPu levels decreased substantially by increasing oxygen tension, favoring products derived
from the peroxyl radical. It should be emphasized that 8-oxo-Pu gradually increased by
increasing oxygen concentration. Interestingly, a similar trend was not reported in a cellular
environment, where reducing the oxygen incubation conditions raises the accumulation
of both cPu and 8-oxo-Pu [12,13]. The brain presents an increased oxidative stress due
to a high level of tissue oxygen consumption and a diminished ratio of antioxidant to
pro-oxidant enzymes [14]. An age-dependent accumulation, with much higher levels of
cdA, was observed in the brain as well as in liver and kidney of (XPA)-deficient mice,
compared with wild-type animals, showing the strong involvement of NER in the effective
repair of oxidative DNA damage in different tissue compartments [15].

Figure 1. Structures of 5′,8-cyclo-2′-deoxyguanosine (cdG) and 5′,8-cyclo-2′-deoxyadenosine (cdA)
in their 5′R and 5′S diastereomeric forms (left) and 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxo-dG)
and 8-oxo-7,8-dihydro-2′-deoxyadenosine (8-oxo-dA) (right).

Another important molecular contribution in the brain, under physiological and
pathological conditions, comes from lipid homeostasis, which is strongly connected with
chemical events due to the redox properties of several reactive species that can cause
oxidative damage [16]. The brain is the tissue that is second-most rich in lipids, after adipose
tissue, with necessary components that support structural, biochemical, and cell signaling
functions. Its homeostasis corresponds to the correct exploitation of the various processes,
including immunity, inflammation, and resolution. The phospholipid composition of
neuronal and glial membranes in mammals, with about 75% of lipids exclusive to neural
tissue, is a clear example of the role of the molecular characteristics that are needed to
accomplish the wide variety of organization and shaping of brain tissue [17]. Changes
in brain lipidome are reported in the modulation of neuronal functions, as well as in
neurodegenerative diseases and aging, with glycerophospholipids, sphingolipids, and
sterols representing the majority of the brain’s lipids [18,19]. A fatty acid-based analysis of
neural tissue showed evidence of the presence of saturated and monounsaturated fatty acids

23



Biomolecules 2022, 12, 1075

(SFA and MUFA) that are formed by de novo lipogenesis, together with polyunsaturated
fatty acids (PUFA), which are supplied to neuronal cells by an exchange with blood lipids
and biosynthesized in the brain cells after the intakes of essential PUFAs, i.e., linoleic acid
(18:2 omega-6, LNA) and alpha-linolenic acid (18:3, omega-3), which cannot be formed
in mammals (Figure 2) [20]. However, in rodents, the PUFA biosynthesis is not very
active in the brain [21], which should receive a constant supply. Especially important
for the correct brain functioning is the balance between the omega-6 PUFA arachidonic
acid (ARA) and the omega-3 PUFA docosahexaenoic acid (DHA) in neuronal membrane
phospholipids, to ensure the appropriate release of these fatty acids as precursors of
lipid mediators with pro- and anti-inflammatory properties [20–22]. The occurrence of
inadequate levels due to diet or consumption, resulting from oxidative damage to PUFA, is
the basis for important neuronal impairments, as described in seminal papers on neuronal
membrane expansion [23], cognitive development [24], Alzheimer’s disease, and Parkinson
disease [25–28].

 

Figure 2. Biosynthesis of PUFA: (left) the omega-6 series starting linoleic acid; (right) the omega-3
series starting alpha-linolenic acid. Enzymes: ELO elongase; Δ5-, Δ6-, and Δ9-desaturase; β-oxidase.
Numerical abbreviations describing the position and cis geometry of the double bonds (e.g., 9c),
as well as the notation of the carbon chain length and total number of unsaturations (e.g., 18:2); in
parentheses are the acronyms used in this work (e.g., ARA for arachidonic acid).

In this scenario of molecular contributions to tissue health, oxidation cannot be seen
as having a damaging effect, because oxidative metabolism in the brain is necessary, with
20% of the total basal oxygen budget used to support not only the ATP cellular production
but also the production of reactive oxygen species and oxygenated metabolites, allowing for
adaptation and signaling in neuronal tissues, as described in a recent review [29]. Therefore,
molecular damage must be carefully evaluated in order to distinguish between damage
and signals. The role of thiols is crucial, either as sulfur compounds—including the amino
acid cysteine—or as a functional group in enzymes, as the thiol–disulfide redox balance
allows the quenching of ROS reactivity, as shown for glutathione in Alzheimer’s patients
and in a Parkinson animal model [30,31].

In our holistic vision of oxidative stress, we explored specific biomarkers of free
radical damage. In particular, for biomarkers for DNA reactivity, we envisaged a specific
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radical-based reaction of purine nucleosides that are transformed into cPu and 8-oxo-Pu
lesions [4–6], and for biomarkers of membrane reactivity, we envisaged both the formation
of trans fatty acids (TFA) and the remodeling of membrane lipidome as interesting markers
of tissue transformation [32–34]. In TFA formation, thiyl radicals generated from the
antioxidant reactivity of thiols are involved in the addition-elimination reaction on the
unsaturated double bonds of MUFA and PUFA. In membrane remodeling, MUFA and
PUFA residues respond to different conditions, such as aging or disease progression, and
their balance can be helpful in distinguishing between free radical or metabolic events in
the specific pathological condition in models and clinical studies [35,36].

We recently used an experimental diseased animal model—severe combined immun-
odeficient (SCID) female mice inoculated with U87MG human glioblastoma cells—to assess
differences in the cPu levels of the liver and the kidney at the early and final stages of
tumorigenesis (4-week-old and 17-week-old tumor-bearing mice, respectively). A profound
enrichment of oxidatively induced DNA damage lesions in both tissues of 17-week-old
xenografts, compared with the early stage of tumorigenesis, was observed [37]. In the
present paper, we report the examination of brain tissue coupling for the content of both
cPu and 8-oxo-Pu with those of fatty acid components in the brains of young and older
tumor-bearing mice, with a parallel evaluation of the same lesions in control SCID mice
without tumor implantation (4 weeks old and 17 weeks old, respectively). The aim of our
work is to unravel potential differences in tumor-bearing animals and to obtain important
insights that are related to immunodeficiency and aging.

2. Materials and Methods

2.1. Materials

All reagents were obtained from Sigma–Aldrich (Steinheim, Germany) and solvents
(chloroform, methanol, n-hexane) were purchased from Fisher Scientific (HPLC grade).
Nuclease P1 from Penicillium citrinum, phosphodieasterase I and II, alkaline phosphatase
from bovine intestinal mucosa, DNase I and DNase II, benzonase 99%, BHT, deferoxamine
mesylate, and pentostatin were purchased from Sigma-Aldrich (Steinheim, Germany).
RNase T1 was obtained from Thermo Fisher Scientific (Waltham, MA, USA) and RNase
A was obtained from Roche Diagnostic GmbH (Mannheim, Germany). 2′-Deoxyadenosine
monohydrate were purchased from Berry & Associates Inc. (Dexter, NY, USA). All fatty
acid methyl esters (FAME) used as references were commercially available from Supelco
(Bellefonte, PA, USA) or Sigma–Aldrich. U87MG brain glioblastoma was obtained from
the American Type Culture Collection (ATCC). High glucose Dulbecco’s modified Eagle
Medium (DMEM) was purchased from Sigma. Trypsin-EDTA, L-glutamine, penicillin–
streptomycin solution, and heat inactivated fetal bovine serum (FBS) were obtained from
Biochrom KG. Ultrapure water (18.3 MΩ·cm) and deionized water (Milli-Q water) were
purified by a Milli-Q system (Merck–Millipore, Bedford, PA, USA).

2.2. Animal Studies and Xenografts Construction

Female SCID and normal Swiss mice were housed at the SOL-GEL laboratory at the
NCSR “Demokritos” and SCID mice were xenografted at two weeks of age, subcutaneously
just above the right flank, with U87MG cells that were previously grown in DMEM, as
previously described [37]. The tumor volume, mice weights, and survival rates were
calculated in different time intervals. Mice were housed in groups of three per cage under
positive pressure in polysulfone type IIL individual ventilated cages (Sealsafe, Tecniplast,
Buguggiate, Italy) and had ad libitum access to water and food. Room temperature and
relative humidity were 24 ± 2 ◦C and 55 ± 10% respectively. All animals in the facility were
screened regularly according to the Federation of European Laboratory Animal Science
Associations’ recommendations and were found to be free of the respective pathogens.
Animals were sacrificed under deep ether anesthesia and the brain tissues were rapidly
extracted, placed in a polypropylene tube, immediately snap-frozen in liquid nitrogen, and
stored at −80 ◦C.
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2.3. DNA Isolation and Quantification of Modified Nucleosides by Stable Isotope Dilution
LC-MS/MS

Genomic DNA from frozen tissues was isolated using a high-salt extraction proce-
dure [37,38], enzymatically digested in the presence of 100 μM deferoxamine, 100 μM
butylated hydroxytoluene. And the internal standards ([15N5]-5′S-cdA, [15N5]-5′R-cdA,
[15N5]-5′S-cdG, [15N5]-5′R-cdG, [15N5]-8-oxo-dG and [15N5]-8-oxo-dA), and lesions were
quantified as described previously [4–6,10–13,39]. The samples were filtered by centrifuga-
tion through a 3 kDa microspin filter (Millipore; Bedford, OH, USA), cleaned and enriched
by an HPLC-UV system coupled with a sample collector, and injected into the LC-MS/MS
system. The quantification of the modified nucleosides was carried out by a triple-stage
quadrupole mass spectrometer using positive electrospray ionization (ESI), following a gra-
dient program (2 mM ammonium formate, acetonitrile, and methanol), and the detection
was executed in multiple reaction monitoring mode (MRM) using the two most intense
and characteristic precursor/product ion transitions for each lesion [11,38].

2.4. Fatty Acid Analysis of Brain Tissues

Tissues were disrupted in 2:1 chloroform:methanol using a mechanical homogenizer
submerged in a cooling bath of acetone and dry ice to maintain a temperature of approxi-
mately −80 ◦C. The lipid extract, after solvent evaporation to dryness, was then treated with
0.5 M KOH/MeOH for 10 min at room temperature under stirring for the derivatization of
fatty acid residues of the glycerol esters-containing lipids into their corresponding fatty
acid methyl esters (FAME) [40]. After this transesterification step, FAME were extracted
with n-hexane; n-hexane phase was dehydrated with anhydrous Na2SO4, evaporated and
analyzed via an Agilent 7890B CG system equipped with a 60 m × 0.25 mm × 0.25 μm
(50%-cyanopropyl)-methylpolysiloxane column (DB23, Agilent, USA) and a flame ioniza-
tion detector (FID), with an injector temperature at 230 ◦C and split injection of 50:1. Oven
temperature started at 165 ◦C, was held for 3 min, then increased by 1 ◦C/min up to 195 ◦C,
held again for 40 min, then increased by 10 ◦C/min up to 240 ◦C and held for 10 min.
A constant pressure mode (29 psi), with helium as the carrier gas, was used. Methyl esters
were identified by comparison with the retention times of commercially available standards
or trans fatty acid references, which were obtained as described elsewhere [41,42].

2.5. Statistical Analysis

The mice groups were divided into groups of six and the results were expressed as
mean ± standard deviation (SD). The statistical significance (p values) of the results was
calculated by unpaired two-tailed Student’s t-test using GraphPad Prism™ software version
6.01 for Windows (GraphPad Software Inc., La Jolla, CA, USA). A multiple comparison test
was applied to compare the differences among the distinct pairs of groups.

3. Results

3.1. Protocol Outline

Human tumor xenografts were obtained by inoculating U87MG human brain glioblas-
toma cells subcutaneously in two-week-old SCID mice. Approximately 2 weeks post-
injection, the first set of animals was sacrificed (at 4 weeks of age). The second set of
tumor-bearing mice was sacrificed at 17 weeks of age. In this article, the first group is
referred as being in the early stage of tumorigenesis, while the second group is referred to
as being in the final stage of tumor presence and characterized by very poor condition.

We also evaluated DNA lesions and the fatty acids pool in the brain tissue of the
control SCID mice without tumor implantation, at 4 weeks of age and 17 weeks of age, to
identify their potential differences with tumor-bearing animals. Because human xenograft
were selected and the tumors originated by way of exogenous inoculation with human
malignant cells, the tumor tissues were not analyzed, following an approach described
for a genetically engineered mouse [43]. The accumulation of DNA damage in tissues
that are distant from a tumor site can be induced by tumors of different origin, sometimes
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as a consequence of a cancer-related chronic inflammatory response in vivo [44]. Parallel
DNA and lipid analyses were also performed in normal Swiss mice to evaluate healthy
conditions as well as to recognize the potent differences between a healthy state and
an immune-deficient condition.

Genomic DNA was isolated from the brains, hydrolyzed to single nucleosides by an
enzymatic cocktail containing nucleases, and analyzed by LC-MS/MS for the determination
of the modified nucleosides (the four cPu and two 8-oxo-Pu). The evaluation of the fatty
acid pool was performed in the lipid extract, under conditions in which the fatty acid
esterified to glycerol moieties (mainly brain glycerophospholipids) were transformed to
fatty acid methyl esters (FAMEs) and could be analyzed by GC, as described elsewhere (for
details, see the Materials and Methods section).

3.2. Evaluation of Purine DNA Lesions

An LC-MS/MS analysis of the brain DNA nucleosides provided the four cPu and the
two 8-oxo-Pu lesions of our animal cohorts. In general, as shown in Table 1 and Figure 3,
the levels of cPu and 8-oxo-dA were found to be similar, while 8-oxo-dG was one order
of magnitude higher (for specific values for normal mice, see Table S1). Examining
the SCID groups, we found the following: (i) a significant enhancement of 5′S-cdG in
17-week-old xenografted mice, compared with control SCID animals of the same age
(p = 0.0370, cf. Table S2 for p-values); (ii) increased levels of 5′S-cdG in 17-week-old
control SCID mice, compared with younger xenografts ((p = 0.0354); (iii) 5′S-cdA was
significantly raised in old tumor-bearing SCID mice, compared with the 4-week-old ones
(p = 0.0342); and (iv) 5′S-cdA was also at higher levels in 17-week-old control animals,
compared to 4-week-old ones (p = 0.0102).

Table 1. The levels (lesions/106 nucleosides) of 5′R-cdG, 5′S-cdG, 5′R-cdA, 5′S-cdA, 8-oxo-dG, and
8-oxo-dA in the brain tissues of control SCID and tumor-bearing SCID, 4 weeks of age- and 17 weeks
of age, respectively (mean ± standard deviation of six sample measurements).

5′R-cdG 5′R-cdA 5′S-cdG 5′S-cdA 8-oxo-dG 8-oxo-dA

control 4w 0.176 ± 0.011 0.140 ± 0.016 0.205 ± 0.028 0.116 ± 0.014 1.828 ± 0.183 0.202 ± 0.041
control 17w 0.179 ± 0.036 0.146 ± 0.019 0.211 ± 0.024 1,* 0.137 ± 0.012 2,* 1.783 ± 0.208 0.201 ± 0.046

tumor-bearing 4w 0.185 ± 0.018 0.153 ± 0.014 0.213 ± 0.034 0.112 ± 0.014 1.730 ± 0.276 0.201 ± 0.012
tumor-bearing 17w 0.178 ± 0.031 0.140 ± 0.020 0.245 ± 0.025 3,* 0.136 ± 0.012 3,* 1.903 ± 0.234 0.216 ± 0.046

1 Comparison between control 17-week-old mice vs. tumor-bearing 17-week-old mice, 2 Comparison between
control 4-week-old mice vs. control 17-week-old mice, 3 Comparison between tumor-bearing 4-week-old mice vs.
tumor-bearing 17-week-old mice. Statistical significance: * (p < 0.05).

Examining the effects of age and tumor progression in our SCID cohorts, alterations
that were not statistically significant were exhibited at the levels of total cPu and 8-oxo-Pu,
as highlighted in Figure 4A (for specific values, see Tables S3 and S4). To estimate the
healthy conditions, Swiss mice were examined for their brains’ accumulation of DNA
lesions at the ages of 4 weeks and 17 weeks, to show whether any significant change was
present (Figure 4B and Table S4; see also Figure S1 and Tables S1 and S2 for the single
lesions). Notably, a comparison between the Swiss mice and the control SCID mice showed
evidence of a significant enhancement of 5′S-cdA at 17 weeks of age in immunodeficient
animals (p = 0.0049, Table S2). In general, the Swiss mice presented with similar levels of
cPu and with lower 8-oxo-Pu levels, although the difference was not significant, compared
with control SCID mice (Tables S3 and S4).
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Figure 3. Purine DNA lesions in the brain of SCID mice: the levels (lesions/106 nucleosides) of
5′R-cdG, 5′S-cdG, 5′R-cdA, 5′S-cdA, 8-oxo-dG, and 8-oxo-dA in the brain tissue of control SCID
and tumor-bearing SCID mice. For specific values, see Tables S1 and S2. The values are given as
mean ± SD (n = 6); * (p < 0.05).

Figure 4. LC-MS/MS analysis of purine DNA lesions. (A) The levels (lesions/106 nucleosides) of cPu
and 8-oxo-Pu in the brain tissue of control SCID and tumor-bearing SCID mice; for specific values see
Tables S3 and S4. (B) The levels (lesions/106 nucleosides) of cPu and 8-oxo-Pu in the brain tissue of
normal Swiss mice; for specific values see Tables S3 and S4. (C) The 5′R/5′S ratio of cdG and cdA in
control SCID, tumor-bearing SCID, and normal Swiss mice; for specific values see Tables S5 and S6.
The values are given as mean ± SD (n = 6); * (p < 0.05).
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Regarding the ratio of diastereoisomeric lesions of cPu, it was reported that this indica-
tor provided important information on the structural conformation of both isomers associ-
ated with the repair process [7,8]. The 5′R/5′S ratio of cdA was found to be higher than the
ratio of corresponding cdG in all groups of samples, as shown in Figure 4C. A decrease in
the R/S ratio of cdG and a significant diminution of the R/S ratio of cdA (p = 0.0211) were
noted in 17-week-old tumor-bearing mice, compared with younger xenograted animals
(Tables S5 and S6). Differences that were not statistically significant were observed in the
control SCID as well as in the normal Swiss animals (Tables S5 and S6).

3.3. Evaluation of Brain Fatty Acid Pool

After isolation of the brain lipid content, we proceeded to the transformation of
the fatty acid-containing lipids to their fatty acid methyl ester (FAME) derivatives, as
described in the Materials and Methods section of this article, following a previously
reported procedure [41,42]. The FAME separation and identification was carried out by
the gold standard of gas chromatography (GC) analysis under known conditions, and we
focused our attention to 12 fatty acid methyl esters (corresponding to >97% of the peaks that
were present in the analysis), which were calibrated using commercially available materials
for quantitative purposes. The values of this fatty acid cluster are reported in Table 2 as
relative quantitative percentages (% rel. quant.), obtained by the quantitative data and
reported as percentages of each FAME over the total FAME quantities resulting from the
GC areas, following a known procedure (see Table S7 for the p-values of Table 2) [42]. The
relevant results in our cohorts are reported in Figure 5, with statistically significant FAME
levels comparing the control SCID and the tumor-bearing SCID mice at 4 weeks of age and
17 weeks of age (in Figure S2, all of the data are graphically represented). Palmitic acid (16:0)
diminished in the control SCID and the tumor-bearing mice during aging (from 4 weeks of
age to 17 weeks of age), along with increases in ARA. MUFA oleic acid (9c-18:1) decreased
during aging (from 4 weeks to 17 weeks) in both the control and the tumor-bearing mice.
ARA in tumor-bearing mice increased significantly, compared with control SCID, and oleic
acid diminished, comparing the 4-week-old and 17-week-old mice of both series.

Table 2. Relative quantitative percentages (% rel. quant.) of fatty acid methyl esters (FAME) obtained
from brain tissues of control SCID mice and tumor-bearing SCID mice at different ages 1.

FAME FA Family
Control

(4w)
Control
(17w)

Tumor-
Bearing (4w)

Tumor-
Bearing (17w)

Palmitic acid (16:0)
SFA

23.67 ± 1.27 * 20.53 ± 0.54 ** 25.87 ± 0.60 22.67 ± 0.51 **
Stearic acid (18:0) 26.20 ± 1.77 26.24 ± 0.40 23.58 ± 0.04 24.22 ± 0.88 *

Palmitoleic acid (9c-16:1)
MUFA

0.70 ± 0.25 0.79 ± 0.22 0.86 ± 0.01 0.67 ± 0.14
Oleic acid (9c-18:1) 24.02 ± 0.41 22.96 ± 0.75 20.19 ± 1.60 * 19.32 ± 0.91 **

Vaccenic acid (11c-18:1) 8.01 ± 1.31 6.76 ± 0.83 6.12 ± 0.83 6.09 ± 0.09

LNA (18:2-ω6) 1.02 ± 0.16 0.95 ± 0.12 0.92 ± 0.02 1.14 ± 0.15
DGLA (20:3-ω6) PUFA ω6 1.18 ± 0.07 0.87 ± 0.21 0.82 ± 0.07 1.04 ± 0.12
ARA (20:4-ω6) 11.06 ± 1.26 ** 15.63 ± 0.71 * 14.96 ± 0.07 * 19.62 ± 1.18 **

EPA (20:5-ω3)
PUFA ω3

0.57 ± 0.50 0.53 ± 0.18 1.13 ± 0.29 1.08 ± 0.61
DHA (22:6-ω3) 3.40 ± 0.16 ** 4.60 ± 0.20 4.04 ± 0.18 * 3.67 ± 0.65

9t-18:1
TFA

0.03 ± 0.02 0.06 ± 0.04 0.06 ± 0.03 0.10 ± 0.05
mt-ARA 20:4 0.11 ± 0.05 0.09 ± 0.03 0.47 ± 0.05 ** 0.37 ± 0.19 *

1 The values are given as mean ± SD (n = 3). Statistical significances: * (p < 0.05), ** (p < 0.01).

29



Biomolecules 2022, 12, 1075

Figure 5. Some relevant fatty acid changes in SCID mice cohorts. Comparison of % rel. quant. of
(A) C16:0; (B) 9c-18:1; (C) ARA in the brain tissue among control SCID mice and tumor-bearing SCID
mice at 4 weeks of age and 17 weeks of age (for specific values, see Table 2). Significance: * (p < 0.05),
** (p < 0.01).

From the FAME quantities, relevant fatty acid calculations, such as sums, ratios, and
equations could be applied, such as SFA, MUFA, PUFA, SFA/MUFA, SFA/PUFA, ω6/ω3,
the unsaturation index (UI), and the peroxidation index (PI). Table 3 (see Table S8 for
p-values) shows these data in triplicate for each mice group in this work: control SCID mice
and tumor-bearing SCID mice at 4 weeks of age and 17 weeks of age. The above reported
changes in FAME influenced the total SFA and PUFA ω6 levels, accordingly (SFA control;
p = 0.0051 and tumor-bearing; p = 0.0112. PUFA ω6 control; p = 0.0053; tumor-bearing;
p = 0.0152).

Table 3. Relative quantitative percentages (% rel. quant.) of fatty acid methyl families and ra-
tios/indices obtained from brain tissues of control SCID mice and tumor-bearing SCID mice at
different ages 1.

FA Family Index
Control

(4w)
Control
(17w)

Tumor-
Bearing (4w)

Tumor-
Bearing (17w)

SFA 49.87 ± 0.50 ** 46.77 ± 0.83 * 49.45 ± 0.56 46.89 ± 0.47
MUFA 32.74 ± 1.68 30.51 ± 0.48 27.16 ± 2.44 26.09 ± 0.83 **

PUFA ω6 13.26 ± 1.16 ** 17.45 ± 0.61 * 16.70 ± 0.01 * 21.79 ± 1.36 **
PUFA ω3 3.98 ± 0.66 5.13 ± 0.33 5.17 ± 0.46 4.76 ± 0.42
PUFA 1 17.24 ± 1.36 ** 22.58 ± 0.51 ** 21.87 ± 0.45 * 26.55 ± 0.94 **

TFA 0.15 ± 0.04 0.14 ± 0.04 0.52 ± 0.01 ** 0.47 ± 0.23 **
SFA/MUFA 1.53 ± 0.09 1.53 ± 0.05 1.83 ± 0.19 1.80 ± 0.05 **
SFA/PUFA 2.90 ± 0.22 ** 2.07 ± 0.08 ** 2.26 ± 0.02 * 1.77 ± 0.08 **
ω6/ω3 3.39 ± 0.58 3.41 ± 0.29 3.25 ± 0.29 4.62 ± 0.72

Unsaturation Index (UI) 105.87 ± 4.48 ** 127.78 ± 2.38 ** 121.17 ± 0.11 * 137.40 ± 2.14 **
Peroxidation Index (PI) 79.13 ± 6.76 ** 105.94 ± 2.22 ** 102.15 ± 3.22 * 118.22 ± 1.88 **

1 PUFA = % PUFA ω-3+ % PUFA ω-6. Statistical significance: * (p < 0.05), ** (p < 0.01).

The calculations for the unsaturation index (UI) and the peroxidation index (PI) were
carried out by Equations (1) and (2), respectively:

UI = (%MUFA × 1) + (%LNA × 2) + (%DGLA × 3) + (%ARA × 4) + (%EPA × 5) + (%DHA × 6) (1)

PI = (%MUFA × 0.025) + (%LNA × 1) + (%DGLA × 2) + (%ARA × 4) + (%EPA × 6) + (%DHA × 8) (2)

UI and PI indicate the content of unsaturated lipids that impact the membrane prop-
erties, as MUFA and PUFA double bonds, and the chemical oxidative reactivity, mainly
as PUFA double bonds, respectively [45,46]. The PI and UI values for control and tumor-
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bearing mice are reported in Table 3 (see Table S8 for the p-values) and are graphically
reported in Figure 6A, B, respectively.

Figure 6. Significantly different fatty acid indices and families in SCID mice cohorts at different ages:
(A) unsaturation index (UI); (B) peroxidation index (PI); (C) total TFA (for specific values, see Table 3).
Significance: * (p < 0.05), ** (p < 0.01).

By following the formation of TFA, it is possible to identify a peculiar transformation
of the natural cis unsaturated fatty acids into their geometrical isomers catalyzed by free
radicals [33,34,47]. Figure 6C shows a statistical enhancement of TFA, in particular mono-
trans ARA (see Figure S2), observed in young and older xenografted animals, compared
with control SCID (4 weeks of age; p = 0.004, 17 weeks of age; p = 0.0124). It is worth noting
that the free radical stress, expressed by the formation of TFA, reached the highest level in
older mice, regardless of whether or not they were tumor-bearing.

When normal Swiss mice at 4 weeks of age and 17 weeks of age were used to isolate
brain lipids and to identify the fatty acid pool differences, we noticed that a few significantly
different values were found by comparing the two ages, i.e.,: the increase of palmitic
acid (p = 0.0011) and the ω6/ω3 ratio (p = 0.048), the decrease in the PUFA ω3 EPA
(p = 0.0040), and the decrease in the total TFA (p = 0.0417) (see Table S9). A comparison
between the normal Swiss mice and the control SCID mice was also carried out in order
to obtain valuable information related to immunodeficiency and radical-based reactivity
in the brain tissue which was, especially useful in evaluating the age effect (Table S10).
A significant reduction in SFA and an increase in PUFA ω3 and total PUFA was observed
in 17-week-old SCID, compared with normal mice (SFA; p = 0.0256, ω-3; p = 0.0190,
PUFA; p = 0.0087). Furthermore, the SFA/MUFA and SFA/PUFA ratios were statistically
decreased (SFA/MUFA; p = 0.0442, SFA/PUFA; p = 0.0132) and the indices of unsaturation
and peroxidation were enhanced (UI; p = 0.0112, PI; p = 0.0045). Significantly higher levels
of DHA and lower levels of palmitic acid were also found for 17-week-old SCID animals
(DHA; p = 0.0072, 16:0; p = 0.0009). Although further differences of the membrane fatty
acid content between the two groups were present, such as total TFA and EPA decreases in
younger mice and increases in older ones, as well as MUFA increases at both ages, there
were no significances among these distinct conditions. In the younger animals, only 9t-18:1
was significantly reduced in 4-week-old diseased mice, compared to healthy mice of the
same age (p = 0.0221, Table S10).

4. Discussion

Brain is a tissue with one of the highest levels of oxidative metabolism that is con-
sistently associated with the production of oxidative damage. Some studies indicate that
specific brain regions affect the responses to DNA damage, with single strand breaks
(SSB) considered to be a serious threat to the aging brain [48]. Moreover, there is a strong
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connection between brain mitochondrial ROS production, glutamate excitotoxicity, and
neuronal cell damage [49]. High ROS production, severe DNA damage, inflammatory
stress, and heterochromatinization were found in postmitotic neurons from old C57Bl/6
mice, revealing that mature neurons develop a senescence-like phenotype with aging [50].
DNA damage increases with age and in multiple neurological and neurodegenerative
disorders, such as Alzheimer’s disease, which is a disorder that is characterized by the
accumulation of double strand breaks (DSB) in both neuronal and glial cells [51], as well
as a diminution in the expression of UDG1, polb, and bOGG1 glycosylases in AD brains,
compared with age-matched controls [52]. Apart from these enzymes and the BER pathway,
NER also participates in the progression of age-related cognitive decline, as accumulat-
ing DNA damage and reduced synaptic plasticity were observed in the hippocampus of
Ercc1Δ/− mice [53].

cPu lesions are unique lesions that are generated by H-atom abstraction from the
C5′–H position of purine moieties by HO• radicals, eventually resulting in the formation
of an additional C5′−C8 covalent bond [4–6,54]. On the other hand, 8-oxo-Pu lesions are
derived from oxidation at the C8 position of purine moieties by a variety of ROS, such as
H2O2, singlet oxygen, and ONOO−, in addition to HO• radical [55,56]. The observation
of lesions is connected with the efficiency of the repair. Damaged DNA activates different
responses in a cellular environment, depending on the kind of damage, and cells may
undergo apoptosis to avoid the propagation of defective cells. However, robust DNA
repair and damage-bypass mechanisms protect the stability of the human genome, either
by removing the damage or permitting the damage to ensure genome integrity. Together
with determining the levels the oxidatively-induced 8-oxo-Pu, we determined the levels
of cPu lesions. Both cPu and 8-oxo-cPu formation were evaluated in this study in young
and old immunodeficient mice, with and without tumor implantation, to compare the
effect of tumor development and to gather information on the aging process. This work is
a continuation of an exploratory study of two groups of mice that were examined for the
accumulations of liver and kidney DNA lesions [37]. In the present study, we deepened
the oxidative DNA damage of the brain, as this tissue maintains a particularly high basal
metabolic rate to fulfill the high-energy demand and produces increased levels of ROS [52].
Our results showed that the levels of the four cPu and 8-oxo-dA lesions are similar, in
the range of 0.1–0.25 lesions/106 Nu, whereas 8-oxo-dG is one order of magnitude higher,
independently of being SCID control, tumor-bearing SCID or normal Swiss mice in their
lifetimes (4 weeks old or 17 weeks old) (Figure 3 and Table S1). In the cPu series, the
following order was observed in all cases: 5′S-cdG > 5′R-cdG > 5′R-cdA > 5′S-cdA.

The detection of cPu in brain tissue was also reported by Wang et al., who ana-
lyzed the levels of these adducts in the brain of wild type and Ercc1−/Δ mice of different
ages using capillary high-performance liquid chromatography-tandem mass spectrome-
try [57]. No significant differences were found between wild type animals of 10 weeks,
21 weeks, and 3 years of age, with the levels of the four cPu lesions being in the range of
0.1–0.5 lesions/106 Nu. On the other hand, a diminution of all four cPu lesions was found
in 21-week-old Ercc1−/Δ mice, compared with 10-week-old mice. Furthermore, it should be
noted that the significantly raised amounts of 5′S-cdG in 10-week-old deficient-progeroid
animals compared to wild-type animals of the same age demonstrated the role of ERRC-1
protein in NER involvement [57]. cdA was also present in the brains of the XP group
A gene-knockout (Xpa−/−) and significant accretion were detected in mice at 6, 24, and
29 months of age, compared to wild-type animals, through an improved enzyme-linked
immunosorbent assay (ELISA) [15] using a novel monoclonal antibody (cdA-1) specific
for cdA in single-stranded DNA [58]. However, the cdA levels in the brain tissue of
4-week-old (one month), 12-week-old (three months), and 24-week-old (6 months) mice
were fully raised through ELISA quantification, with detectable amounts of ~3.5–4/106 [15].
Immunoassays methods are characterized by adequate simplicity and reproducibility and
they can be applied to DNA adduct detection, such as screening the lesions of 8-oxo-2′-
deoxyadenosine [59], benzo[a]pyrene-dioleperoxide [60], and 4-hydroxyequilenin [61].
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Competitive approaches with the presence of monoclonal antibodies offer higher specificity
and effectiveness [58]. On the other hand, only chromatography-based methodologies cou-
pled with isotope dilution mass spectrometry can provide the structural specificity of the
studied adduct and the detailed molecular composition for accurate quantification [62,63].

The diastereomeric ratio (5′R/5′S) can be an important indicator for mechanistic
issues that are related to structural conformation of both isomeric forms in association
with their abundance and repair. cdA and cdG lesions are excised with similar efficiency
by NER machinery in human HeLa cell extracts; however, the 5′R-diastereoisomers of
both cdA and cdG cause greater distortion of the DNA backbone, thereby being better
substrates of NER than the corresponding 5′S ones [7]. As shown in Figure 4C, R is
always more abundant than S in the cdA in each group of mice, whereas in the cdG, S
always exceeds the R diastereoisomer. Another important aspect is derived by comparing
these diastereomeric ratios between young and older organisms. Lower level of R/S cdG
and cdA ratios were depicted in 17-week-old brain tissues of both control and tumor-
bearing animals compared to 4-week-old tissues (Table S5). Significantly raised levels
of cdA and cdG in both the R and S isoforms were also found in the brain tissues of
the Long-Evans Cinnamon (LEA) rat, an animal model for human Wilson’s disease, and
the Long-Evans Agouti rat (LEC), healthy rats, using NanoLC-NSI-MS/MS analysis [64].
Although the R/S ratios constitute an index of cPu lesions’ repair efficiency, differences in
analytical procedures across distinct research groups did not provide a clear scenario for
R/S formation and biological significance. Previous studies through LC/MS or GC/MS
showed a high accumulation of cPu in knockout mice, such as both cdG and cdA in the
brains of prdx1−/− mice [65]. Increased levels of 5′S-cdA were measured in different organs
of wild-type and csb knockout mice, with a significant enrichment of this unrepaired adduct
in the brains of csb(-/-) animals, as well as in the livers and the kidneys, suggesting the
important role of CSB protein in the DNA repair process [66].

At this point, it is worth mentioning that we reported an earlier detection of the four
cPu levels of liver and kidney tissues at initial and final stages of tumorigenesis in the
same animal cohorts (4-week-old and 17-week-old tumor-bearing mice, respectively) [37].
In both tissues of 17-week-old xenografts, we found increased cPu levels. In Figure 7A,
a comparison of the total cPu lesions in brain, liver, and kidney tissues is presented. Unlike
in brain tissue, statistically significant alterations were exhibited for total cPu in liver and
kidney tissues during cancer progression, as highlighted (see also Table S11). A significant
enhancement of cPu was found in the liver tissue of 17-week-old control mice, compared
with 17-week-old tumor-bearing SCID mice (p = 0.0014, Table S12). Furthermore, a com-
parison between 4-week-old and 17-week-old xenografted animals showed a significant
increase of cPu in kidney tissues (p = 0.00395). Higher levels of cPu were also found in the
kidney tissues of 17-week-old control mice, compared with tumor-bearing SCID mice of
the same age (p = 0.0365,). 8-oxo-dA levels were previously reported in liver and kidney
tissues, and here we measured this lesion in brain tissue. Figure 7 shows the much lower
extent of this lesion in the brain, compared with the other tissues. The data presented
in our previous [37] and present exploratory studies indicate a differential involvement
of genomic instability in mice cohorts, and may contribute to the ongoing debate about
the central role of DNA and genome instability in the aging process, which also implies
choosing the best biomarkers for such monitoring [67].
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Figure 7. (A) cPu levels and (B) 8-oxo-dA levels in the brain tissue of control SCID and tumor-bearing
SCID mice compared with previous tissue-specific patterns from the liver and the kidney [37] by
isotope dilution liquid chromatography-tandem mass spectrometry * (p < 0.05), ** (p < 0.01).

A parallel examination of brain lipids can widen the perspectives in the assessment of
aging and health conditions, such as tumoral progression, offering opportunities to obtain
the holistic approach that is needed to fully understand complex organisms. Our results
can be coupled with our previously reported data on the same mice cohorts, which were
examined for their erythrocyte membrane phospholipid contents [37]. Evaluating mice
brain fatty acid-containing lipids, our data are concerned mostly with glycerophospholipids,
which reach almost 70% of the total lipid composition in this tissue [68]. This is the
lipid class where the fatty acid composition is influenced by the so-called remodeling
mechanism and reports the systemic effects of fatty acids introduced by different diets
or changed in response to life conditions [34,36,69,70]. We are aware that the powerful
shotgun lipidomic analysis is used to go into the details of all lipid classes [71]; however,
it is worth emphasizing that by using the gas chromatographic analysis, we can obtain
a precise and reliable separation of geometrical and positional fatty acid isomers, and
individuate trans fatty acids that are crucial indicators of free radical stress (thiyl radicals, in
particular) [32,33,72]. The role of oxygen in the formation of cPu was recently investigated
in cellular models of defective CSA- and CSB-transformed fibroblasts and their normal
counterparts, cultured under various oxygen tensions and increased levels of cPu, were
detected under hypoxic conditions in both CSA- and CSB-defective cell lines, compared
with normal cells [13]. In the same cellular models, the analysis of fatty residues in
membrane phospholipids was studied, due to oxygen tensions [42]. A parallel examination
of purine adduct formation and membrane molecular transformations in human embryonic
epithelial cells, silenced for XPA under hyperoxic conditions, was performed, showing that
oxygen promotes enzymatic transformations of the fatty acid pool [12].

Two results can be highlighted in the brain remodeling process: (a) the decrease
in palmitic acid accompanied with the increase in arachidonic acid in both groups of
immunodeficient (SCID) mice and tumor-bearing SCID mice, comparing 4-week-old to
17-week-old mice (cf. Figure 5); and (b) the increases in UI, PI, and total TFA going from
4-week-old control SCID mice to the tumoral groups (cf. Figure 6). The first data point
attention to brain-signaling that starts from membrane phospholipids, and to the detach-
ment of fatty acids for the production of bioactive lipids.The ARA membrane enrichment
can lead to the disruption of an equilibrium with the omega-3 counterparts, especially
DHA, which regulates neuroinflammation [20]. In control SCID mice, DHA is actually
increased, whereas it diminishes in tumor-bearing animals, involving complications when
disease conditions add to the aging process. It is worth highlighting that the ARA increase
was also reported in the erythrocyte membrane analysis of the same animal cohorts [37],
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confirming the reporting role of this blood cell for a systemic condition. The combination of
lipid metabolism and inflammation is also important in the development of therapeutical
strategies for aging and diseases [73]. The second set of data, about UI and PI increases,
is connected with an oxidatively-prone lipid environment that is, indeed, in connection
with aging and disease progression. As discussed in the Introduction, neurodegeneration is
strictly connected as a cause or as a consequence of oxidative reactivity [19,21,29], which is
favored by the enrichment of PUFA, as seen in our animal cohorts. It is worth stating that
no dietary changes were applied to the animals and that the old tumor-bearing animals
were characterized by poor health conditions, so that the PUFA increase in the brain surely
did not derive from higher intakes. These observations, together with information about
increased TFA in tumor-bearing mice, are relevant in determining that in this particular
health condition, the formation of radical reactive species, such as thiyl radicals, occurs,
because the formation of TFA is a marker of this specific reactivity [47]. We can recall
that thiol-disulfide homeostasis is a very important element of brain metabolism, starting
from the hydrogen sulfide production in this tissue [74]. The overall scenario obtained by
this study of DNA and membrane data indicates that in the brain, unlike in the liver and
the kidney tissues, molecular changes of aging and disease progressions caused by free
radicals occur mostly at the level of lipidome, rather than involving all molecular inventory
(DNA in particular). Our results highlight that more research is needed to gain combined
information on free radical reactivity in different cellular compartments, using both in vitro
and in vivo models. Moreover, due to the analytical conditions that were used in this study,
it was not possible to define whether specific areas of the brain were most involved in the
effects of the aging or disease, as is well known in differential evaluations [75].

5. Conclusions

In the present work, the simultaneous measurement of two important molecular con-
tributions, genetic (DNA) and lipid components, was performed under specific conditions
of aging and disease in a murine model, completing the picture with information from brain
tissue. In the brain tissue of young and older tumor-bearing animals, the analysis of four
cPu and two 8-oxo-Pu lesions showed a slight but significant progressive age-dependent
accumulation only for the 5′S-cdA and 5′S-cdG lesions. cPu were detected in various
tissue types and clinical specimens and did not suffer from stability issues and artifacts,
unlike the 8-oxo-Pu that are formed by oxidizing species. At the same time, fatty acid
pool remodeling due to aging and tumoral conditions occurred, specifically involving SFA
and PUFA, with TFA as biomarker of free radical stress. The overview of the molecular
contributions of DNA and lipids adds new insights into the consequences of aging and
disease, highlighting the brain’s prevalent lipid remodeling response and inflammatory
signaling, which seem to prevail over the effects of DNA damage. These results can inspire
further and deeper in vitro and in vivo model investigations on protective and therapeutic
strategies of neurodegenerative disorders, taking into account the extensive involvement of
the membrane lipids seen in our model. Under aging and disease progressions, membranes
are not spectators [76,77]. Membrane-targeted strategies tailored to the specific lipidome
profile are needed to preserve the molecular integrity of the membrane and to demonstrate
the effects of delaying degenerative processes as a whole.
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Abstract: Lipid peroxidation (LP) is the most important type of oxidative-radical damage in biolog-
ical systems, owing to its interplay with ferroptosis and to its role in secondary damage to other
biomolecules, such as proteins. The chemistry of LP and its biological consequences are reviewed with
focus on the kinetics of the various processes, which helps understand the mechanisms and efficacy
of antioxidant strategies. The main types of antioxidants are discussed in terms of structure–activity
rationalization, with focus on mechanism and kinetics, as well as on their potential role in mod-
ulating ferroptosis. Phenols, pyri(mi)dinols, antioxidants based on heavy chalcogens (Se and Te),
diarylamines, ascorbate and others are addressed, along with the latest unconventional antioxidant
strategies based on the double-sided role of the superoxide/hydroperoxyl radical system.

Keywords: autoxidation; peroxyl radicals; hydroperoxyl radicals; kinetics; antioxidants; phenols;
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1. Introduction

Lipid peroxidation (LP) is a complex phenomenon, first investigated in the early 20th
century, consisting in the uptake of molecular oxygen by lipids exposed to air, which was
soon recognized as bearing remarkable similarity to hydrocarbon autoxidation [1,2], the
formal insertion of one molecule of oxygen in the C-H bond of a hydrocarbon to afford a
hydroperoxide: R-H + O2 → R-OO-H. Indeed, lipid peroxidation is one embodiment of
hydrocarbon autoxidation.

While the direct reaction with ground state (triplet) oxygen is spin restricted and too
slow to occur, the transformation of hydrocarbons (or lipids) by oxygen to hydroperoxides
and further oxidized products occurs rapidly and efficiently via the intermediation of
peroxyl radicals (ROO•), in a chain reaction that can be triggered by a multitude of events
in any chemical system, such as in food or in living organisms, and it can be blocked or
prevented by antioxidants [1–3].

Over the last 70 years, extensive research efforts have shown the association of lipid
peroxidation with an impressive number of pathological conditions, from arteriosclerosis
and cardiovascular diseases to neurological disorders and cancer [1–7], stemming from the
“Free Radical Theory of Aging”, which attributes the progressive decline of functionality
associated with aging to the progressive accumulation of damage to biomolecules and
essential biological structures, caused by radicals’ overproduction, also referred to as “ox-
idative stress” [6,7]. Yet the interest in lipid peroxidation has recently seen a boost after the
formal recognition in 2012 of ferroptosis as a new form of programmed cell death [8], driven
by LP and specifically linked to the pathophysiology of several degenerative diseases [9–11].
Even more interesting are pioneering observations that antioxidants can effectively inhibit
ferroptosis [12,13] and that either antioxidants or pro-oxidant molecules can be used to
modulate it, promising a handle on the connected pathologies [10,13].

Although several valuable reviews have been dedicated to LP and ferroptosis [14,15],
the importance of lipid peroxidation is not limited to them. Damage to membrane lipids by
radicals and reactive oxygen species (ROS) is perhaps the most important type of oxida-
tive/radical damage in biological systems; not only because of the susceptibility of lipids to
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radical attack and because it produces the majority of biomarkers commonly used to moni-
tor such damage but because such biomarkers—the LP secondary products—are also major
effectors of the damage itself [16], owing to their toxicity and to their ability to alter other
biomolecules such as proteins [17], thereby extending the radical/oxidative damage [18].

The aim of this review is to offer a brief up-to-date overview on lipid peroxidation,
including the main processes leading to secondary products, with focus on the kinetic
aspects regulating the different reactions, so to guide the understanding of the efficacy of
the different antioxidant protection strategies. The main type of antioxidants will also be
briefly reviewed addressing their efficacy, on kinetic bases, and their mechanism of action.

2. The Chemistry of Lipid Peroxidation

2.1. The Three Stages of Lipid Peroxidation

LP is a radical chain reaction composed of the canonical three stages of initiation,
propagation and termination, summarized in Figure 1 using PUFA as the prototypical
oxidizable substrate.

Figure 1. The main steps of lipid peroxidation (A), with indication of one main mechanism of
initiation (B), details of Russel’s mechanism for termination (C) and reaction of singlet oxygen with
unsaturated lipids (D).

Initiation, i.e., the formation of the first lipid-derived radical, can consist in attack by a
variety of radical species. In biological systems, these would most commonly be an alkoxyl
radical (RO•) or a hydroxyl radical (HO•), e.g., generated by Fenton-type decomposition
of hydroperoxides or hydrogen peroxide, catalyzed by transition metals such as iron or
copper. Other initiating species could be hydroperoxyl radicals (HOO•), the neutral form of
metabolically produced superoxide radical anion (O2

•−), which, however, is not prevailing
at pH 7 or higher—the pKa is 4.8 in water at 20 ◦C [19]. Excited triplet states produced by
UV irradiation of carbonyl compounds, e.g., in the skin, or radicals produced from water by
ionizing radiations would also serve the purpose. Since the attack to lipids occurs typically
by formal hydrogen-atom transfer (HAT) from the >CH2 in allylic/bis-allylic positions,
having a bond dissociation enthalpy (BDE) of about 77/87 kcal/mole, respectively, any
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radical species X• forming a product X-H with BDE higher than this value would be
suitable for the task.

Propagation of the oxidative chain occurs by two alternating steps: the reaction of
the lipid-derived C-centered radical (>C(•)H; =R•) with oxygen to form the alkylperoxyl
radical (ROO•) is extremely fast (rate constant in the range 2–5 × 109 M−1s−1 [20]), hence
the kinetics of propagation is governed by the second step, the reaction of ROO• with a
new lipid molecule to afford a new lipid-derived R• radical. Its rate constant kp is the
most important parameter in evaluating antioxidant strategies (vide infra) and it depends
dramatically on the structure of the lipid molecule. As summarized in Table 1, kp is negli-
gible for saturated fatty acids (or hydrocarbons) at close to physiologic temperature [21],
but it grows by about two orders of magnitude in monounsaturated fatty acids (MUFAs,
e.g., methyl oleate) and by about four orders of magnitude with two unsaturations, like
in methyl linoleate, which reaches kp = 62 M−1s−1 at 30 ◦C [22]. This is due to resonance
stabilization of the allyl and, particularly, of the bis-allyl radical, resulting by HAT from
MUFA and PUFA, respectively. On increasing the degree of unsaturation in fatty acids, the
number of >CH2 in the bis-allylic position also increases, which explains the almost linear
increase in kp with the number of double bonds [6], first reported by Porter’s group [23]
(Table 1), representing a significant challenge for antioxidant protection (vide infra).

Table 1. Rate constants for the peroxidation of lipids in bulk or in chlorobenzene at 303 K.

Lipid
kp/(2kt)

1/2

10−5 M−1/2s−1/2

kp

M−1s−1
2kt

105 M−1s−1 Ref.

Methyl stearate (18:0) 1 ~0.8 ~0.01 15 [21]
Methyl oleate (18:1) 89.0 0.89 10 [22]

Methyl linoleate (18:2) 2100 62.0 88 [22]
Methyl linolenate (18:3) 3900 236.0 360 [22]

Linoleic acid (18:2) - 62 - [23]
Arachidonic acid (20:4) - 197 - [23]

Eicosapentaenoic ac. (20:5) - 249 - [23]
Docosahexaenoic ac. (22:6) - 334 - [23]

Cholesterol - 11 - [23]
7-Dehydrocholesterol - 2260 - [23]

Squalene 2500 68.0 74.0 [24]

Sunflower oil (60% of 18:2) 3600 66.9 34.5 [24]
PLPC 2 - 16.6 1.27 [25]
DLPC 3 - 13.6 4 1.02 [25]

1 Data for hexadecane. 2 1-Palmitoyl-2-linoleoyl-sn-glycero-3-phosphocholine; data at 310 K. 3 1,2-Dilinoleoyl-sn-
glycero-3-phosphocholine; data at 310 K. 4 For intermolecular propagation, kp (intramolecular) = 5.1 s−1.

The main products of the overall propagation stage are hydroperoxides (ROOH), the
primary products of LP [1], and new alkylperoxyl radicals, which are the chain-carrying
species in LP. Depending on the lipid structure, formation of other side products like
epoxides and endoperoxides might also gain importance (vide infra).

Termination of the chain reaction occurs when two radicals quench each other to afford
non-radical (diamagnetic) species, which are unable to propagate the chain. Uninhibited LP
is carried on by secondary peroxyl radicals, and the best-established termination process is
Russel’s mechanism [26], which consists in the formation of a tetroxide that decomposes to
afford carbonyl compounds and molecular oxygen (Figure 1). It has lately been clarified
that O2 released by decomposition of the tetroxide is predominantly in the excited singlet
state 1O2 [27], meaning that oxygen molecules bear all electrons in pairs with antiparallel
spin. While the singlet state is the lowest in energy for most molecules, oxygen is the
exception and its ground state is a (paramagnetic) triplet biradical, i.e., it has two electrons
with parallel spin in (degenerate) antibonding π* orbitals. This, perhaps counterintuitively,
makes it much less reactive toward “normal” diamagnetic molecules due to spin restriction,
i.e., 3O2 is much less oxidizing than 1O2. Other processes have been shown to form singlet
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oxygen in biological systems. Among them, the reaction of hydrogen peroxide (H2O2)
and lipid hydroperoxides (ROOH) by myeloperoxidase (MPO) in the presence of Cl−
ions, which is possibly a defensive mechanism occurring during phagocytosis. It was
demonstrated that the process occurs by reaction of H2O2 or ROOH with HOCl produced
by MPO [27]. Earlier work indicated that 1O2 is quantitatively produced by HOCl reaction
on H2O2 but it is not observed with ROOH [28]. However, subsequent work, addressing
the ability of different hydroperoxides to produce 1O2 upon HOCl reaction, showed that
tertiary alkylhydroperoxides are ineffective, while typical lipid-derived secondary ROOH
form 1O2 with an approximately 10% yield via Russel’s mechanism [29]. The decom-
position of lipid hydroperoxides in the presence of metal ions or peroxynitrite was also
shown to produce 1O2 with an approximately 10% yield [27]. Decomposition of 7-α-OOH,
6-β-OOH and 5-α-OOH cholesterol hydroperoxides, formed upon cholesterol autoxidation
in biomembranes, is also a relevant source of 1O2 via a Russel’s-type mechanism [27].
Cytochrome c causes the formation of 1O2 in mitochondria by promoting the autoxidation
of cardiolipin [30]. Additionally, singlet oxygen can be produced by photoexcitation of
ground state triplet oxygen in the presence of a photosensitizer [6], e.g., in the skin, as
summarized in Equation (1). The photosensitizer (PS), such as a carbonyl compound in
its ground singlet state, absorbs visible or UV light and is promoted to the excited singlet
state, which undergoes intersystem crossing to convert into the excited triplet state. This
finally transfers energy to ground state triplet oxygen via a triplet annihilation process, to
go back to the ground state converting oxygen into the excited singlet state.

1PS + 3O2 + light → 1PS* + 3O2 → 3PS* + 3O2 → 1PS + 1O2 (1)

Singlet oxygen is unable to restart the autoxidation chain; however, it directly reacts
with unsaturated lipids via an oxygen-ene reaction to afford the lipid hydroperoxides
(Figure 1) [6].

2.2. The Rate of Lipid Peroxidation

Chain termination typically quenches two peroxyl radicals in a fast radical–radical
reaction with rate constant 2kt. Although 2kt is much higher than the rate constant kp for
propagation (see Table 1), the actual rate of termination also depends on the square of the
steady-state concentration of the chain-carrying peroxyl radical, which is very low, typically
in the micromolar-to-nanomolar range. Therefore, it can be estimated that, following an
initiation event, >100 propagation cycles occur before termination takes place in LP of
unsaturated lipids, implying that one single initiating radical can damage hundreds of
lipid molecules, which explains why antioxidants are necessary.

In the absence of antioxidants, the rate of peroxidation of a lipid substrate RH, at a
constant rate of chain initiation Ri, follows Equation (2) [21,22,24,31], i.e., it is dictated by
the ratio of the rate constant for propagation over the square root of the rate constant for
termination. The kinetic quantity kp/(2kt)1/2 is named the “oxidizability” of the specific
lipid substrate; it increases with unsaturation (Table 1) and it determines how important
antioxidant protection is for the specific substrate.

−d[O2]

dt
= −d[RH]

dt
=

d[ROOH]

dt
=

kp√
2kt

×
√

Ri × [RH] + Ri (2)

2.3. Light as a Product of Lipid Peroxidation

The termination stage of LP produces high-energy (transient) species that can de-
activate to ground state or lose excess energy by emitting light, which can therefore be
regarded as a product of LP. One important example is singlet oxygen, 1O2, which can
return to a ground state triplet by giving weak phosphorescence in the near infrared region
at 1270 nm [27]. This chemoluminescence (CL) phenomenon has been extensively exploited
to probe the formation of 1O2 during LP [27–29] and strategies have been developed to
enhance CL in biological systems to improve detection sensitivity [32].
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Emission of chemoluminescensce in the visible region is also observed during LP and
it is attributed to excited carbonyls in the triplet state, such as those formed in Russel’s
termination mechanism (Figure 1C), although singlet oxygen, e.g., formed in the same
process, also contributes [33]. It has also been proposed that part of the excited triplet
carbonyls affording CL are formed by an alternative termination mechanism consisting in
cyclization of the alkylperoxyl radical to a dioxyethane followed by its thermolysis [34].
Emission can be enhanced by additives like 9,10-dibromoanthracene and it is proportional
to the rate of LP [33]. Interestingly, the time-based monitoring of CL has been developed as
a method to monitor the kinetics of LP both in animal and vegetable lipids [33,35], which
has also been fruitfully applied to study the activity of antioxidants [36,37]

2.4. Further Insights into Chain-Propagation Reactions
2.4.1. β-Fragmentation of the Peroxyl Radical

Addition of oxygen to lipid radical R• to afford the peroxyl radical ROO• is a reversible
process and its back reaction, named β-fragmentation, has a rate constant kβ, which
depends on the stability of the (reformed) carbon-centered radical (Figure 2). While it is
generally too slow compared to the forward reaction to affect the rate of chain propagation,
under some conditions it can compete with the subsequent propagation step, the reaction of
ROO• with the lipid molecule RH to afford the hydroperoxide primary product ROOH [38].
Therefore, it determines the distribution of isomeric hydroperoxide products, since cis,trans
hydroperoxides are formed when propagation outcompetes β-fragmentation, hence they
are the kinetic products of LP, while trans,trans hydroperoxides are the thermodynamic
products, forming when β-fragmentation allows isomerization to take place [23,38].

Figure 2. Schematic representation of β-fragmentation reactions in peroxyl radicals competing with
H-atom abstraction from a donor RH, which is a lipid molecule (kp) or an antioxidant (kinh).

This reaction was thoroughly investigated in Porter’s group who found that, upon
calibration of the rate of β-fragmentations, these unimolecular reactions could be used
as a “radical clock” to measure the kinetics of competing H-abstractions, by the analy-
sis of the hydroperoxide product ratio from autoxidation [39]. For instance, they found
that the rate constant for fragmentation of cis,trans hydroperoxides from linoleic acid
(Figure 2) was kβ2 = 6.9 × 102 s−1 (at 37 ◦C) and would be useful to measure rate con-
stants for propagation (kp). The fragmentation of bis-allyl hydroperoxide is instead much
faster (kβ1 = 2.6 × 106 s−1 at 37 ◦C) and the corresponding hydroperoxide would never be
formed in the absence of a much faster H-atom donor such as α-tocopherol (α-TOH) or
other antioxidants; therefore, they used this radical clock to measure the rate constant of
inhibition kinh for antioxidants (vide infra) [39].
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2.4.2. Hydrogen-Atom Abstraction vs. Radical Addition: Formation of Primary Epoxides

Although chain propagation in PUFAs such as linoleic acid is carried out mainly by
H-atom abstraction from the bis-allylic position to afford the stabilized pentadienyl-type
radical, addition of the ROO• radical to one of the C=C double bonds can also compete, to
some extent, being favored by the contribution of polar effects in the transition state [40].
The resulting alkylperoxyalkyl radical would rapidly undergo a homolytic substitution
(SH

i) reaction, forming an epoxide and releasing an alkoxyl radical RO• (Figure 3), which
would rapidly attack another lipid molecule, propagating the chain. Therefore, from a
kinetic perspective, H-abstraction and addition are difficult to distinguish, besides the fact
they afford different primary oxidation products, hydroperoxides or epoxides, respectively.

 
Figure 3. Formation of epoxides during the peroxidation of PUFA (A), of cholesterol (B), of
7-dehydrocholesterol (C) and of squalene (D).

The relative importance of addition might depend on the experimental conditions and
would certainly depend on the lipid structure. Confirmation of its relevance comes from
the identification of both 9,10- and 12,13-epoxides among the oxidation products of methyl
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linoleate [41], while epoxyeicosatrienoic acids formed via peroxyl radical addition were
found in the peroxidation of arachidonic acid (C20:4) [42].

In the autoxidation of cholesterol, epoxides at C5,6 (α+β) were found to account
for about 12% of the total oxidation products [43], demonstrating the importance of ad-
dition in chain propagation. A detailed study by Pratt’s group showed that addition
at C6 had similar activation energy (ΔG‡ = 17.6 kcal/mol) to H-abstraction at C7-H
(BDE = 83.2 kcal/mol, ΔG‡ = 17.5 kcal/mol), being faster than H-abstraction at C4-H
(BDE = 89.0 kcal/mol, ΔG‡ = 19.4 kcal/mol) which would afford, respectively, the 7-OOH
and 4-OOH hydroperoxides. Instead, the 6-OOR resulting from addition would undergo
very rapid (ΔG‡ = 7.3 kcal/mol) transformation to the 5,6-epoxide [43], as shown in Figure 3.

7-Dehydrocholesterol (7-HDC) is formed as the last step before cholesterol in the biosyn-
thesis path that starts from squalene, and its metabolism is implicated in Smith−Lemli−Opitz
syndrome (SLOS), a devastating autosomal disorder with a range of phenotypical expres-
sions, including malformations and neurological deficits [38]. SLOS is characterized by
much-elevated levels of 7-HDC (and low levels of cholesterol) due to defects in the gene
encoding for 7-dehydrocholesterol reductase. 7-HDC is one the most oxidizable lipids in
biological systems with a kp 200-fold higher than cholesterol and 10- to 40-fold higher than
PUFA (Table 1), which reacts with peroxyl radicals mainly H-abstraction, at C9-H or by
addition at C5 (at variance with cholesterol) to afford a stabilized allylic radical [38]. This
yields the 5α,6α-epoxide (Figure 3) that, in vivo, is converted to 3β,5α-dihydroxycholest-7-
en-6-one (DHCEO), which has been used as a biomarker in SLOS [38,43].

The autoxidation of squalene, the polyunsaturated triterpenic precursor of cholesterol
and phytosterols, has recently been kinetically characterized in our group, finding a kp of
68 M−1s−1, just slightly higher than that of methyl linoleate and 6-fold that of cholesterol
(Table 1), which is due mainly to H-abstraction at repeating allylic positions, with significant
contribution of ROO• addition, to afford a tertiary alkyl radical developing into an epoxide,
as illustrated in Figure 3 [24].

A peroxyl radical clock designed for measuring both H-atom abstraction and radical
addition has recently been described and its application to a variety of unsaturated hydro-
carbons indicates that addition grows in importance in conjugated dienes and polyenes;
these include retinol (vitamin A) and carotenoids, conjugated linoleic acid (CLA 18:2) and
conjugated linolenic acid (CLA 18:3) [44].

2.4.3. Release of HOO• and Chain-Transfer Processes

Alkoxyl radicals released via SH
i reaction upon epoxide formation have very high re-

activity toward unsaturated lipids and, besides H-atom abstraction, they undergo very fast
addition to C=C double bonds [45,46], forming a β-alkoxyalkyl radical that rapidly reacts
with oxygen (Figure 4). The resulting β-alkoxyalkylperoxyl can undergo intramolecular
H-atom abstraction (1,4-HAT) either in Cα to the RO- group, to form a radical stabilized
by resonance with the oxygen lone pair (Path A), or from the allylic >CH2 to form a rad-
ical stabilized by resonance with the double bond (Path B). In both cases, the resulting
hydroperoxide can undergo fragmentation to release the hydroperoxyl radical HOO• and
reform the C=C double bond in the lipid structure. The release of HOO• has important
consequences in the antioxidant protection of lipids (vide infra).

Although this process has never been demonstrated to occur in lipids like PUFA,
similar reactions are known for simpler unsaturated hydrocarbons. The best established
is 1,4-cyclohexadiene, which upon attack by alkylperoxyl radicals releases HOO• and
converts to benzene [47], and the monoterpene γ-terpinene, which undergoes identical
chemistry affording HOO• and p-cymene [48]. In those hydrocarbons, the two steps,
1,4-HAT and elimination, are concerted and occur in a single transition state with a low
barrier [49]. Pratt and coworkers were able to demonstrate that the reaction also occurs
for simple monounsaturated hydrocarbons (like cyclooctene), albeit it does so stepwise,
as depicted in Path A of Figure 4, and its kinetics is favored by quantum tunneling in the
1,4-HAT [49].
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Figure 4. Mechanistic proposal for the release of HOO• during the autoxidation of methyl linoleate.

We have recently suggested the same mechanism to account for some non-classical
behavior in the inhibited autoxidation of squalene [24], and ongoing studies in our group
indicate a similar chemistry would take place during the autoxidation of methyl linoleate
in micelles. In the case of PUFA, however, the possibility to form conjugated double bonds
in the product suggests that Path B could also be a viable mechanism.

The release of HOO• has kinetic consequences, as these radicals can propagate the
oxidative chain in bulk lipids—i.e., it represents a chain-transfer process—but, owing to
their hydrosolubility, they could export the unpaired electron in the aqueous phase in
heterogenous systems. As will be discussed in Section 5, it also has major importance for
the antioxidant protection of lipids, under some conditions.

2.4.4. Formation of Endoperoxides

Product distribution can become quite complex in highly unsaturated lipids as it can
involve intramolecular radical addition to double bonds to yield cyclized products.

In the autoxidation of arachidonic acid in the absence of fast H-atom donors (e.g.,
α-TOH), the peroxyl radical can undergo 5-exo cyclization occurring with a monomolecular
rate constant of about 800 s−1 which outcompetes β-fragmentation with kβ of about
140 s−1 [1]. The result is the formation of an endoperoxide still bearing a C-centered radical
(Figure 5), which undergoes another 5-exo cyclization, to form another alkyl radical, and
further autoxidation steps to ultimately yield endoperoxide products or intermediates,
which are stereoisomeric to some of the prostaglandins (e.g., PGG2 and PGF2α) produced
by cyclooxygenase (COX) enzyme [31], therefore generally named isoprostanes.

Figure 5. Formation of endoperoxides during the propagation of lipid peroxidation of arachidonic
acid (A) and 7-dehydrocholesterol (B).
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In 7-HDC, autoxidation proceeds both by ROO• addition to yield the epoxide (Figure 3)
and by H-atom abstraction preferably from C9-H [31,38]. The resulting peroxyl radical was
found to undergo 5-exo cyclization at C5 to yield a stabilized allyl radical that continues
the autoxidation to afford a mixture of α-5,9-endoperoxides-α&β-6-hydroperoxide [38], as
shown in Figure 5. In general, endoperoxide formation is observed when the unsaturated
lipid geometry allows for 5-exo cyclization, possibly yielding an unstrained or resonance-
stabilized radical.

2.5. Peroxidation of Intact Triglycerides and Phospholipids

Most of the knowledge and understanding of the chemistry and related kinetics of
lipid peroxidation have been developed using isolated PUFAs and MUFAs and their simple
monoesters (e.g., methyl linoleate) as model compounds, along with biologically relevant
yet specific compounds, like cholesterol and some of its congeners, or it has been mutuated
from knowledge on simpler hydrocarbons. However, on quantitative grounds, the majority
of lipids in biological systems are phospholipids (e.g., in cell membranes) and triglycerides
(e.g., in adipocytes and liporoteins). Unfortunately, only a limited number of studies have
specifically addressed their peroxidation chemistry, owing to their complexity, showing,
however, some distinctive features.

A pioneering study by Antunes et al. investigated the kinetics of peroxidation of
phosphatidilcholine multilamellar liposomes in buffered water. They studied the liposomes
of both 1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphocholine (PLPC) and 1,2-dilinoleoyl-
sn-glycero-3-phosphocholine (DLPC), containing, respectively, one and two oxidizable
linoleic acid residues per phospholipid molecule [25]. For PLPC, where only one chain
is really oxidizable, they found kp = 16.6 M−1s−1 and 2kt = 1.27 × 105 M−1s−1 at 37 ◦C,
hence they were both significantly lower that those recorded for methyl linoleate in organic
solution (Table 1). Interestingly, with DLPC, carrying two oxidizable chains per molecule,
they were able to distinguish two rate constants kp of 13.6 M−1s−1 and of 5.1 s−1 for
intermolacular and intramolecular chain propagation, respectively, while chain termination
gave the rate constant 2kt = 1.02 × 105 M−1s−1 at 37 ◦C [25]. This clearly shows that the
presence of two oxidizable chains in the same lipid molecules changes the kinetic behavior.
Stemming from their results, Porter’s group investigated, by the radical clock method, the
kinetics of chain propagation for PC liposomes always containing palmitic acid esterified
in position 1 of the gycerol and one PUFA in position 2: linoleic acid (C18:2; PLPC), used
as reference, arachidonic acid (C20:4; PAPC), eicosapentaenoic acid (C20:5; PEPC) and
docosahexanoic acid (C22:6; PDPC) [23]. The measured kp values were proportional to
the number of double bonds, as also seen for isolated PUFA in organic solution, but the
absolute values were much lower (see Table 1), i.e., 35, 115, 145 and 172 n−1s−1, respectively,
referring to the mole fraction of the oxidizable lipid in the lipsomes, instead of the molar
concentration in solution [23]. Interestingly, they found a different kinetic behavior of the
peroxyl radicals in C9 or in C13 in linoleoyl residue, indicating that oxidation in liposomes
depends on the position of the formed peroxyl radical. While the above results refer to lipids
having only one oxidizable PUFA residue, subsequent studies on 1,2-dilinoleoyl-glycero-3-
phosphocholine (DLPC) and on tetralinoleoyl cardiolipin (L4CL), a mitochondria-specific
phospholipid carrying four linoleic acid residues, proved that arm-to-arm attack by peroxyl
radical is relevant and it can form interarm peroxide (-O-O-) bridges by addition to double
bonds (Figure 6), with consequences on the formation of toxic electrophilic fragmentation
products like 4-hydroxynonenal (vide infra) [50].

The kinetics of peroxidation of triglycerides is more complex than that of the iso-
lated fatty acids in solution, owing to arm-to-arm propagation processes, which are more
relevant in dilute solution than at high concentration or in the bulk [51]. To date, the
only complete kinetic characterization of an intact natural triglyceride is that of sunflower
seed oil (SSO) recently reported by our group [24]. Each trigyceride molecule statistically
contains 1.7 chains of linoleic acid and its oxidizability was found to be roughly 1.7-fold
that of linoleic acid; however, to our surprise, the rate constant kp was just slightly higher
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than that of linoleic acid (67 vs. 62 M−1s−1), hence the higher oxidizability is due to slower
termination (see Table 1), possibly owing to steric impairment in Russel’s mechanism [24].

Figure 6. Formation of arm-to-arm peroxides in the peroxidation of mitochondrial cardiolipin.

Clearly, more data would be desirable for complex lipids like phospholipids and
triglycerides, particularly in the light of their importance for the onsetting of antioxidant
strategies in biological systems.

3. Secondary and Late Products of Lipid Peroxidation

Following the formation of primary oxidation products of LP, namely primary hy-
droperoxides and primary epoxides, formed directly in chain propagation, their further
oxidation, followed or accompanied by other reactions, yields a multitude of secondary
products. Several such products are electrophiles and can undergo other reactions, e.g.,
with proteins, and they have cell signaling functions. Hence, they are toxic or might have
some active biological role and have been regarded as biomarkers of oxidative damage,
prompting great attention and major efforts in the development of analytical techniques to
detect them [16,52–61].

3.1. Formation of Electrophilic Carbonyl Compounds

The most regarded secondary product of LP, which is also among the most relevant LP
biomarkers in biological systems, is 4-hydroxynonenal (4-HNE), formed as a late product
of oxidation of linoleic acid [52,55,60]. It is an α-β unsaturated aldehyde with very high
reactivity towards biological nucleophiles (e.g., amino acid residues and DNA bases), which
grants both its role as a signaling molecule and its toxicity. Despite its importance, 4-HNE
is not unique but a member of a broad family of short-chain aldehydes and ketones, often
bearing conjugated unsaturation in the hydrocarbon chain, all characterized by the marked
electrophilic character and all deriving from fragmentation of the hydrocarbon backbone
of oxidized lipids; some of these carbonyl compounds are collected in Figure 7. Among
them, two arguably stand out: 4-oxononenal (4-ONE), the oxidized form of 4-HNE, being
orders of magnitude more reactive as an electrophile [6,58], and malondialdehyde (MDA),
a dicarbonyl compound that is arguably the best-known marker of LP, owing to its facile
detection (by spectrophotometry or HPLC) upon derivatization with thiobarbituric acid
(the so-called TBARS assay) [52]. The mechanism by which 4-HNE forms from oxidized
lipids has been highly debated, and several hypotheses have been proposed, which are not
mutually exclusive and, possibly, might all be relevant to some extent.

The most classical mechanism is perhaps the one based on Hock rearrangement and
fragmentation of the primary hydroperoxide in the presence of an acid catalyst [6,31]. The
formed carbonyl compounds can then undergo further autoxidation to afford 4-HNE, as de-
picted in Figure 7A. Another well-established mechanism is based on Fenton-type cleavage
of one hyroperoxyl group in a multiply oxidized linoleyl residue to afford an alkoxyl radical
that undergoes fragmentation [6,55]. The reduction of the formed 4-hydroperoxynonenal
affords 4-HNE (Figure 7B).
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Figure 7. Formation of electrophiles as late products of LP: (A) 4-hydroxynonenal (4-HNE) from Hock
rearrangment and fragmentation; (B) 4-HNE from Fenton reaction on dihydroperoxides; (C) 4-HNE
and 4-oxononenal (4-ONE) from bridged peroxides; (D) malondialdehyde (MDA) from isoprostane
pathway; (E) other common carbonyl compounds.

Perhaps the most relevant mechanistic proposal, by Porter’s group, stems from the
bridged peroxides formed by arm-to-arm propagation in LP of phospholipids, which
we have discussed in Section 2.3. Breaking of the peroxide bridge affords 4-HNE and
4-ONE (as summarized in Figure 7C), respectively, by reduction of the -OOH group and by
formal water elimination (actually H-abstraction from Cα and elimination of •OH radical
from -OOH) [50]. Even more controversial is the mechanism of formation of MDA, which
could follow different routes, including processes not necessarily involving LP [62]. One
significant mechanism is along the pathway to isoprostanes (see Figure 5), actually in
competition with their formation, which relies on the spontaneous or induced breaking of
the endoperoxide [31], as illustrated in Figure 7D. Although the formation of endoperoxides
via 5-exo peroxyl addition and 5-exo alkyl addition is normally described for arachidonic
acid’s LP [31,62], actually only two non-conjugated double bonds are necessary to form the
dioxabicyclo[2.2.1]heptane structure, hence this mechanism can also apply to linoleic acid
or other PUFAs.

Carbonyl compounds are also formed as secondary products of cholesterol hydroperox-
ides; for instance, Hock fragmentation and further oxidation of cholesterol 5-hydroperoxide
yield secosterols [31], which have been implicated in several diseases [63–65].
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3.2. Formation of Isoprostanes

Formation of isoprostanes, from sequential steps following the formation of the peroxyl
radical in the peroxidation of arachidonic acid, is described in Section 2.3 and illustrated in
Figure 5. Isoprostanes are stereoisomers of some of the otherwise identical prostaglandins,
e.g., PGH2, PGG2 and PGF2α, formed (instead) with full stereochemical control by cyclooxy-
genase (COX 1 and 2 in humans), still from arachidonic acid, released by a phospholipase
during the inflammatory cascade [38]. Owing to their high specificity, isoprostanes have
gained importance as the most reliable markers of LP and oxidative stress in biological
systems, particularly in relation to some conditions which they directly affect [4,64–68].
Among them, 8-epi-PGF2α (also called 8-isoprostane, 8-isoPGF2α, iPF2α-III and 15-F2t-
IsoP), the epimer in C8 of PGF2α, is the best-established marker of oxidative stress in
human studies, owing to its stability and selective urinary excretion, which makes its moni-
toring sensitive and conveneint [4,67]. The autoxidation of arachidonic acid occurs with
preferential formation of 8-, 9-, 11- or 12-peroxy radicals; each of them generates one class
of F2-IsoP [67,68] and each of the four classes consists of 16 stereoisomers, since the autoxi-
dation and 5-exo ring closures proceed with no stereochemical control (Figure 5), resulting
in a total of 64 F2-IsoPs that can be formed during peroxidation of arachidonic acid [67].

3.3. Interaction of LP Products with Amino Acids and Proteins

Carbonyl secondary products show high reactivity with cell nucleophiles, namely
DNA and proteins [6,58]. The reaction with proteins is particularly noteworthy as it
interferes with their biological functions in both ways and can express either cytoprotective
or damaging roles [6,18]. The most important nucleophiles in peptides are thiols (e.g., the
-SH of cycteine residues) and amines (e.g., the side chain -NH2 of lysine, the inidazolyl
residue in histidine, the guanidine residue in arginine) [69]. Taking conjugated alkenals
like 4-HNE as a model, amino groups preferably undergo Schiff-base formation with the
carbonyl, while other nucleophiles preferably undertake 1,4-Michael-type addition to the
C=C; the subsequent reaction of 4-HNE with both an amine residue and a thiol residue
of different proteins can result in protein cross-linking [6,58], as exemplified in Figure 8.
Second-order rate constants for the reaction of 4-HNE and 4-ONE with model amino acid
derivatives shows that 4-ONE is more reactive by two orders of magnitude with thiols
(e.g., reaction with GSH at 23 ◦C, pH 7.4: k2 is 1.33 and 150 M−1s−1, for 4-HNE and
4-ONE, respectively), while it is only about one order of magnude more reactive with other
nucleophiles (e.g., reaction with N-acetylhistamine at 23 ◦C, pH 7.4: k2 is 2.1 × 10−3 and
2.2 × 10−2 M−1s−1, for 4-HNE and 4-ONE. respectively) [69]. Protein alkylation is the
main process responsible for the biological activity of LP secondary products (vide infra).

Interestingly, in parallel to the influence of lipid oxidation products in the structure and
functions of proteins, oxidative damage to peptides and proteins, particularly concerning
cysteine and methionine residues, would cause radical damage to lipids, altering their
stucture and functions [70–73].

A main mechanism for peptide-to-lipid damage transfer was extensively investigated
in Chatgilialoglu-Ferreri’s group and consists of cis–trans isomerization of C=C double
bonds in MUFA and PUFA, caused by reversible addition of thiyl radicals (RS•) and
sulfhydryl radicals (HS•/S−•) generated from cystein, as exemplified in Figure 8E. Thiyl
radicals undergo fast addition to cis C=C double bonds with a bimolecular rate constant of
1.6 × 105 M−1s−1 (for methyl oleate), but the adduct undergoes rapid fragmentation, which
yields the trans isomer approximately 10-fold faster than the cis isomer (viz. 1.7 × 107 s−1

vs. 1.6 × 108 s−1 for methyl oleate), thereby converting the less stable cis isomer of the
lipids into the stable trans isomer [71]. Although formally this process does not belong
to LP, as the lipids have not changed their oxidation state, isomerization, occurring, for
instance, in cell membrane phospholipids, alters membrane function similarly to LP (vide
infra) by affecting its fluidity; additionally, the two processes are interconnected, and both
are involved in the development and control of ferroptosis [74].
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Figure 8. Examples of lipid–peptide interaction in peroxidation: (A) favorite nucleophilic attack sites
in 4-HNE; (B) resulting Cys-HNE adduct; (C) Lys-HNE adduct; (D) protein cross-linking by 4-HNE;
(E) lipid cis–trans isomerization caused by the reversible addition of Cys-derived thiyl radical.

4. Biological Consequences of Lipid Peroxidation

Lipid peroxidation, oxidative damage to other essential biomolecules, like proteins
and DNA, and the generation in biological systems of oxidizing radicals not adequately
balanced by antioxidant defenses have long been associated with different degenerative
pathologies, particularly with cardiovascular diseases and cancer [1–3], and have been
referred to as oxidative stress (OS), although the actual causal interplay has long escaped
full rationalization. Understanding has enormously progressed in recent years and a
number of valuable reviews have addressed it [4,6,10,14,15,18,57]. Therefore, we will limit
this section to a brief overview, aimed at highlighting the potential of antioxidant strategies,
presented in Section 5.

It is now recognized that LP is necessary to cell physiology, to maintain redox home-
ostasis, and it has essential signaling functions and protective roles. However, dysregulation
causes alteration of cell metabolism and/or cell death and it is involved in a multitude of
pathologic conditions.

4.1. LP and Membrane Integrity and Functions

Modification of cell membranes is the most direct biological consequence of LP. Ac-
cumulation of hydroperoxides in the phospholipid bilayer alters their physical–chemical
character by increasing the polarity of phospholipids and by altering their aggregation
and hence membrane structure. Studies on giant unilamellar vesicles (GUVs) as model
systems showed that accumulation of hydroperoxides causes an increase in the area which
is proportional to the extent of peroxidation, and it is accompanied by a decrease in thick-
ness of the membrane. Additionally, changes in the liquid–gel transition temperature
and phase separations in the lipid domain were observed [75]. Oxidation of cholesterol
extends those changes but, alone, is insufficient to cause them. On extending the oxidation
and releasing small-chain secondary products, permeability increases, and the integrity is
compromised with creation of pores [75]. The mechanical properties of the membrane are
significantly altered, with the stretching module decreasing linearly with the conversion
into peroxidized lipids, from 200 mN m−1 for native lipids to 50 mN m−1 for fully oxidized
bilayers [76]. Mechanical changes and increases in the surface area were judged to be the
consequence of changes in phospholipid chain conformation, caused by the introduction of
polar -OOH groups, with increased probability to settle at the lipid–water interface [75].
When changes to membrane structure are sufficiently extended to cause pores or altered
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permeability, the unavoidable consequence is cell death, which is one of the main effector
strategies of ferroptosis (vide infra).

4.2. LP and Cell Signaling

ROS and LP electrophiles (LPEs) are two main families of players in non-enzymatic cell
signaling; among them, LPEs have a prominent role due to generally higher persistency and
ability to diffuse from the immediate surroundings of the generation site [57]. Their main
signaling mechanism is by forming protein adducts. Due to the different location of the
reacting amino acid residue and to the protein to which the amino acid pertains, this would
result in modifying cell metabolism in different ways, both by activating and deactivating
specific pathways [18]. At low levels (0.1–1 μM), 4-HNE produces adducts that promote
the biosynthesis of antioxidant and detoxifying enzymes, thereby having a protective
role. The main mechanism is the reaction with Cys residues of cytoplasmic Keap1 protein,
which is part of the nuclear factor erythroid 2-related factor 2 (Nrf2) signaling system.
A dimer of Keap1 protein normally holds the transcription factor Nrf2 in the cytoplasm,
inhibiting its function. Upon alkylation by 4-HNE, a change in Keap1 conformation causes
the release of Nrf2, which translocates into the nucleus and binds to Maf small protein.
The resulting heterodimer binds DNA at antioxidant-responsive element (ARE) sites to
upregulate genes coding for antioxidant enzymes, such as thioredoxin reductase, and for
proteins that cause increased glutathione (GSH) levels [6,18]. However, at higher doses
(50 μM), 4-HNE also creates adducts with histones, modifying protein expression at the
DNA level, e.g., it blocks histone H2A acetylation, thereby impairing gene expression and
contributing to the vulnerability of DNA to apoptosis. 4-HNE also affects the activity of
NFκB transcription factor in opposite directions depending on the dose, with resulting
anti-inflammatory of proinflammatory effects. The formation of MDA–protein adducts
is associated with a proinflammatory reaction throughout the entire organism, via the
activation of Th17 lymphocytes, which triggers autoimmune reactions [77]. Additionally,
MDA leads to collagen cross-linking causing a loss of elasticity and disturbance in tissue
remodeling, with systemic consequences, particularly on the blood vessel system [78]. The
above are just examples of the complex pattern of influence of the metabolic machinery
elicited by LPEs’ signaling role.

Lipid hydroperoxides themselves are signaling factors and are key players in inflam-
matory processes. Besides being the primary products of LP formed in the propagation
stage, they are also formed by direct oxidation of lipids by singlet oxygen (see: Section 2.1)
as a form of defense from such highly reactive species and by enzymatic processes, most
notably by lipoxygenases (LOXs), a family of dioxygenases converting lipids to their hy-
droperoxides that can further transform into other hormone-like signaling molecules (e.g.,
tromboxanes, leucotrienes, lipoxines and resolvines), which modulate the activity of the
innate immune system (e.g., the action of macrophages) in both ways, exerting proin-
flammatory or anti-inflammatory roles [79]. Also, untransformed LOX-generated ROOHs
primarily exert a signaling role towards the immune systems (typically proinflammatory),
they directly alter membrane structure and permeability (see: Section 4.1) and might
indirectly modify cell gene expression by changing the overall cell redox state [79]. LOX-
generated hydroperoxides have also been attributed a key role in regulation of ferroptosis
(see: Section 4.5) [80].

4.3. LP Association with Cancer and Apoptosis

Association between different markers of oxidative stress and cancer has been ex-
tensively reported in recent decades. Metabolic requirements of cancer cells are higher
due to their rapid proliferation, which makes mitochondrial ROS generation higher than
in non-transformed cells. Redox status and ROS are also of particular importance in tu-
mor cell signaling associated with cancer progression. Therefore, compared to healthy
non-malignant cells, cancer cells have altered redox homeostasis and higher levels of LP;
in many types of tumor cells, these higher levels support their growth, proliferation and
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survival [81]. Therefore, higher levels of LP products and biomarkers are expected in
association with cancer.

For instance, in a large population-based cohort study with 14 years of follow-up,
it was found that a positive association exists between 8-isoprostane urinary levels and
occurrence of lung cancer but not of other cancers. Actually, in smokers 8-isoprostane levels
were inversely correlated with occurrence of prostate cancer, indicating a protective effect,
possibly because higher OS levels associated with smoking, combined with testosterone,
activate apoptosis, thereby protecting from cancer development in testosterone-sensitive
tissues [68]. A recent study on the relationship between 4-HNE and prostate cancer based
on metabolic profiling using LC-ESI-QTOF-MS and GC-EI-Q-MS revealed increased 4-HNE–
protein adduct levels in the plasma of cancer patients while there were no 4-HNE–protein
adducts in prostate carcinoma tissue [60]. Interestingly, while higher levels of LPEs are
typically associated with cancer, some of them also promote defensive mechanisms.

A main defense mechanism against cancer development is apoptosis, a physiological
mechanism of programmed cell death that can be triggered both by death receptor activation
and by metabolic changes in the cell [64]. 4-HNE can modify the structure of the MDM2
protein, breaking down the MDM2–p53 complex. As a consequence, the p53 factor is acti-
vated and translocates to the nucleus, where it promotes the transcription of proapoptotic
proteins, such as Bax and caspase-3 [66]. 4-HNE may also interact with other proteins;
for example, with AKT kinase, which has inhibiting roles, thereby leading to a significant
increase in apoptosis. 4-HNE and 4-hydroxyhexenal further promote apoptosis by other
mechanisms, which have recently been reviewed [66].

4.4. LP and Neurological Disorders

The number of deaths associated with neurological disorders including neurode-
generative diseases like amyotrophic lateral sclerosis and Parkinson’s, Alzheimer’s and
Huntington’s diseases, as well as other diseases that involve neurodegenerative processes,
like diabetes, have increased worldwide with time [82]. Additionally, these diseases have
an important social impact as they compromise patients’ quality of life. Although the
causes of neurodegeneration are often unclear, OS and LP, along with inflammation, are
recognized as prevailing molecular pathways leading to these diseases [82]. Some known
inducers of neurodegeneration like arabin and methylmercury have been found to cause
it through induction of LP and reduction of antioxidant defenses, or at least in parallel
to inducing them [82,83], acrylamide induces neurodegeneration that can be reversed by
antioxidant plant essential oils, while the link between retinal degeneration and OS is
supported by the protective role of cytochrome b5 overexpression, which reduces lipid
peroxidation [82]. Among the mechanisms linking LP to neurodegeneration, 4-HNE was
identified as a trigger and its levels in an animal model increased following induction of
neurodegenerative lesions [82].

In the animal model, both Parkinson’s disease and Friedreich’s ataxia were associated
with dysregulated mitochondrial metabolism and increased lipid peroxidation, and they
could be ameliorated with antioxidants. In Huntington’s disease (HD), an increase in
4-HNE levels in different brain areas was also observed [82].

Alzheimer’s disease (AD) is certainly the most investigated in connection with LP.
In human studies, excessive ROS generation was reported under AD conditions, and it
was found to be associated with β-amyloid aggregation, while, in turn, β-amyloid plaques
produce ROS and LP, and increased OS biomarkers are found in association with AD [84].
Histological analysis revealed co-localization of LP secondary products and β-amyloid
plaques in the brain, while there is a relationship with oxidized low-density lipoprotein
(LDL) levels in AD [84]. Owing to this strong association, LP markers can be used both as
diagnostic tools for AD and to monitor the efficacy of AD treatments [84]. Formation of
Schiff bases of the cholesterol oxidation product 3-β-hydroxy-5-oxo-5,6-secocholestan-6-al
and β-amyloid is known to be amyloidogenic and it was found that this modification,
occurring in specific sites, has a different influence on aggregation kinetics, particularly
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adducts at Lys-16, obtained at physiological levels of β-amyloid, enabling both kinetic
and thermodynamic aggregation that are sufficient to form neurotoxic lesions [65]. Based
on the above, antioxidants are among the most promising therapeutic approaches for
AD. Among them, metal chelators (acting as preventive antioxidants, vide infra), indirect
antioxidants acting through the activation of the Nrf2 transcription factor, which induce
de novo synthesis of antioxidant enzymes, and plant-based antioxidants like curcumin,
resveratrol, capsaicin, epigallocatechin gallate (EGCG) from green tea and quercetin have
been more extensively investigated, with favorable clinical outcomes [15]. Naringenin, a
flavanone obtained mainly from grapefruit (Citrus paradisi) and other citrus fruits, possesses
neuroprotective activity, along with anti-inflammatory effects, and it has beneficial effects
on learning and memory in the AD model, through the mitigation of lipid peroxidation [15].

4.5. LP and Ferroptosis

Ferroptosis, first identified by Stockwell in 2012 [8], is the last of several forms of
programmed cell death, differing from apoptosis, which have been described in recent
decades. It owes its name to the initial attribution as iron-dependent oxidative cell death,
promoted by a void in the antioxidant defenses based on Cys, which could be artificially
induced by erastin, an inhibitor of cystine uptake working by irreversible blocking of the
cystine/glutamate antiporter system (xc

−), and it could be prevented by ferrostatin-1 [8],
an iron-chelating aromatic amine that is instead unable to inhibit apoptosis. The discovery
that, in mice, the knockout of selenoenzyme glutathione peroxidase 4 (GPX4)—a specific
phospholipid hydroperoxide glutathione peroxidase that differs from other GPXs preferably
reducing hydrogen peroxide—would cause cell death by inducing massive ferroptosis,
which would be inhibited by liproxstatin-1, allowed recognizing the key role of GPX4
as a controller of ferroptosis [14,85]. The role of iron in ferroptosis appears linked to its
ability to initiate LP via the Fenton reaction (Figure 1), by decomposing phospholipid
hydroperoxides, which in turn could be the product of LP or formed enzymatically, e.g., by
lipoxygenase (LOX) [11]. Although it was initially identified as a key player in the definition
of ferroptosis, the actual necessity or dominance of iron in control of ferroptosis remains
unclear [86]. Instead, the subsequent recognition that ferrostatin-1 and lipoxtatin-1 would
act essentially as chain-breaking antioxidants (vide infra) in the inhibition of ferroptosis [12],
and that other potent antioxidants like phenoxazines, diarylamines and nitroxides would
also inhibit ferroptosis, points toward the prominent role of LP in ferroptosis, besides it
being initiated by iron or by other processes [11,12,86]. Other antioxidants such as vitamin
E [86] and vitamin K [87] were also found to inhibit ferroptosis. In other words, it is LP that
drives the cell death [11] and the many degenerative diseases that are linked to ferroptosis.
Regulation of LOX biosynthesis and of the LOX-mediated accumulation of hydroperoxides
was identified as a key point in the control of ferroptosis [80]; however, its actual significance
has lately been challenged by showing that, in different LOX-overexpressing cells, only
some well-known LOX inhibitors were able to counteract ferroptosis and, incidentally,
they were all effective chain-breaking antioxidants, likely acting through inhibition of
LP [88]. Ferroptosis is related to cancer, which can be modulated by ferroptosis inducers or
inhibitors [89]. Ferroptosis is also associated with neurodegenerative conditions such as
AD, Parkinson’s disease, Friedreich’s ataxia and Huntington’s disease [90], cardiovascular
diseases and diseases of the urinary system [91]. Therefore, modulating ferroptosis in both
directions, either by triggering it or by inhibiting it with antioxidants, might offer a potent
tool in the therapy of many such diseases [90,91].

5. Antioxidants

Antioxidants are a very heterogeneous class of compounds, small molecules and
enzymes that share the task of protecting oxidizable molecules or materials from oxidative
transformation. In the biological context, the reference oxidative process is lipid perox-
idation (LP); therefore, antioxidants are typically defined and discussed on the basis of
their ability to prevent, slow down or block LP [3,21]. Based on where and how they
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interfere with the LP radical chain, antioxidants are classified as preventive, if they impair
the initiation process, and chain-breaking if they block or slow down the propagation, while
a new category, the termination-enhancing antioxidants, was recently introduced by our
group, to include those molecules, such as some terpenes and terpenoids from essen-
tial oils, which act by favoring the radical-chain termination without actually impairing
propagation [21,92,93].

5.1. Preventive Antioxidants

Antioxidants in this class are extremely heterogenous, ranging from small molecules
to complex enzyme systems. They prevent the onsetting of LP by preventing the formation
of the initial alkyl radical, which would give rise to the propagation cycle. Since triggering
events can be different, their prevention occurs by a multitude of mechanisms, each ad-
dressing one specific mode of radical initiation. For instance, UV filters (sunscreens) might
protect the skin by photoinitiated LP (i.e., preventing the action of photosensitizers) [21],
but they would not affect radical initiation due to metal-catalyzed decomposition of per-
oxides and hydroperoxides (e.g., via the Fenton reaction, see Section 2.1). The latter is
a prevailing mechanism of initiation, which explains the evolutionary development of
enzyme systems like peroxidases aimed at clearing the biological medium of peroxides and
hydroperoxides. Among them, catalase (CAT), which catalyzes the dismutation of H2O2
into water and molecular oxygen, and thiol peroxidases like GPX, which reduce hydroper-
oxides and hydrogen peroxide to alcohols or water, respectively, using a cysteine-derived
thiol (e.g., the tripeptide glutathione) as the sacrificial reducing agent, can be classified as
preventive antioxidants, since they “fuel down” the initiation process [21]. Along this line,
superoxide dismutases (SODs), clearing superoxide radicals, and glutathione reductase
(GR), which reduces oxidized glutathione using NADPH as the reducing agent, can also be
assigned to the same class [21].

Metal chelators are also important members of this community. They block transition
metal ions like iron and copper in a less redox-active form, allowing their indispensable
presence in biological systems, yet neutralizing their ability to undergo Fenton-like chem-
istry. They can do so in case the two states participating in the redox cycle (e.g., Fe2+

and Fe3+) form with the chelator complexes with sufficiently different stability. For in-
stance, most chelators have higher affinity for Fe3+ than for Fe2+, therefore chelated Fe3+

would have a reduction potential diminished by the difference in formation free energy
(ΔΔGform = ΔGform

3+ − ΔGform
2+) between Fe3+ and Fe2+ complexes, which would make

the redox cycle thermodynamically not viable, blocking iron in the oxidized form. Examples
of chelating agents of biological relevance are transferrin and ceruloplasmin [21].

5.2. Chain-Breaking Antioxidants

Chain-breaking antioxidants, also named radical trapping antioxidants (RTAs), are
certainly the biggest class of small-molecule antioxidants in all fields of application, and
phenols are the prototypical members [94,95]. In cells, α-tocopherol (α-TOH) is certainly
the most important representative and the most potent lipophilic antioxidant, often used
as the benchmark in antioxidant research [3]. The identification of the mechanism of its
antioxidant action and of the relative reactivity of different tocopherols (α, β, γ, δ) high-
lighting the parallelism between vitamin E activity in vivo and the relative antioxidant
activity [3], allowed understanding of the structure–activity relationship governing its prop-
erties and linked vitamin E to the knowledge developed with simpler synthetic phenolic
antioxidants [3,21,94–97].

RTAs act by trapping alkylperoxyl radicals, thereby competing with chain propagation.
In order to be effective, the reaction of RTAs with ROO• must be (much) faster than the
rate of chain propagation, i.e., the rate at which peroxyl radicals attack the lipids (Equation
(3)). Therefore, chain-breaking antioxidant activity works on purely kinetic bases, being
a competition between two reactions. The rate constant of inhibition kinh for trapping
ROO• by the antioxidant (Equation (3)) is the key parameter deciding the effectiveness of
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an antioxidant and, since the antioxidant has normally much lower concentration that the
oxidizable substrate it is called to protect (e.g., membrane lipids), kinh >> kp is necessary. For
instance, to protect linoleic acid residues (kp = 62 M−1s−1, see Table 1) with 1% antioxidant
relative to lipids, kinh ≥ 104 M−1s−1 is required [21].

Vtrapping > Vpropagation ⇒ kinh[Antioxidant] > kp[Substrate] (3)

It should be noted that only the trapping of ROO• is relevant to afford antioxidant
protection, as they are the sole chain-propagating species (with the exception of HOO•, see
Section 2.2). In the case of phenols like α-TOH, the reaction with ROO• occurs by formal
HAT from the phenolic -OH group, to afford a stabilized phenoxyl radical α-TO•, which
is normally unable to propagate the radical chain. Instead, it is sufficiently long-lived to
“wait” in solution to trap a second ROO•, normally by addition to the aromatic ring, as
illustrated in Figure 9. Therefore, one molecule of (mono)phenolic antioxidant can break
two radical chains, or it has a stoichiometric factor n = 2. This is the second most important
parameter in quantifying antioxidant performance.

 

Figure 9. Linear free energy correlations between rate constant for ROO• trapping and BDEOH

for phenolic antioxidants bearing different ring substituents (A); structure of the main tocopherol
congeners forming vitamin E (B); role of stereoelectronics in maximizing the ED contribution of
-O- substituent included in the chroman ring or free to rotate (C); and representation of the kinetic
competition involving chain-breaking antioxidants (D).

The rate of peroxidation during full inhibition by an antioxidant AH is given by
Equation (4), where Ri is the rate of radical initiation.

−d[O2]

dt
=

d[ROOH]

dt
=

kp[RH]Ri

nkinh[AH]
+ Ri (4)

The rate constant kinh depends on the BDE of the phenolic O-H being broken and of the
ROO-H bond of newly formed hydroperoxide, which is worth about 88 kcal/mol [21,94].
Hence, phenols with lower BDE would give a more exothermic and faster reaction (BDE
is 77.1 kcal/mol for α-TOH [94]). There exist linear free energy correlations between the
BDE and kinh for phenolic antioxidants, which also account for steric hindrance in ortho
to the reactive -OH, as depicted in Figure 9 [21,94,95]. Substituents in the phenolic ring
determine the reactivity with peroxyl radicals, according to their electronic properties:
electron-donating groups (EDGs) decrease the bond dissociation enthalpy (BDE) of the
phenolic O-H, making the HAT to peroxyl radicals faster, while electron-withdrawing
groups (EWGs) have the opposite effects [21,94]. The effect is more marked when the
substituent is in the ortho or para position, conjugated with the -OH group, while it is less
important in the meta position and, in a first approximation, the effect of each substituent
in decreasing the BDE is additive [94]. Stereoelectronic effects are also important; indeed,
α-TOH has lower BDE and much higher kinh than equivalently substituted phenols, due to
the almost parallel alignment of one lone pair of the RO- substituent with respect to the
axis of the aromatic π-system, forced by the geometric constraints in the chroman structure
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(Figure 9). The performance of synthetic or natural monophenolic antioxidants, including
currently popular compounds like bakuchiol [95] and curcumin derivatives [37], can be
rationalized with the above concepts. The values of BDE, kinh and n for some representative
antioxidants are listed in Table 2.

5.2.1. Insertion of N(s) in the Phenolic Ring: 3-Pyridinols and 5-Pyrimidinols

Research aimed at the rational design of phenolic antioxidants that would be more
effective than α-TOH, using the strategies outlined above, e.g., by inserting stronger ED
substituents like the amino group and forcing its conjugation by geometrical constraints,
eventually showed its limits. In parallel to decreasing the BDE and hence increasing
the reactivity with ROO•, ED substituents also decrease the ionization potential (IP) of
the molecule, to the point it directly reacts with molecular oxygen by electron transfer
(ET) to yield the superoxide radical (O2

−•) (Figure 10). Therefore, these compounds
are pro-oxidant and toxic, besides being terribly unstable under normal handling condi-
tions [98]. In a joint effort with Pratt’s group, we found that replacing one or two >CH
moieties in the aromatic ring with nitrogens in non-conjugated positions (i.e., 3 and 5),
to afford the corresponding 3-pyridinols and 5-pyrimidinols, would increase the BDEOH
by about 1.1 kcal/mole per nitrogen (ΔBDE of +1.1 kcal/mol and +2.5 kcal/mol for 3-
pyridinols and 5-pyrimidinols, respectively), while the IP would increase 10-fold more (ΔIP
of +11 kcal/mol and +24 kcal/mol for 5-pyrimidinol) [98,99]. In other words, insertion of
heteroaromatic nitrogen(s) expands the thermodynamic gap between the two competing
reaction pathways, HAT to ROO• and ET to O2, while maintaining the same substituent
effects known for phenols [99]. Two features favored this strategy in antioxidant design:
(1) the slightly higher BDEOH that would disfavor the reactivity can be compensated with
stronger ED substituents, like the amino group (inaccessible in the phenolic series), without
compromising the stability toward oxygen [99]; (2) 3-pyridinols and 5-pyrimidinols are
more reactive toward ROO• than phenols having an identical BDE, owing to the interven-
tion of polar effects stabilizing the transition state [100]. This led to the discovery of a wealth
of potent RTAs (some examples in Table 2), many of which easily outperformed α-TOH
despite the much simpler structure and easier synthetic accessibility [98–106], which also
included the most potent chain-breaking antioxidant ever reported, able to quench peroxyl
radicals at a diffusion-controlled rate (Pyr-7 in Figure 10) [101].

 

Figure 10. Different reactivity with oxygen and ROO• of electron-rich phenols and pyri(mi)dinols
(A) and examples of 3-pyridinol and 5-pyrimidinol antioxidants (B).

5.2.2. Solvent and Medium Effects in Chain-Breaking Antioxidant Activity

The rate of radical trapping by phenols and most other RTAs is subject to solvent
effects [107], which must be carefully considered in testing antioxidant activity [108] or
in planning antioxidant strategies. In hydrogen-bond-accepting (HBA) solvents, kinh is
apparently decreased by as much as two orders of magnitude, depending on the actual
HBA ability of the solvent (not its polarity) [107]. The effect does not depend on the radical
reacting with the antioxidant (e.g., R•, RO•, ROO•) but on the ability of the antioxidant to
act as a hydrogen-bond donor (HBD) to the solvent [109], since the effect is due to formation
of an antioxidant–solvent complex in which the “active” -OH group (or, in general, the
-XH group transferring the H-atom to radicals) is “blocked” by H-bonding to the solvent,
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and only the fraction of non-H-bonded antioxidant at equilibrium is available to react
with radicals (Figure 11) [106,107]. Different antioxidants will have different sensitivity to
solvent effects.
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Figure 11. Solvent effects on the reactivity of antioxidants, showing the possible mechanis-
tic change in protic solvents (A), pH-dependent antioxidant chemistry of ascorbic acid (B)
and of 5-hydroxymethyluracil (C) and acid catalysis in the antioxidant activity of phenols in
polar solvents (D).

The HBD ability of the antioxidant and the HBA ability of the solvent can be quantified
by Abraham’s solvatochromic parameters α2

H and β2
H, respectively [110,111], and solvent

effects can be accounted for quantitatively by the Ingold–Snelgrove equation (Equation (5)),
which allows predicting kinh in any solvent (kinh

S) once it is known in a non-H-bonding
solvent (kinh

0) [112].

Log
(

kS
inh/M−1s−1

)
= Log

(
k0

inh/M−1s−1
)
− 8.3 × αH

2 βH
2 (5)

Triglycerides [24] and phospholipids [107] have strong HBA groups (i.e., the C=O
and P=O), which visibly decrease the antioxidant protection by RTAs. In a heterogenous
system of lipid particles in water, however, an additional factor affects the kinetics of
antioxidant protection: the compartmentalization, which may render the rate of exchange
of radicals and antioxidants among particles rate limiting. For instance, the value of
kinh for α-TOH measured in micelles of methyl linoleate and in phospholipid liposomes
is, respectively, two orders of magnitude and three orders of magnitude lower than in
homogenous non-H-bonding solution [21,107].

The decrease in the rate of formal HAT reaction to radicals in HBA solvents could
favor other reaction mechanisms [113,114]. It has been shown that in protic solvents like
alcohols, able to solvate anions, the reaction of acidic phenols (or other antioxidants) with
radicals could take place via a mechanism named sequential proton loss electron transfer
(SPLET), depicted in Figure 11, consisting in proton transfer (PT) to the solvent followed by
ET from the electron-rich anion of the antioxidant to oxidizing radicals [113]. In water, this
mechanism is favored in alkaline pH and can result in an increase in the rate of peroxyl
radical trapping [114].

This change in the reaction mechanism does not occur only with phenols but con-
trols the antioxidant activity of other biological antioxidants like 5-hydroxylmethyluracile
(5-HMU) [115] and, most notably, of ascorbic acid and its derivatives [116,117], boosting their
performance in the presence of a base (Figure 11). In the case of ascorbic acid, deprotonation
also opens the way to its direct reaction with O2 to yield superoxide radicals, accounting for
its instability in aqueous solution. This is also a pro-oxidant process that partly counteracts
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the antioxidant behavior; as a consequence, the overall antioxidant performance of ascorbic
acid largely depends on the experimental settings, and it can be significantly improved by
inclusion in inert nanocarriers [117].

Opposite to the base effect outlined above, phenolic (and pyridinolic/pyrimidinolic)
antioxidants have been found to undergo acid catalysis in their antioxidant activity. The
behavior is only observed in polar solvents and can largely boost the reactivity, depending
on the phenol. It is due to a change in reaction mechanism involving the partial protona-
tion of the ROO• radical to form a highly oxidizing species that takes one electron from
the phenol and forms the antioxidant’s radical cation, which undergoes rapid acid–base
exchange to afford the usual reaction products [118], as illustrated in Figure 11.

Table 2. Bond dissociation enthalpy (BDE), rate constants for ROO• radical trapping kinh and
stoichiometric factor n for representative antioxidants at 303 K in chlorobenzene.

Entry Compound
BDE

kcal/mol
kinh

M−1s−1 n Ref.

1 α-Tocopherol 77.1 3.2 × 106 2.0 [3,21]
2 β-Tocopherol - 1.3 × 106 2.0 [3,21]
3 γ-Tocopherol - 1.4 × 106 2.0 [3,21]
4 δ-Tocopherol - 4.4 × 105 2.0 [3,21]

5 81.7 2.7 × 105 2.0 [21,94]

6 81.6 8.5 × 104 2.0 [21,94]

7 79.9 1.4 × 104 2.0 [21,94]

8 77.2 1.1 × 105 2.0 [21,94]

9 80.3 6.4 × 105 1.8 [21,94]

10 78.2 1.1 × 106 2.0 [94,119]

11 79.2 1.6 × 106 1 0.3 [120]

12 Quercetin - 5.5 × 105 2.1 [119]
13 Pyr-1 2 81.4 2.1 × 105 2.0 [100]
14 Pyr-2 2 77.1 8.6 × 106 2.0 [100]
15 Pyr-3 78.9 4.4 × 105 2.1 [106]
16 Pyr-4 75.9 1.6 × 107 2.0 [101]
17 Pyr-5 75.2 8.8 × 107 1.3–2.0 [101]
18 Pyr-6 75.2 8.8 × 107 ~2 [103]
19 Pyr-7 74.3 2.8 × 108 ~2 [101]
20 α-Selenotocopherol 78.1 1.2 × 106 1.9 [121]

21 81,6 3.8 × 105 2.0 [122]

22 Te-1 - 9.2 × 106 0.4 6 [123]
23 Te-2 78.9 1.0 × 107 0.4 6 [124]
24 Te-3 - 1.6 × 106 0.3 6 [125]
25 Te-4 - 1.0 × 107 0.4 6 [125]
26 Phenoxazine 2,3 76.1 2.9 × 107 5 [94]
27 Phenothiazine 2,4 78.2 8.8 × 106 1.8 [94]
28 Dia-1 78.8 3.4 × 107 >2 [126]
29 Dia-2 79.0 3.7 × 107 >2 [126]
30 Ferrostatin-1 5 - 3.5 × 105 2.0 [11]
31 Liproxstatin-1 5 - 2.4 × 105 1.9 [11]

1 kinh is doubled by a statistical factor. 2 Data at 50 ◦C. 3 Values at 37 ◦C are: kinh 4.1 × 107 M−1s−1, n = 2.3 from
ref. [11]. 4 Values at 37 ◦C are: kinh 8.0 × 106 M−1s−1, n = 2.1 from ref. [11]. 5 Data at 37 ◦C. 6 Without thiols.
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5.2.3. Polyphenols and Flavonoids

Hydroquinone (1,4-dihydroxybenzene) and catechol (1,2-dihydroxybenzene) are the
two key structural motifs in polyphenols and flavonoids. Even the simple unsubstituted
molecules have high reactivity with ROO• radicals due to the strong ED character of each
-OH group toward the other in the conjugated position [21,120]. Both hydroquinones
and catechols are nominally able to trap two ROO• radicals by stepwise transfer of the
two O-H. However, their relative position (ortho or para) deeply affects the antioxidant
behavior [120], as shown in Figure 12. In hydroquinones (e.g., ubiquinol or coenzyme QH2),
the semiquinone radical formed upon transfer of the first H-atom has a very low BDE for
the second O-H (~50 kcal/mol) and it is rather acidic (pKa ~ 4) [120]; therefore, via different
mechanisms which have been discussed in detail [120] the semiquinone radical can react
directly with O2 to form a hydroperoxyl radical (HOO•) or superoxide radical anion (O2

−•)
in lipidic medium or in water, respectively. This process, which parallels the generation
of superoxide in the mitochondrial respiratory chain, has pro-oxidant action starting new
oxidative chains; therefore, it partly counteracts (by shortening n) the otherwise very good
antioxidant behavior of hydroquinones [120].

Figure 12. Radical reactivity of hydroquinone (A), of catechol (B) and structure of quercetin (C).

In catechols, the intramolecular H-bond makes one -OH unreactive, but it decreases
the BDE of the unbound O-H, increasing its reactivity. The resulting semiquinone radical is
stabilized by the intermolecular H-bonding, which prevents its reaction with O2. Overall,
even the unsubstituted catechol traps two peroxyl radicals with kinh similar to δ-TOH, being
an excellent antioxidant [119,127]. Not surprisingly, the catechol moiety is highly conserved
in natural flavonoids (Figure 12) and, in a lipidic environment, their antioxidant activity is
largely dictated by the catechol ring. Indeed, despite the large number of phenolic -OH
groups in their structure, the reactivity of most polyphenols is modulated by the occurrence
of intramolecular H-bonds [128]. As a consequence, flavonoids can trap more than two
ROO• radicals, but with different rate constants kinh, hence the trapping of the first two
contributes most to the overall antioxidant performance [129]. In an aqueous environment,
their reactivity is instead dictated by pH, and multiple mechanisms (PT-ET vs. HAT) can
take place, as previously discussed in detail for quercetin [127].

5.2.4. Synergy among Antioxidants and Tocopherol-Mediated Peroxidation (TMP)

In nature, as in the protection of human-made materials, antioxidants are never used
alone and cooperative effects among antioxidants are often the key to successful protection.
The most relevant example in cells is certainly the synergic interplay between vitamin E
and vitamin C. α-TOH is confined in the lipid bilayers and protects phospholipids from
ROO• attack, being oxidized to an α-TO• radical, while water-soluble ascorbate reacts with
α-TO• at the lipid–water interface, reducing it back to the starting α-TOH and extending
its protective duration [130]. On doing so, ascorbate is oxidized to the corresponding
radical; therefore, besides the recycling of α-TOH, the importance of this process resides
in the “exporting of the unpaired electron” outside the lipid membrane, out of the reach
of highly oxidizable lipid components. Indeed, it has been demonstrated by Bowry and
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Ingold [131] that, in the autoxidation of human low-density lipoprotein (LDL), in the
absence of ascorbate in the aqueous medium, the presence of α-TOH in the lipid core
accelerates the peroxidation instead of blocking it—an apparently paradoxical behavior
that they named tocopherol-mediated peroxidation (TMP)—due to the “excessive” resident
time of α-TO• inside the lipid particle before it encounters a second ROO•, which gives
time for the occurrence of even a slow and unfavored reaction of α-TO• with lipids, to
(re)start the oxidative chain [131].

Interestingly, when pyridinol Pyr-6 was probed in place of α-TOH in the protection of
LDL in the absence of vit C or co-antioxidants, it showed no sign of TMP, along with much
higher antioxidant protection [103]. Cooperative effects similar to the vit E/vit C example
also occur among phenolic and/or other antioxidants in homogenous solution, and their
mechanism and efficiency have been thoroughly investigated [106,132].

5.2.5. Phenols Bearing Organochalcogen Substituents

The insertion of chalcogens heavier than oxygen (S, Se and Te) as substituents in the
ortho or para position in phenolic (and pyridinolic) structures is an important strategy to
afford novel antioxidants with a distinctive reactivity toward oxidizing radicals [121,133].
It has highlighted how intramolecular H-bonding can be used to afford antioxidants
whose reactivity can predictably be modulated by conformational constraints and by
the solvent [119]. Notable examples are lipoic acid adducts of natural catechols like
hydroxytyrosol or ditocopheryl sulfides and disulfides [121].

Phenolic antioxidants cannot be recycled by thiols (unlike by ascorbate), which some-
what “wastes” the most abundant reducing source in biological systems. Looking for
antioxidants that would boost this ability, we carried out a long cooperative project with
Engman’s group focused on Se- and Te-substituted phenols. All-rac-α-selenotocopherol,
in which the chromanol -O- was replaced by -Se-, disappointingly showed slightly higher
BDEOH and slightly lower kinh than the natural counterpart, with no additional property
toward thiols [121]. However, some of its simplified congeners like Se-1 (Figure 13), besides
being potent chain-breaking antioxidants, could be recycled by N-acetylcysteine (NAC) at
the water–lipid interface in a biphasic lipid peroxidation model system [122].

Allium cepa

Petiveria alliaceae

 
Figure 13. Examples of organochalcogen-containing phenolic antioxidants (A,B), sulfenic and sele-
nenic acids (C) and diarylamine antioxidants (D).
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Insertion of alkyltelluro (RTe-) substituents in the ortho or para position in the phe-
nol or in the 3-pyridinol structure affords even more interesting antioxidants (Figure 13).
These compounds can be recycled by thiols like cysteine derivatives both in homogenous
lipid solution and heterogenous (aqueous biphasic) systems [123–125]. Additionally, even
simple structures have a kinh for trapping ROO• radicals much higher than reference α-
TOH and their reactivity does not respond to the correlation with the BDEOH reported in
Figure 9 or to the solvent effect described in Figure 11. This proves a different reaction
mechanism involving an oxygen-atom transfer from ROO• to RTe-, for which we refer
to the original literature [125]. Interestingly, the efficiency of regeneration by thiols is
much lower than 1, meaning that the same compounds could also be used as pro-oxidant
agents in biological systems, acting through the depletion of Cys-derived thiols like glu-
tathione [125]. This is particularly intriguing in the light of the role that this mechanism
has in triggering ferroptosis [8].

5.2.6. Sulfenic and Selenenic Acids

Allium plants have long been regarded as a rich source of antioxidants, particularly
owing to the distinctive content of sulfurated volatile components. Among them, thio-
sufinates like allicin and petivericin (Figure 13) have been demonstrated to be potent
antioxidants [134,135]. This is due to the release of unstable sulfenic acids (RSOH), which
would rapidly trap ROO• radicals to afford stabilized sulfenyl radicals (RSO•). Owing to
their instability that makes their isolation prohibitive, the reactivity of sulfenic acids has
remained largely unknown, despite their major relevance in biological systems, since they
are involved in cellular redox homeostasis, being formed upon oxidation (e.g., by H2O2)
and fragmentation of cystine. Only recently did the synthesis of stable tripticenesulfenic
acid (TRP-S, Figure 13) shed light on their antioxidant chemistry [134]. With a BDEOH as
low as 71.9 kcal/mol, they trap ROO• radicals with kinh in the range of 3 × 106 M−1s−1

from sterically hindered TRP-S to 3 × 107 M−1s−1 for benzylsulfenic acid from petivericin
and up to ~1 × 108 M−1s−1 for allylsulfenic acid from allicin, i.e., they are among the most
potent antioxidants in nature [135].

Their heavier homologues, the selenenic acids (RSeOH), are involved in the redox
cycle of the GPX enzyme; however, they are even less stable than sulfenic acids. Synthesis of
hindered tripticeneselenenic acid (TRP-Se, Figure 13) allowed clarifying their properties and
reactivity, showing a higher BDEOH (80.9 kcal/mol) compared to sulfenic acids, yet having
unexpectedly high reactivity toward ROO•, i.e., kinh = 1.7 × 105 M−1s−1 for sterically
hindered TRP-Se (in PhCl at 30 ◦C) [136]. This is 18-fold lower than that of TRP-S despite the
9 kcal/mol higher BDE [136]. Unfortunately, the instability of these compounds hampers
their use as antioxidants, unless they can be generated in situ from suitable precursors.

5.2.7. Aromatic Amines and Diarylamines as RTAs

Aromatic amines such as diarylamines are, after phenols, the main class of chain-
breaking antioxidants. Owing to the higher thermal stability and lower reactivity compared
to phenols, the most common substituted diphenylamines have mainly been used as
antioxidants in high-temperature processes. However, their tricyclic analogues, such
as phenoxazine and phenothiazine, have instead very high antioxidant activity at close
to ambient temperature, owing to better conjugative stabilization of the aminyl radical
formed upon quenching ROO• [21]. Insertion of heterocyclic nitrogens in the structure of
diphenylamine, i.e., extending the same design strategy previously described for phenols
(see Section 5.2.1), has created a large family of outstanding antioxidants, containing
up to four heterocyclic nitrogens per molecule and a wealth of ED substituents, with
large structural variability [98,126,137,138]. Many such molecules largely outperform
reference α-TOH in terms of kinh, in some cases having very low to negligible activation
energy for ROO• trapping [126], implying negligible temperature dependence of the
antioxidant activity [98]. Perhaps most notably, they outperform α-TOH in terms of
the number of trapped ROO• radicals, having large stoichiometric factors that depend
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on temperature, due to a regeneration cycle involving the transient formation of the
corresponding nitroxyl radicals [49].

Interestingly, recent work from Pratt’s group has demonstrated that several antiox-
idants belonging to this class, namely diarylamines, phenoxazines and phenothiazines,
including those displayed in Figure 13, are potent inhibitors of ferroptosis, able to match or
surpass the performance of reference inhibitors liproxstatin-1 and ferrostatin-1 (Figure 13),
which incidentally also belong to the class of aromatic amines [11].

5.2.8. Unconventional Antioxidant Mechanisms and HOO• as Co-Antioxidant

Sterically hindered dialkyl nitroxides like the 2,2,6,6-tetramethylpiperidin-1-oxyl radi-
cal (TEMPO) are sufficiently persistent to be manipulated like a “normal” molecule, which
has allowed an enormous body of investigation. Among the many applications, a wealth
of studies have shown a beneficial activity in a multitude of pathological conditions com-
monly associated with oxidative stress, which has suggested an antioxidant activity that
has long escaped rationalization [139,140]. In water, TEMPO was demonstrated to behave
as a SOD mimic, being able to decompose superoxide and peroxyl radicals via a catalytic
cycle with the intermediation of the oxoammonium ion [141,142] (Figure 14). However,
early knowledge indicated that nitroxides are unable to trap peroxyl radicals in a lipidic
environment and have negligible antioxidant activity toward lipids.

Figure 14. Non-conventional antioxidant mechanisms involving persistent nitroxides in acidic medium
(A), or in the presence of HOO• (B), or involving ortho-quinones in the presence of HOO• (C).

We were surprised to find that they can indeed be excellent antioxidants in lipidic
or organic media, but only in the presence of acids [143]. Of interest, depending on the
strength of the acid, they could behave as stoichiometric antioxidants (trapping one radical
per nitroxide) or they could be regenerated and work in a catalytic fashion if the acid is weak
and forms a nucleophilic conjugated base, like acetic acid [144]. This chemistry, summarized
in Figure 14, clearly helps explain their redox-related bioactivity, as carboxylic acids are
abundant in biological systems, e.g., in proteins [144]. Even more surprising was the recent
discovery of another catalytic antioxidant cycle of nitroxides, which is only expressed in
lipidic or apolar environments, although it apparently resembles the SOD mimic behavior
expressed only in water. The overall catalytic cycle occurs only in the presence of HOO•
radicals (the neutral form of superoxide) and it does not involve the intermediacy of
the oxoammonium ion from the nitroxide [145]. It was clarified, independently by our
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group and Pratt’s group, that the cycle occurs by reduction of the nitroxide (>NO•) to
the parent hydroxylamine (>NOH), which is then reoxidized to the nitroxide by HOO•
or by ROO• [49,145] (Figure 14). Therefore, HOO•, normally regarded as an oxidizing
chain-carrying radical, here works as sacrificial reducing agent or as a co-antioxidant. It
can be formed spontaneously during the peroxidation of lipids (see Section 2.4.3), or a
dedicated source like cyclohexadiene or γ-terpinene can be added along with the nitroxide,
to form a co-antioxidant system [145]. Interestingly, this co-antioxidant system is among
the most potent ever reported, largely outperforming α-TOH [145]. This chemistry is likely
to have major relevance in the control of ferroptosis and some preliminary success in this
direction has recently been reported [12].

Unfortunately, no nitroxide is currently approved for medicinal use; however, we were
intrigued to find that ortho quinones, the oxidized “waste” of catechol-type polyphenolic
antioxidants, can undergo a similar chemistry (Figure 14). In the presence of spontaneously
generated HOO•, or of an added source, ortho-quinones (o-Q) (more efficiently than para)
are stepwise reduced to the semiquinone radical (o-QH•) then to the catechol (o-QH2),
which can then perform its antioxidant action trapping both HOO• and ROO•. Albeit not
as efficient as that involving nitroxides, the synergic combination of o-Q/γ-terpinene or
o-QH2/γ-terpinene has shown superior protection of highly oxidizable polyunsaturated
lipids [146]. The kinetic aspects regulating this chemistry have been clarified and found to
be key to the purported antioxidant behavior of melanin biopolymers [47]. Possibly, this
chemistry would show its potential in the control of ferroptosis, an issue currently under
investigation in our group.

5.3. Termination-Enhancing Antioxidants

Some hydrocarbons, aldehydes and other simple highly oxidizable molecules, such
as many terpenic components of plant essential oils (e.g., γ-terpinene, limonene, linalool
and citral), when subjected to some radical source, undergo autoxidation that is character-
ized by very fast chain termination [147]. As a consequence, if they are mixed with other
highly oxidizable substrates, they will promptly co-oxidize but increase the overall rate
of chain termination, thereby reducing the overall rate of autoxidation and slowing down
the degradation of the oxidable substrate [147]. These compounds are unable to block
the chain propagation, nonetheless they have antioxidant behavior, which we classified
as termination-enhancing [147]. This mechanism, which is typical of many non-phenolic
essential oil components is, however, less effective than the chain-breaking activity pos-
sessed, for instance, by phenolic essential oil components [148] and it largely depends on
the experimental conditions. It has non-monotonic dependence on the concentration of the
antioxidant and it can become pro-oxidant at a high concentration [147].

5.4. Indirect Antioxidants

This class is often used to group those mechanisms that cannot take place within a
material or in a test tube but require a living cell or organism. Indeed, many molecules
which might show antioxidant behavior in cells, e.g., by reducing the markers of lipid
peroxidation or the related biological damage, do not trap peroxyl radicals at a signifi-
cant rate and would be unable to directly protect lipids from peroxidation; however, they
are able to enhance the antioxidant defenses in a living organism, e.g., by inducing the
biosynthesis of antioxidant enzymes. Typical examples are isothiocyanates from brassica
vegetables [149,150], but the list can be extended to many plant-derived compounds, such
as essential oil components [150,151]. Indeed, even flavonoids like quercetin, having good
direct (chain-breaking) antioxidant activity, can also boost the antioxidant enzymes in
cells [152], therefore direct and indirect activity can co-exist and have different weight
depending on the experimental settings. One main mechanism by which indirect activ-
ity is accomplished is via the Nrf2 signaling system [150], which has been illustrated
in Section 4.2.
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6. Conclusive Remarks and Future Perspective

Research in the broad area of lipid peroxidation and antioxidant protection has taken
place during the past 70 years, with variable emphasis. In the biomedical area, the dis-
appointing outcomes of early clinical studies aimed at using antioxidants as drugs in the
treatment of those degenerative conditions lacking other curative pharmacological solu-
tions had somewhat, gradually, curbed the enthusiasm. Lack of success might have been
due to a combination of factors, such as incomplete understanding of the role of oxidative
stress and lipid peroxidation in physiology and disease, incomplete understanding of the
double-sided antioxidant–pro-oxidant behavior of some molecules in biological systems, a
misjudgment in the strategy of using an antioxidant when a pro-oxidant would have been
the more effective choice and, last but not least, the choosing of antioxidants that were not
fit for purpose. The recognition of ferroptosis as a new LP-based form of programmed
cell death has revived the area and enormously boosted the search for molecules able
to address OS-related pathologies via the modulation of ferroptosis. Now, understand-
ing of the interplay between LP and pathophysiology is more mature and a wealth of
extremely potent new antioxidants have become available. Pyridinols, diarylamines and
heavy organochalcogen-substituted phenols have underexplored potential in this regard.
Additionally, non-conventional antioxidant systems based on the exploitation of the en-
dogenous HOO•/O2−• reducing system appear very promising in the modulation of
ferroptosis, a research area we are currently set to address.
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Abstract: An oxidative degradation product of the polyunsaturated fatty acids, 4-hydroxynonenal
(4-HNE), is of particular interest in cancer research due to its concentration-dependent pleiotropic
activities affecting cellular antioxidants, metabolism, and growth control. Although an increase in
oxidative stress and lipid peroxidation was already associated with prostate cancer progression a
few decades ago, the knowledge of the involvement of 4-HNE in prostate cancer tumorigenesis is
limited. This study investigated the appearance of 4-HNE-protein adducts in prostate cancer tissue
by immunohistochemistry using a genuine 4-HNE monoclonal antibody. Plasma samples of the same
patients and samples of the healthy controls were also analyzed for the presence of 4-HNE-protein
adducts, followed by metabolic profiling using LC-ESI-QTOF-MS and GC-EI-Q-MS. Finally, the
analysis of the metabolic pathways affected by 4-HNE was performed. The obtained results revealed
the absence of 4-HNE-protein adducts in prostate carcinoma tissue but increased 4-HNE-protein
levels in the plasma of these patients. Metabolomics revealed a positive association of different
long-chain and medium-chain fatty acids with the presence of prostate cancer. Furthermore, while
linoleic acid positively correlated with the levels of 4-HNE-protein adducts in the blood of healthy
men, no correlation was obtained for cancer patients indicating altered lipid metabolism in this case.
The metabolic pathway of unsaturated fatty acids biosynthesis emerged as significantly affected by
4-HNE. Overall, this is the first study linking 4-HNE adduction to plasma proteins with specific
alterations in the plasma metabolome of prostate cancer patients. This study revealed that increased
4-HNE plasma protein adducts could modulate the unsaturated fatty acids biosynthesis pathway. It
is yet to be determined if this is a direct result of 4-HNE or whether they are produced by the same
underlying mechanisms. Further mechanistic studies are needed to grasp the biological significance
of the observed changes in prostate cancer tumorigenesis.

Keywords: cancer; prostate carcinoma; lipid peroxidation; 4-hydroynonenal (4-HNE); metabolomics;
GS-MS; LC-MS

1. Introduction

Prostate cancer is the second most frequent malignancy in men worldwide, with more
than 1,4 million new cases per year, causing 3.8% of all malignant deaths in 2020 [1]. It
is a heterogeneous disease with incidence rates that vary across the world and increase
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with age. The etiology of prostate cancer is multifactorial and remains largely unknown
compared to other common cancers. Some well-established risk factors include advanced
age, positive family history, genetic factors, and African ancestry. Prostate cancer is a
slow-growing cancer that may be asymptomatic at the early stage and often has an indolent
course. Late-stage cancer can present with bone pain, urinary symptoms, and/or weight
loss [2].

Most cases of prostate cancer are revealed using digital rectal examination, by diagnos-
tic tests to determine prostate-specific antigen (PSA) levels, transrectal ultrasound (TRUS),
and multiparametric MRI, while diagnosis is confirmed by tissue analysis obtained on image-
guided transrectal biopsy. Almost all prostate cancers are histologically adenocarcinoma.

The International Society of Urological Pathology (ISUP) consensus conferences in
2005, 2014, and 2019, as well as the 2019 white paper by the Genitourinary Pathology
Society (GUPS), report the introduction of computer-aided cancer grading using artificial
intelligence [3]. Hence, a series of studies have shown that artificial intelligence-based
algorithms can perform prostate cancer grading at the level of international experts in
prostate pathology [4].

The tumorigenesis of prostate cancer is accompanied by excessive reactive oxygen
species (ROS) production and impaired redox homeostasis. ROS have a dual role in tumori-
genesis, and while the moderate elevation of ROS may promote anti-tumor effects, excessive
ROS may support the development and progression of cancer [5,6]. Indeed, metastatic
prostate cancer cells thrive under excessive ROS, and to achieve their addictive microenvi-
ronment, prostate cancer cells regulate their intracellular redox status and respiratory burst
of neutrophils [7]. Unsaturated fatty acids are particularly sensitive to ROS-induced injury,
and the abstraction of allylic hydrogen initiates lipid peroxidation, yielding reactive alde-
hydes, such are malondialdehyde, acrolein and 4-hydroxynonenal (4-HNE) [8]. Plasma
malondialdehyde [9,10] and the presence of acrolein–protein conjugates in tumor tissues are
associated with the progression of prostate carcinoma [11]. However, although the bioac-
tive properties and biological significance of 4-HNE are well-recognized today [12], the
possible involvement of 4-HNE in the pathogenesis of prostate cancer is limited, whereas
our preliminary findings suggested that 4-HNE is not present in prostate carcinoma cells
at all [13].

The biotransformation of free 4-HNE occurs within several minutes, with the maximal
catabolism rate varying between tissues [14]. A number of primary and secondary metabo-
lites have been identified, with the predominant urine metabolite being 1,4-dihydroxynonane
mercapturic acid [15–17]. Moreover, the high reactivity of 4-HNE contributes to its removal
via 4-HNE adduction to macromolecules. 4-HNE readily modifies diverse proteins, affect-
ing their structure and function in both physiology and pathology [18–20], and is thus often
studied in biological tissues and fluids.

Metabolic reprogramming is another hallmark of prostate cancer development and
progression. Recent studies have evidenced marked changes in the plasma [21], serum [22],
urine [23], and seminal plasma [24] metabolomes of prostate cancer patients. However,
whether 4-HNE is linked to these perturbations is unknown. Therefore, in this study, we
investigated the presence of 4-HNE-protein adducts in both plasma samples and tissues of
prostate cancer patients to search for the possible link between 4-HNE and metabolome
perturbation in order to better understand the potential role of 4-HNE in prostate cancer
development and its association with metabolic alterations in prostate cancer patients.

2. Materials and Methods

2.1. Chemicals and Reagents

For metabolomic analyses, the following were used: acetonitrile (ACN) (LC-MS grade,
Sigma-Aldrich, Steinheim, Germany), ethanol (EtOH) (LC-MS grade, Sigma-Aldrich,
Steinheim, Germany), formic acid (FA) (MS grade, Sigma-Aldrich, Steinheim, Germany),
heptane (Sigma-Aldrich, Steinheim, Germany), methanol (MeOH) (Sigma-Aldrich,
Steinheim, Germany), O-methoxyamine hydrochloride (Sigma-Aldrich, Steinheim, Germany),
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N,O-bis(trimethylsilyl) trifluoroacetamide (BSTFA) with 1% trimethylchlorosilane (TMCS)
(Pierce Chemical Co., Rockford, IL, USA), and pyridine (Sigma-Aldrich, Steinheim,
Germany). Ultrapure water was obtained from the MilliQ�plus 185 system (Millipore,
Billerica, MA, USA). Tricosane (Sigma-Aldrich, Steinheim, Germany) and 4-chlorophenol
(Sigma-Aldrich, Steinheim, Germany) were used as internal standards in the GC-MS anal-
ysis. The FAME mix (mix of fatty acid methyl esters; methyl caprylate, methyl caprate,
methyl laurate, methyl myristate, methyl palmitate, methyl heptadecanoate, methyl oleate,
methyl stearate, methyl eicosanoate, methyl docosanoate) for GC-MS analytical plat-
form was purchased from Supelco (Bellefonte, PA, USA). Ammonium trifluoroacetate
(TFA(NH4)), purine, and hexakis(1H,1H,3H-tetrafluoropropoxy)phosphazine (HP) from
API-TOF reference mass solution kit (Agilent Technologies, Waldbronn, Germany) were
diluted in 95:5 of ACN to water ratio and used as reference solution in the LC-MS analysis.

2.2. Subjects and Sample Collection

This study was carried out according to the approval of the Ethic Committee of the
University Clinical Hospital Centre Zagreb (approval code 02/21 AG), while each patient
signed the informed consent. All of the patients included in this study underwent open
radical prostatectomy for localized prostate cancer based on prostate-specific antigen (PSA)
values, digital rectal examination (clinical stage ≤ T2c), biopsy findings (≤ Gleason grade
group 3), and imaging modalities (computed tomography, bone scintigraphy, magnetic
resonance). The blood samples of 30 patients were taken by venipuncture before surgery
and collected into ethylenediaminetetraacetic acid (EDTA) tubes with BHT and were
centrifuged at 3000× g (4 ◦C) for 20 min to obtain the plasma. The control plasma samples
were obtained from 41 fasted, healthy men following the same procedure as in the case of
patients. The plasma samples were stored at −80 ◦C for subsequent analysis.

The surgically obtained tissue specimens were stored in formalin before further evalu-
ation by pathologists, while patients were regularly followed up at the Urology Clinic at
the University Hospital Centre Zagreb (approval code 02/21 AG).

2.3. Immunohistochemistry

The specimens of the tissue obtained by surgery were fixed in 10% buffered forma-
lin immediately after resection, dehydrated in ethanol, and embedded in paraffin. The
representative paraffin blocks of each tumor and surrounding mucosa were cut into three
5μm thin slices and examined by section staining with hematoxylin and eosin and im-
munohistochemistry using monoclonal antibody for 4-HNE-histidine obtained from the
culture medium of the clone derived from a fusion of Sp2-Ag8 myeloma cells with B-cells
of a BALBc mouse immunized by HNE-modified keyhole limpet hemocyane [25]. Dilu-
tions of the antibody solution and appropriate reagents from the EnVision detection kit
(K 8000, DAKO, Glostrup, Denmark) were used on a DAKO automated immunostainer.
The 4-HNE-histidine antigens were localized using enzyme-labeled polymer conjugated
to a secondary antibody with 3, 3,-diaminobenzidine as a chromogen and counterstained
with hematoxylin (Kemika, Zagreb, Croatia).

The immunohistochemical investigation of the intensity and distribution of 4-HNE in
the tumor and the surrounding non-tumorous mucosa was determined by expert patholo-
gists. The presence of 4.HNE-protein adducts in carcinoma cells, stroma, and blood vessels
was defined either as negative (0) if there was no immunohistochemical positivity observed
or as positive (+) if the presence of 4-HNE-protein adducts was observed. Two pathologists
diagnosed each specimen independently.

2.4. HNE-ELISA

A previously described in-house protocol [26,27] was used to measure the levels of
4-HNE-protein adducts in the plasma samples of the healthy controls (n = 41) and prostate
cancer patients (n = 30). Briefly, 10 μL of standards/samples (adjusted to 10 mg/mL)
per well of an ELISA plate (Nunc Immuno Maxisorp, Thermo Scientific, Nunc A/S,
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4000 Roskilde, Denmark) was added into 100 μL of 0.05 M carbonate-binding buffer
(pH 9.6; 0.015 M sodium carbonate, 0.035 M sodium bicarbonate) in triplicate and incu-
bated for 5 h at 4 ◦C. Before the addition of the same monoclonal primary antibody as used
for immunohistochemistry and overnight (ON) incubation at 4 ◦C, the wells were blocked
with 5% fat-free dry milk in carbonate-binding buffer) for 3 h at room temperature (RT).
The next day, after 30 min of endogenous peroxidase blocking, the wells were incubated
with the secondary antibody for 1 h at RT, followed by the addition of the substrate solution
and absorbance reading at 450/620 nm. Before each step, the wells were washed five times
with a washing buffer. Concentrations of 4-HNE protein adducts were interpolated from
the standard curve and expressed as pmol 4-HNE protein adducts/mg of proteins.

2.5. Sample Preparation and Metabolite Extraction
2.5.1. LC-MS Platform

On the day of analysis, the plasma samples (stored at −80 ◦C) were slowly defrosted
on ice and vortex-mixed for 2 min. For metabolite extraction, 100 μL of each sample
was mixed with cold MeOH:EtOH (1:1 ratio), vortex-mixed for 2 min and incubated on
ice for 5 min. After centrifugation (16,000× g, 10 min, 4 ◦C), the remaining supernatant
(200 μL) was transferred to crimp-top clear glass vials with a 300 μL insert for further
LC-MS analysis.

2.5.2. GC-MS Platform

For the GC-MS analysis, the samples were aliquoted on the same day as the LC-MS
analysis. The deproteinization was achieved by mixing the plasma samples (100 μL) with
300 μL of cold ACN. The samples were vortex-mixed for 2 min and incubated on ice for
5 min. The corresponding aliquot of each sample (100 μL) was centrifugated (16,000× g,
10 min, 4 ◦C), and 100 μL of the supernatant was transferred to the crimp-top clear glass
vials with the insert, and subsequently, 20 μL of 4-chlorophenol (100 ppm, in ACN) was
added. The samples were evaporated to dryness using a Speedvac Concentrator (Thermo
Fisher Scientific, Waltham, MA, USA). Methoximation was performed by adding 10 μL of
O-methoxyamine hydrochloride (15 mg/mL in pyridine). The samples were vigorously
vortex-mixed for 5 min, followed by three cycles of ultrasonication (2 min) and vortex
mixing (2 min). In the next step, the vials were incubated in darkness at room temperature
for 16 h. The next day, 10 μL of BSTFA with 1% TMCS was added to each vial for silylation,
and the samples were vortex-mixed for 5 min. Silylation was carried out at 70 ◦C for
1 h. After the samples cooled down to room temperature, 100 μL of tricosane (20 ppm in
heptane) was added as an internal standard, and the samples were vortex-mixed for 2 min.
Six blank samples (ACN to water ratio 3:1) were prepared in the same way as the plasma
samples (including deproteinization and derivatization steps).

2.6. Preparation of Quality Control Samples (QCs)

The QCs were prepared separately for the LC-MS and GC-MS platforms. They are
necessary to equilibrate/stabilize the system before analyzing the actual set of samples and,
afterward, to monitor system stability and reproducibility during the analysis. Individual
QCs were prepared by pooling and mixing equal volumes of each plasma sample (10 μL).
They were processed in the same way as the actual samples following all of the previously
described steps.

2.7. Metabolomics Analysis

To achieve a wider metabolite coverage, all of the samples were analyzed using
two complementary analytical platforms, LC-ESI-QTOF-MS (abbreviated as LC-MS) and
GC-EI-Q-MS (abbreviated as GC-MS).
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2.7.1. Fingerprinting by LC-ESI-QTOF-MS

The liquid chromatography system, Agilent Technologies Series 1200 binary solvent
delivery system (Agilent Technologies, Waldbronn, Germany), comprised of a binary
pump, an integrated degasser, and an autosampler with a thermostat, coupled to an Agilent
6520 Accurate-Mass Q-TOF detector, was used to analyze the metabolic profile of the
samples. For each sample, a volume of 10 μL has been injected into a reversed-phase
column (Discovery®HS C18 HPLC Column, 515 cm × 2.1 mm, 3 μm; Supelco, Bellefonte,
PA, USA) with a pre-column (Discovery®HS C18 HPLC Column, 2 cm × 2.1 mm, 3 μm;
Supelco, Bellefonte, PA, USA), which was kept at 60 ◦C during the analysis. The elution
conditions employed a flow rate of 0.6 mL/min with a gradient of solvent A (H2O with
0.1% FA) and solvent B (ACN with 0.1% FA). The analysis started with 25% of the mobile
phase B and then increased to 95% of B in a time period of 35 min (0–35 min). The
gradient then returned to the initial conditions in 1 min time (35–36 min), 25% of the mobile
phase B, and these conditions were maintained until the end of the analysis (36–45 min).
All of the samples were analyzed in both positive and negative ESI modes (full-scan
ranging from 50 to 1000 m/z), with a scan rate of 1.02 scans/s. Two reference masses were
continuously infused during the entire duration of the analysis to ensure a constant mass
correction: 121.0509 (purine, detected m/z [C5H4N4+H]+) and 922.0098 (HP, detected m/z
[C18H18O6N3P3F24+H]+) for the positive mode, and 112.9855 (TFA(NH4), detected m/z
[C2O2F3(NH4)-H]−) and 966.0007 (HP+FA, detected m/z [C18H18O6N3P3F24+FA-H]−) for
the negative mode.

Tandem mass spectrometry (MS/MS) was performed to facilitate the identification of
significant metabolites using the same LC (Agilent 1200)-QTOF-MS (Agilent 6520) platform
and the same chromatographic conditions as applied for the primary LC-MS analysis.
The selected ions were targeted for fragmentation by collision-induced dissociation (CID)
based on the previously determined accurate mass and retention time. Multiple collision
energies (10 eV, 20 eV, and 40 eV) were used. The identity of the compounds was con-
firmed by comparing the fragmentation pattern of the selected ion with a public library of
MS/MS spectra.

2.7.2. Fingerprinting by GC-EI-Q-MS

The Agilent 7890A gas chromatograph, with an autosampler (Agilent Technologies
7693), coupled to an inert MSD with Quadrupole (Agilent Technologies 5975) was used
for the metabolomic fingerprinting of the plasma samples. For each derivatized sample, a
volume of 2 μL was injected, with a split ratio of 1:10, into a Restek 20,782 deactivated glass–
wool split liner. The compounds were separated using the GC-Column DB-5MS (length:
30 m, internal diameter: 0.25 mm, film thickness: 0.25 μm, packing: 95% dimethylpolysilox-
ane/5% diphenylpolysiloxane) with a pre-column (10 m J&W integrated with Agilent
122-5532G). The constant flow rate of the helium carrier gas was set to 1 mL/min, and
the injector temperature was held at 250 ◦C. The temperature of the column oven was
set at 60 ◦C (held for 1 min), with an increased rate of 10 ◦C/min until the temperature
reached 325 ◦C. This temperature was maintained for up to 10 min before the injection of
the next sample. The detector transfer line was set at 290 ◦C, while the filament source and
quadrupole temperatures were set at 230 ◦C and 150 ◦C, respectively. The total analysis
for each sample lasted 37.5 min. The electron ionization (EI) energy was set to 70 eV. The
system collected the mass spectra in a mass range between 50 and 600 m/z at a rate of
2 spectra/s.

2.8. Data Treatment
2.8.1. LC-MS Data Treatment

The data treatment was done using Agilent MassHunter software tool (Agilent Tech-
nologies, Waldbronn, Germany). Firstly, the quality of the analysis for all of the analyzed
samples and QCs was checked by inspecting and assessing the quality of the total ion
chromatograms (TIC), checking the pressure curves to assess the stability of chromato-
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graphic conditions, and reviewing the stability of the reference masses’ signal (using Agilent
MassHunter Quantitative Analysis software, version B.07.00). All of the samples have
passed all of the checkpoints. Subsequently, the raw data were imported into Agilent
MassHunter Profinder software (version B.08.00) for deconvolution. The Molecular Feature
Extraction (MFE) algorithm was used for deconvolution, creating a list of possible molecu-
lar features that matches a gaussian distribution of co-eluting ions related by charge-state,
isotopic distribution and/or the presence of different adducts, and dimmers. Subsequently,
a second deconvolution step was performed using the Recursive Feature Extraction (RFE)
algorithm, which re-integrates the MFE results, improving the quality of the final features
list. The resulting list of statistically significant accurate masses was annotated using the
CEU Mass Mediator [28] search tool (maximum error mass ± 20 ppm) in order to assign
tentative metabolite candidates. The matched compounds were identified using the ac-
curate mass and by checking their isotopic pattern. Only the features with the highest
score were kept for further identity confirmation. The biological role of each suggested
compound was additionally evaluated to exclude the unrelated and impossible identifi-
cation matches. Tandem mass spectrometry (MS/MS) was performed for the statistically
significant annotated features in positive and negative ionization. The final identification
of these compounds was performed by matching the fragmentation spectra as described
by Naz and colleagues [29], using different databases such as HMDB [30], METLIN [31],
KEGG [32], and LipidMaps [33]. For the identification of the compound, we considered
proper retention time, accuracy mass (maximum error mass ± 20 ppm), and at least two
MS/MS fragments.

2.8.2. GC-MS Data Treatment

The data treatment was done using Agilent MassHunter software tool (Agilent Tech-
nologies, Waldbronn, Germany). After inspecting and assessing the quality of the total
ion chromatograms (TIC) for all of the analyzed samples, QCs, and blanks (using Agilent
MassHunter Quantitative Analysis software, version B.07.00), and after checking the repro-
ducibility of the signals of the internal standards (4-chlorophenol for derivatization and
tricosane for analytical performance), all the samples were accepted. Then, the raw data files
were imported into the Agilent MassHunter Unknowns Analysis software (version B.09.00)
for deconvolution and identification using targeted libraries, Fiehn library, (version 2013,
UC Davis, Davis, CA, USA) and the in-house CEMBIO spectral library for plasma samples.
The identities of the compounds were assigned based on the retention time (RT) and mass
spectra. The next step was an additional checking of the identified compounds and the
non-identify features using the NIST library (National Institute of Standards and Technol-
ogy, library 2.2 version 2014, Gaithersburg, MD, USA). The alignment of the obtained data
was performed with the help of Agilent MassProfiler Professional software (version 13.0)
and exported into Agilent MassHunter Quantitative Analysis (version B.09.00) for peak
integration. The abundance of each compound in the obtained data matrix was normalized
according to the IS (tricosane) abundance, and the blank subtraction was performed prior
to statistical analysis.

2.9. Statistical Analysis

For both LC-MS and GC-MS, before the statistical analysis of the obtained data, the
raw variables were filtered based on the criteria proposed by Godzien and colleagues [34].
The variables retained were (i) present in ≥80% of the QCs (with relative standard deviation
(RSD) <30% in QC samples); or 9ii) present in <20% of the QCs, but present in ≥50% of
the samples in a specific subject group. Both sets (i and ii) were subsequently modeled.
To correct for the intra-batch effect, the analytical variations in QC samples were assessed,
and the Quality Control-Robust Spline Correction (QC-RSC) algorithm was used when
necessary, as suggested by Kuligowski and colleagues [35]. Support vector regression
(QC-RSC) was performed using MATLAB (7.10.0.499, MathWorks, Natick, MA, USA) and
the LIBSVM library [36] (software available at http://www.csie.ntu.edu.tw/~cjlin/libsvm).
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After removing intra-batch effects, normalization was used to decrease the unwanted
variations arising from errors in the sample preparation [37]. Auto Scaling (Unit Variance
Scaling, UV) was used to normalize and scale metabolic signals based on the standard
deviation of metabolomics data [38]. In the case of the GC-MS data, additionally, the
abundance of all of the detected compounds was normalized by the signal of internal
standard (tricosane) in each sample. The missing values in the data sets were replaced
with zeros.

The SIMCA-P+ software (version 15.0.2.5959, Umetrics, Umea, Sweden) was used
for multivariate statistical analyses, including building up Principal Component Analysis
(PCA) models and Orthogonal PLS-DA (OPLS-DA) models. Based on OPLS-DA models,
variable importance in the projection (VIP) values were obtained. Variables with VIP > 1.00
were considered significant. The MetaboAnalyst 5.0 software was used for metabolomics
data pathway analysis [39,40].

Univariate statistical analysis was carried out using MATLAB (7.10.0.499, MathWorks,
Natick, MA, USA) or GraphPad Prism software (GraphPad Software, San Diego, CA 92108,
USA). The Shapiro–Wilk test was used to check for normal distribution in the data set.
For the comparison of metabolite abundances between groups, Student’s t-test or Mann–
Whitney U test was performed, depending on the distribution of the data, followed by
Benjamini–Hochberg (FDR, false discovery rate) post hoc correction for multiple com-
parisons. An unpaired t-test with Welch’s correction was used to detect the differences
in the levels of 4-HNE protein adducts between healthy controls and prostate cancer pa-
tients. The relationship between significantly altered metabolites and levels of plasma
4-HNE-modified proteins in both cancer patients and healthy subjects was tested using
Spearman’s correlation coefficient.

All of the tests were two-tailed, and p < 0.050 was considered significant. In the case
of metabolomic data, metabolites with significantly different abundance between the two
subject groups were determined by the combination of multivariate and univariate statistics.

Fold change was computed as the ratio between the mean metabolite abundance
in the PC group cohort relative to the healthy control group. The percentage of change
(%) was calculated as follows: [(average value in the PC group − average value in the
control group)/(average value in the control group)]× 100, with positive values indicating
increased abundance and negative values decreased abundance of specific metabolites in
the PC group when compared to the healthy control group.

3. Results

This study included 30 patients with pathohistologically verified prostate cancer and
41 healthy male controls aiming to evaluate the impact of 4-HNE on plasma proteins and
metabolome. The general characteristics of the prostate cancer patients are presented in
Supplementary Table S1. The prostate-specific antigen (PSA) values before surgery ranged
from 3.5 to 41 with a median value of 6.25, while the median of Gleason values of tumor
differentiation was 7 (range 6–8) (Supplementary Table S1). The immunohistochemical
appearance of 4-HNE-protein conjugates is shown in (Figure 1). The 4-HNE-modified
proteins were not detected in any cancer cell, while the presence of 4-HNE-modified
proteins was detected only in the stromal cells and blood vessels in cancer tissue of only one
patient (patient no.1). The results of the immunohistochemical findings for each prostate
cancer tissue are included in Supplementary Table S1. The comparison of 4-HNE-positive
staining in cancer and adjacent tumor tissue also did not reveal any significant differences,
i.e., 4-HNE was neither present in cancer nor in non-malignant surrounding prostate tissue.
However, a significant increase in 4-HNE-modified proteins was observed in the plasma
of patients with prostate cancer (Figure 1). Hence, the plasma samples of prostate cancer
patients have significantly more 4-HNE-protein adducts compared to the healthy controls
(p < 0.0001). The levels of 4-HNE-protein adducts did not correlate with the PSA values.
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Figure 1. The 4-hydroxynonenal (4-HNE) modification of plasma and prostate cancer tissue pro-

teins. Left—Immunohistochemistry of prostate carcinoma specimens obtained by monoclonal anti-
body specific for the 4-HNE-protein adducts visualized the 4-HNE presence by brown color (DAB
staining), while negative cells were contrast-stained blue by hematoxylin. Photo on the top shows
rare immunopositivity of the stromal cells observed only for one patient/cancer (200×), the middle
photo shows the most usually observed absence of 4-HNE in cancer and in stromal cells (200×), while
the lower photo shows the absence of 4-HNE both in cancer and in the adjacent prostate tissue (100×).
Right—Plasma concentration of 4-HNE–protein adducts (pmol/mg of protein) in samples of healthy
controls (n = 41) and prostate cancer patients (n = 30). Results are presented as a box and whisker
plot. The line in the box represents the median, while the interquartile range (IQR) box represents
the middle quartiles (the 75th minus the 25th percentile). The whiskers on either side of the IQR
box represent the lowest and highest quartiles of the data. The ends of the whiskers represent the
maximum and minimum of the data. **** p < 0.0001.

The fingerprinting of the plasma metabolome revealed distinct metabolic signatures
of prostate cancer patients and healthy controls (Figure 2). To explore the differences
in the overall metabolomic profiles of the prostate cancer patients and healthy control
subjects, the PCA of all of the samples was used. The PCA showed a clear distribution
between the two groups of subjects. Note that the PCA is a non-supervised multivariant
model in which the tight cluster of the QCs validates the analytical performance and
the clinical model, corroborating the biological differences between the clinical groups.
Subsequently, a supervised OPLS-DA model and the VIP score were used in order to
identify the metabolites that contributed the most to the difference between patients with
prostate cancer and healthy subjects.

The PCA score plots revealed a clear and separate clustering between two groups of
subjects (Figure 2). All of the OPLS-DA models were built from one predictive component
and two orthogonal components (Figure 1). For all of the OPLS-DA models, the R2(cum)
and Q2(cum) values exceeded 0.5, indicating the robustness of the models. This suggests
that the models fit the data very well and have a good predictive ability. All three OPLS-DA
models were evaluated with permutation analysis (Figure S1A). The permutation analyses
strongly indicate that the original models are valid since the criteria for validity are satisfied
(all permutated Q2-values to the left are lower than the original points to the right, and the
blue regression line of the Q2-points intersects the vertical axis below zero) (Figure S1A).
All of the permutated R2-values and Q2-values are lower than the original values on the
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right (Figure S1A). To identify strong and moderate outliers, we used Hoteling’s T2 line
plot (Figure S1B) and the DModX test (Figure S1C). In the case of GC-MS, an LC-MS(+), we
detected one outlier in each data set (Figure S1B,C). In the case of GC-MS, the outlier was
one participant from the healthy control group, and in the case of LC-MS(+), it was one
participant with prostate cancer.

Figure 2. PCA and OPLS-DA score plot of the untargeted metabolomics analysis of plasma samples
from patients diagnosed with prostate cancer (PC) and healthy male control subjects (HCm). Plots
were obtained using SIMCA-P+ software (version 15.0.2.5959, Umetrics, Umea, Sweden). (A) PCA
score plot for the GC-MS analysis; (B) OPLS-DA score plot fort the GC-MS analysis; (C) PCA score
plot fort the LC-MS(+) analysis; (D) OPLS-DA score plot fort the LC-MS(+) analysis; (E) PCA score
plot fort the LC-MS(−) analysis; (F) OPLS-DA score plot fort the LC-MS(−) analysis; QC = quality
control. t[1]: the first principal component, t[2]: the second principal component, to[1]: the first
orthogonal component, *: multiplication sign.

Using the GC-MS approach, a total of 18 metabolites were found to be significantly
altered between patients with prostate cancer and healthy control subjects (Table 1). These
differential metabolites were mainly fatty acyls, organic acids and their derivates, or differ-
ent carbohydrates and carbohydrate conjugates. The list of metabolites with significantly
different levels between the cancer patients and healthy men was determined by the
combination of multivariate and univariate statistics, as presented in Table 1.
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Table 1. Significantly altered metabolites, detected by GC-MS, between patients with prostate cancer
and healthy control subjects.

Category Compound RT %Δ FC log2FC pBH VIP

Fatty Acyls

Caprylic acid
(octanoic acid) 9.79 41.43 1.41 0.50 <0.0001 1.17

Caproic acid
(hexanoic acid) 7.06 −68.94 0.31 −1.69 <0.0001 2.04

Lauric acid
(dodecanoic acid) 14.75 69.22 1.69 0.76 0.002 1.00

Palmitic acid
(hexadecanoic acid) 18.87 92.58 1.93 0.95 <0.0001 1.06

Stearic acid
(octadecanoic acid) 20.69 80.19 1.80 0.85 0.002 1.02

Palmitoleic acid
(hexadecenoic acid) 18.68 181.07 2.81 1.49 <0.0001 1.00

Linoleic acid
(octadecadienoic acid) 20.41 140.74 2.41 1.27 <0.0001 1.02

Oleic acid
(octadecenoic acid) 20.46 177.32 2.77 1.47 <0.0001 1.07

Organic acids and
derivatives

Lactic acid
(2-hydroxypropanoic
acid)

6.85 −56.24 0.44 −1.19 <0.0001 3.96

2-hydroxybutyric acid 7.79 87.56 1.88 0.91 <0.0001 1.09

3-hydroxybutyric acid 8.28 257.75 3.58 1.84 <0.0001 1.58

Pyruvic acid
(2-oxopropanoic acid) 6.70 −65.78 0.34 −1.55 <0.0001 2.04

2-ketoisocaproic acid
(ketoleucine) 8.54 33.61 1.34 0.42 0.049 1.03

Carbohydrates and
carbohydrate
conjugates

Glycerol 9.87 69.00 1.69 0.76 <0.0001 1.08

Glyceric acid 10.65 30.93 1.31 0.39 0.002 1.00

Mannose 17.22 19.80 1.20 0.26 0.002 1.02

Galactose/glucose 17.55 17.57 1.18 0.23 0.002 1.66

Sterol Lipids Cholesterol 27.57 30.47 1.30 0.38 0.003 1.04

%Δ, percentage of change; FC, fold change; pBH, Benjamini–Hochberg adjusted p-value; RT, retention time; VIP,
variable importance in the projection.

Thus, the obtained results indicate increased levels of different fatty acids in pa-
tients with prostate cancer compared to the healthy controls, except for caproic acid, the
level of which was significantly higher in the control subjects (Table 1). All carbohy-
drates were increased in prostate cancer, and the same trend was observed for cholesterol
(Table 1). The analysis of the organic acids indicated elevated levels of 2-hydroxybutyric,
3-hydroxybutyric, and 2-ketoisocaproic acid and decreased levels of lactic and pyruvic
acid in prostate cancer compared with healthy men (Table 1). It should be noted that the
elevation of different fatty acids may indicate a catabolic shift of metabolism due to cancer.

The LC-MS metabolite profiling of the plasma samples from the prostate cancer
patients resulted in large spectra of metabolites. To explore the differences in the overall
metabolomic profiles of the prostate cancer patients and healthy control subjects, obtained
by both positive and negative ionization modes, the PCA of all of the samples was used.
The PCA showed a clear distribution between the two groups of subjects (Figure 2). A
supervised OPLS-DA model and the VIP score were used to identify the metabolites that
contributed the most to the difference between patients with prostate cancer and healthy
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subjects. The LC-MS followed an analogous data treatment, as described for GC-MS. The
resulting list of compounds is presented in Table 2. The compounds that could not be
identified according to their MS/MS spectra were excluded.

Table 2. Significantly altered metabolites, detected by LC-MS, between patients with prostate cancer
and healthy control subjects.

Category Compound ESI Mode m/z RT %Δ FC log2FC pBH VIP

Fatty Acyls

Thapsic acid (hexadecanedioic acid) - 285.2072 16.30 138.00 2.38 1.25 <0.0001 1.47

Methylhexadecenoic acid + 269.2461 18.70 86.68 1.87 0.90 <0.0001 1.05

Palmitoleic acid - 253.2176 27.60 88.09 1.88 0.91 <0.0001 1.14

Linolenic acid
(octadecatrienoic acid) - 277.2174 25.90 91.04 1.91 0.93 <0.0001 1.12

Oleic acid - 281.2493 31.45 80.58 1.81 0.85 <0.0001 1.03

Eicosapentaenoic acid + 303.2313 25.54 252.02 3.52 1.82 <0.0001 1.19

Docosapentaenoic acid - 329.2488 28.63 103.96 2.04 1.03 <0.0001 1.19

Decadienal + 153.1267 12.45 −30.21 0.70 −0.52 <0.0001 0.28

Octadecadienal (9,12) + 265.2508 25.92 146.52 2.47 1.30 <0.0001 2.78

Tetradecenoylcarnitine + 370.2963 12.70 113.97 2.14 1.10 <0.0001 1.01

9-hydroxyoctadecadienoic acid
(9-HODE) - 295.2278 18.71 388.27 4.88 2.29 <0.0001 3.97

Glycerolipids

MG(16:0) + 331.2855 27.69 246.30 3.46 1.79 <0.0001 1.55

MG(18:0) + 359.3155 32.05 2966.39 30.66 4.94 <0.0001 6.00

MG(18:2(9,12)) + 355.2844 25.33 238.69 3.39 1.76 <0.0001 1.23

Organic acids and
derivatives

Arginine + 175.1190 0.57 62.43 1.62 0.70 <0.0001 1.37

Threonylhistidine - 255.1121 1.79 91.05 1.91 0.93 <0.0001 1.57

O-methoxycatechol-O-sulphate - 203.0025 1.51 −71.64 0.28 −1.82 <0.0001 1.59

Pyrocatechol sulfate - 188.9878 1.19 −80.33 0.20 −2.35 <0.0001 3.47

Organoheterocyclic
compounds Biliverdin + 583.2551 9.90 180.27 2.80 1.49 <0.0001 1.10

Prenol Lipids Retinal + 285.2222 25.55 754.02 8.54 3.09 <0.0001 2.91

Sterol Lipids
Hyodeoxycholic acid - 391.2841 15.03 −83.22 0.17 −2.57 <0.0001 3.60

Pregnenolone + 317.2472 25.56 653.97 7.54 2.91 <0.0001 1.66

%Δ, percentage of change; FC, fold change; pBH, Benjamini–Hochberg adjusted p-value; RT, retention time; VIP,
variable importance in the projection.

The metabolites that were shown to be significantly altered in the prostate cancer
patients compared to the control subjects were mainly fatty acyls, glycerolipids, or organic
acids and their derivates (Table 2). Notably, increased levels of fatty acyls, including differ-
ent fatty acids, docosapentaenoic acid (docosanoid), 9-HODE (9-hydroxyoctadecadienoic
acid), octadecadienal (fatty aldehyde), and fatty acid ester tetradecenoylcarnitine, were
found in patients with prostate cancer when compared to healthy controls, except for
one fatty aldehyde, decadienal, whose amount was significantly higher in the control
subjects (Table 2).

The abundance of several monoacylglycerols was also higher in prostate cancer pa-
tients when compared to healthy subjects (Table 2). The levels of arginine, threonylhistidine,
biliverdin, retinal, and pregnenolone were significantly increased in the plasma of cancer
patients, while O-methoxycatechol-O-sulphate, pyrocatechol sulfate, and hyodeoxycholic
acid had lower levels in prostate cancer when compared to the control group (Table 2).

The potential impact of elevated amounts of 4-HNE protein adducts in the plasma sam-
ples on plasma metabolome was further examined. Hence, correlation analysis of metabo-
lites significantly altered in prostate cancer patients with levels of plasma 4-HNE-modified
proteins in both cancer patients and healthy men samples is presented in Table 3.
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Table 3. Correlation between altered metabolites and levels of plasma 4-HNE-protein adducts.

Healthy Controls Prostate Cancer Patients

Compound r
95% Confidence

Interval
p r

95% Confidence
Interval

p

2-ketoisocaproic acid 0.146 −0.179 to 0.442 0.363 0.394 0.005 to 0.680 0.042 *

9-HODE −0.014 −0.376 to 0.352 0.941 0.633 0.343 to 0.812 0.000 ***

Caproic acid (hexanoic acid) −0.312 −0.571 to 0.005 0.047 * 0.179 −0.227 to 0.532 0.371

Eicosapentaenoic acid 0.120 −0.208 to 0.424 0.460 0.544 0.211 to 0.764 0.002 **

Hexadecanedioic acid 0.169 −0.160 to 0.464 0.297 −0.421 −0.684 to −0.060 0.021 *

Lactic acid (2-hydroxypropanoic acid) −0.149 −0.444 to 0.176 0.353 0.316 −0.085 to 0.628 0.109

Linoleic acid (octadecadienoic acid) 0.357 0.042 to 0.608 0.024 * −0.115 −0.484 to 0.288 0.567

Methyl hexadecanoic acid 0.127 −0.312 to 0.522 0.562 0.597 0.261 to 0.804 0.001 **

MG(18:2(9,12)) 0.124 −0.204 to 0.427 0.446 0.554 0.231 to 0.767 0.002 **

Octadecadienal (9,12) 0.189 −0.244 to 0.559 0.378 0.523 0.175 to 0.755 0.004 **

Octadecenoic acid 0.150 −0.174 to 0.445 0.349 −0.330 −0.623 to 0.046 0.075

Palmitoleic acid (hexadecenoic acid) 0.198 −0.144 to 0.498 0.239 −0.509 −0.750 to −0.148 0.007 **

Pregnenolone 0.280 −0.044 to 0.551 0.080 0.629 0.330 to 0.813 0.000 ***

Pyruvic acid (2-oxopropanoic acid) −0.393 −0.630 to −0.087 0.011 * −0.183 −0.535 to 0.223 0.361

Retinal 0.333 −0.057 to 0.635 0.083 0.553 0.207 to 0.776 0.003 **

Stearic acid (octadecanoic acid) 0.466 0.168 to 0.687 0.003 ** −0.106 −0.476 to 0.297 0.601

r, Spearman correlation coefficient; Significance: * p < 0.050; ** p < 0.010; *** p < 0.001.

Plasma caproic acid, linoleic acid, stearic acid, and pyruvic acid showed significant
correlations with the plasma levels of 4-HNE protein conjugates in healthy control samples.
Stearic and linoleic acid correlated positively with the level of 4-HNE protein conjugates
in healthy controls, although the strength of the correlation was moderate and weak,
respectively. Contrary, in the same samples, a weak negative correlation was observed for
caproic and pyruvic acid.

Only plasma linoleic acid, oleic acid, stearic acid, and pyruvic acid showed significant
correlations with the plasma levels of 4-HNE protein conjugates in healthy control samples.
For linoleic acid, oleic acid, and stearic acid, we observed a moderate positive correlation
with the levels of 4-HNE protein conjugates, while pyruvic acid had a moderate negative
correlation in the healthy controls. While all of these correlations were lost if prostate
cancer was present, in the plasma samples of prostate cancer patients, new and significant
correlations were observed between plasma 4-HNE protein conjugates and plasma metabo-
lites 2-ketoisocaproic acid, 9-HODE, eicosapentaenoic acid, hexadecanedioic acid, methyl
hexadecanoic acid, MG(18:2(9,12)), octadecadienal (9,12), palmitoleic acid, pregnenolone,
and retinal.

A strong positive correlation between 4-HNE protein adducts and plasma metabo-
lites was recorded for 9-HODE and pregnenolone, while a moderate positive correlation
was observed for eicosapentaenoic acid, methyl hexadecanoic acid, MG(18:2(9.12)), and
octadecadienal (9.12) and retinal. Furthermore, a significant but weak positive correlation
was observed for 2-ketoisocaproic acid. On the contrary, a moderate negative correlation
was found for 4-HNE and hexadecanedioic and palmitoleic acid.

Finally, to identify the pathways potentially affected by 4-HNE that could explain the
observed changes, we further performed pathway analysis using MetaboAnalyst 5.0 to
find that only the pathway of unsaturated fatty acids biosynthesis emerged as significant
(p = 0.000366, FDR = 0.0308).
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4. Discussion

The development and progression of cancer are closely associated with oxidative stress
that may result in the peroxidation of lipids yielding 4-HNE. The presence of 4-HNE has
been implicated in the tumorigenesis of diverse types of cancers, and nowadays, it is well
recognized that the occurrence of 4-HNE in serum/plasma samples as well as in tumor and
adjacent tumor tissue is tumor-type-specific [12]. However, this is the first study linking
elevated 4-HNE-protein conjugates present in the plasma of prostate cancer samples with
altered metabolome.

Interestingly, although a significant increase in 4-HNE levels was observed in the
plasma samples of cancer patients, 4-HNE was not detected in the tumor tissue or in the
adjacent normal tissue, unlike the previously revealed increase in 4-HNE in non-malignant
cells surrounding different kinds of cancer tissue [8,41–43]. This could be attributed to
induced transcription factor NF-E2-related factor 2 (Nrf2), which is activated in prostate
cancer independently of ROS [44] and regulates 4-HNE metabolism and activity [45]. The
removal of 4-HNE, especially its protein adducts, from cancer cells might be crucial for
their survival because the proapoptotic effects of 4-HNE are associated with the aldehyde’s
binding to the cellular proteins, especially in cancer cells that are more sensitive to the toxic
effect of 4-HNE than are normal, non-malignant cells [46–48].

Perhaps another reason why 4-HNE was detected neither in prostate carcinoma cells
nor in non-malignant cells may be acrolein, another aldehydic product of lipid peroxidation,
which can activate (similar to 4-HNE) the Nrf2 [49]. Namely, acrolein was found to be
abundant in the malignant and stromal cells of prostate carcinoma tissues [11], as well as
in benign and malignant colon neoplasms and in non-malignant tissue in the vicinity of
tumors [50]. However, in the prostate tissue, acrolein could originate not only from oxidized
lipids but also from protamines, such as spermine and spermidine, which are abundant in
the prostate and are involved in the regulation of cellular proliferation and differentiation,
again similar to 4-HNE [48,51]. Moreover, similar to 4-HNE, acrolein can be involved in
inflammatory signaling and eventually even in spontaneous cancer regression [5,6,52–54].
Therefore, future studies should evaluate this option, too.

On the other hand, the absence of 4-HNE in prostate carcinoma tissue associated
with the increase in 4-HNE in the blood of patients with prostate cancer might reflect the
elimination of the aldehyde from the carcinoma cells into the blood or enhanced synthesis
and release of 4-HNE from remote tissues, notably blood vessels, as was observed in the case
of the visceral adipose tissue of people with metabolic syndrome and in COVID-19 patients
due to oxidative vascular stress [55–57]. However, in both cases, the 4-HNE-protein adducts
accumulated within the affected tissues, which was not the case with prostate carcinoma.
Therefore, it is more likely that increased 4-HNE levels reflected systemic alteration of
the lipid metabolism and oxidative stress in patients with prostate cancer, associated with
the onset of cancer development. Since the control group in our study did not comprise
patients but healthy men (mostly hospital crew volunteers) who did not have any records or
symptoms of prostate or any other organ illness that would jeopardize their consideration as
healthy persons, we did not collect their specific baseline characteristics. Therefore, further
studies should consider deeper comparisons of the baseline characteristics of patients
and control subjects to evaluate their possible differences and relevance for the findings
obtained by metabolomics and specific 4-HNE-ELISA. Similarly, it would be interesting
to repeat the analyses using the samples of blood of patients after a prolonged time after
surgery, i.e., after complete recovery, to compare these with the results obtained before
surgery. These are all goals of our further work.

The metabolomic profiling of the plasma samples obtained from patients with prostate
cancer, performed using the combined GC-MS and LC-MS approach, revealed a signifi-
cantly altered abundance of different fatty acids, organic acids, glycerolipids, carbohydrates,
and sterol lipids in prostate cancer patients when compared to the healthy men controls.
Using GC-MS, we detected and identified 40 compounds, out of which 18 were found to
be differentially present in prostate cancer patients in comparison to the healthy control.
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The LC-MS analysis, in positive and negative ionization mode, was also applied for the
identification of metabolites that were significantly altered between two groups of subjects.
Finally, we annotated 86 metabolites and confirmed the identity of 23 of them by using
their exact mass, retention time, and specific MS/MS fragmentation patterns.

Our study suggests a positive association of different long-chain fatty acids (palmi-
toleic acid, linoleic acid, oleic acid, eicosapentaenoic acid (EPA), methylhexadecenoic acid,
hexadecanedioic acid, docosapentaenoic acid (9-HODE) and medium-chain fatty acids
(caprylic acid, lauric acid, palmitic acid, stearic acid) with a prostate cancer diagnosis. Only
caproic acid levels were negatively related to prostate cancer diagnosis. Other studies have
already suggested a possible relationship between blood fatty acid composition and the risk
of prostate cancer, but the evidence is inconsistent. Our results, showing increased levels of
many different fatty acids, along with higher amounts of plasma glycerol, emphasize the
importance of altered lipid metabolism in the etiology of aggressive tumors.

The results of this study suggest a higher abundance of glycerol and glyceric acid,
a glycerol oxidation product, in the plasma samples of patients diagnosed with prostate
cancer, compared to healthy controls. Glyceric acid was found to be less abundant in
metastatic breast cancer [58] and in the blood samples of individuals with advanced
pancreatic cancer [59], which is not in line with our results that suggest higher levels of
glyceric acid in patients with prostate cancer. Since we found the other carbohydrates and
carbohydrate conjugates increased, one may assume that is a metabolic feature of prostate
cancer presence. However, Huang and colleagues reported inverse associations between
lethal prostate cancer risk and serum glycerol levels [60], so we should mention that all our
patients survived the five years after surgery, which could be due to the proper therapy
applied but also due to the less lethal character of the prostate cancer of our patients.

Furthermore, the level of different monoacylglycerols was found to be elevated in
prostate cancer plasma samples. There is a lot of evidence supporting the role of monoacyl-
glycerol lipase (MAGL) in tumorigenesis and metastasis. This lipolytic enzyme catalyzes
the conversion of monoacylglycerides to free fatty acids and glycerol. The increased ex-
pression of MAGL was reported in diverse types of cancer, including prostate cancer [61].
Different fatty acids, glycerol and monoacylglycerols, which were found to be abundant in
the prostate cancer plasma samples, could have a role as signaling molecules regulating
cancer cell proliferation and aggressiveness.

A study by Crow and colleagues found a positive association between palmitic acid
and prostate cancer risk and a positive association between α-linolenic acid and EPA with
the risk of high-grade prostate cancer [62]. Non-targeted metabolomics analysis of the
serum samples revealed 18 lipid or lipid-like compounds as potential biomarkers in the
early diagnosis of prostate cancer [22]. These metabolites also included palmitic acid,
which was found to be decreased in the prostate cancer samples, contrary to our results [22].
However, the above-mentioned study focused on metabolites that effectively discriminated
prostate cancer patients from benign prostatic hyperplasia individuals. In the case of stearic
acid, the lower proportion of this fatty acid was associated with a greater overall risk of
prostate cancer [62], which is inconsistent with our results, indicating higher levels of this
fatty acid in prostate cancer patients compared to healthy controls. The evidence regarding
the association between dietary EPA and prostate cancer risk is inconclusive. Some studies
reported a protective effect of EPA intake on prostate cancer [63–65]; however, others
suggest a positive association between a higher intake of EPA and an increased risk of
prostate cancer [66,67]. Circulating EPA levels have been positively associated with prostate
cancer risk in a pooled analysis of individual data from prospective studies [68], and the
dietary intake of EPA was associated with the risk of advanced or fatal prostate cancer
in the NIH-American Association of Retired Persons (AARP) Diet and Health Study [69].
Elevated levels of 9-HODE and 13-HODE have been associated with increased prostate
cancer mortality [70]. Interestingly, both 9-HODE and 13-HODE are synthesized from
linoleic acid [71,72], a precursor of 4-HNE. The results showing a positive association of
9-HODE and 13-HODE serum concentration with increased risk for ovarian cancer are
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aligned with our results and highlight the importance of linoleic acid metabolites in the
etiology of cancer [73].

A higher serum proportion of palmitoleic acid was associated with cancer mortality in
the Swedish population [74], while oleic acid was found to promote the prostate cancer
malignant phenotype of PC3 and DU-145 cells [75]. The intake of different short-chain fatty
acids was shown to worsen prostate cancer survival [65], and higher intake of butyric acid,
caproic acid, and the combined intake of different short-chain fatty acids (4:0–10:0) were
associated with a higher risk of advanced prostate cancer [66].

We detected elevated levels of both 2-hydroxybutyric and 3-hydroxybutyric acid in
patients diagnosed with prostate cancer. The 2-hydroxybutyric acid or α-hydroxybutyrate,
which is produced by amino acid catabolism, was found to be elevated in the sera of
colorectal cancer patients [76], and was suggested as a valuable biomarker for the early
detection of colorectal cancer [77], as well as a potential early marker of insulin resistance
and impaired glucose regulation, and was associated with elevated lipid oxidation and
oxidative stress [78]. A meta-analysis of clinical metabolic profiling studies in 18 different
cancer types, assessing blood, tissue, and urine samples, revealed that ketone bodies, which
are produced during fatty acid metabolism, are metabolites most often found to be elevated
in cancer compared to normal controls [79]. A ketone body 3-hydroxybutyric acid or
β-hydroxybutyrate, which has been associated with tumor growth and cancer cachexia [80],
was found to be upregulated in the blood samples from different cancer patients [79], and
the same trend was detected in our study with patients diagnosed with prostate cancer.

Tumor metabolism is characterized by anaerobic glycolysis since cancer cells prefer-
entially convert the glycolysis-induced pyruvate into lactic acid even in the presence of
oxygen [59], resulting in elevated pericellular accumulation of organic acids, such as lactic
acid, and low pyruvate status [81]. Our results also suggest a lower level of pyruvic acid
in prostate cancer plasma samples if compared to healthy controls; however, contrary to
our expectations, in our study, the levels of lactic acid were 56% lower in prostate cancer
patients than in the healthy controls.

The blood level of glucose/galactose was elevated in prostate cancer patients com-
pared with control subjects, confirming the positive associations between glucose and
prostate cancer [82–84]. However, we also detected elevated levels of another hexose,
mannose. Mannose, which is an isomer of glucose, was reported to have a potential anti-
cancer effect on different tumors. Deng and colleagues demonstrated that mannose has an
inhibitory effect on the proliferation and an apoptosis-promoting effect on prostate cancer
cells in vitro [85]. The same trend was observed in mice [85]. However, high-throughput
profiling of N-glycans in prostate cancer tissue samples revealed that high mannose glycans
were more abundant in tumor regions than in non-tumor regions [86].

There has been a lot of evidence in the past decade supporting the role of cholesterol
in prostate cancer and its progression [87–92]. Our results support the association between
increased levels of blood cholesterol and prostate cancer diagnosis. Hypercholesterolemia
could affect cancer cell proliferation [93,94], inflammation [95], lipid raft dynamics [96],
and intertumoral steroidogenesis [97,98]. Different steroid hormones have a key role in the
maintenance and progression of prostate cancer, and their effects are achieved through the
androgen receptor [99]. The first step in steroidogenesis is the generation of the common
steroid precursor pregnenolone from cholesterol. This common precursor of many steroids
was found to induce the growth of LNCaP cells by binding to the mutated androgen
receptor [100]. In our study, both cholesterol and pregnenolone levels were found to be
much higher in patients with prostate cancer than in control subjects.

Hyodeoxycholic acid was found to be less abundant in patients with prostate cancer.
This naturally occurring secondary bile acid is generated from lithocholic acid in the small
intestine by the gut microbiota. Hyodeoxycholic acid is a weak liver X receptor α agonist
with the capacity to decrease plasma glucose levels, improve plasma lipoprotein profiles,
and increase the efficiency of intestinal cholesterol absorption [101]. Bile acids were primar-
ily considered to promote carcinogenesis, but recently, more and more evidence suggests
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that lower concentrations of bile acids have potential anticancer activity, with an emphasis
on ursodeoxycholic acid [102,103].

Alterations in amino acid metabolism are one of the hallmarks of cancer malig-
nancy [104]. The 2-Ketoispcaproic acid, also known as α-ketoisocaproic acid or ketoleucine,
is an abnormal metabolite associated with the incomplete breakdown of branched-chain
amino acids. Ketoleucine was found to be increased in our group of patients diagnosed
with prostate cancer, which is in accordance with the results from Jajin and colleagues, who
detected increased 2-ketoisocaproic acid, α-ketoglutarate, and glutamine, along with de-
creased leucine and aspartate in medullary thyroid cancer [105]. In the last decade, the role
of arginine in inflammation, cell activation, and growth has attracted a lot of attention due to
the involvement of these processes in tumorigenesis [106,107]. The metabolism of arginine
and the activity of arginase, the enzyme which hydrolyzes arginine to ornithine and urea,
were found to be increased in prostate cancer and involved in differentiation [108–110]. In
line with these studies, we also detected elevated levels of arginine in the plasma samples
from prostate cancer patients. Dipeptide treonyhistidine was also found to be more abun-
dant in the plasma of cancer patients than in healthy control subjects. The physical and
functional properties of these dipeptides are different from those of single amino acids;
however, their function in the human organism is not yet fully understood. Since our mono-
clonal antibody used in ELISA and immunohistochemistry is highly specific for the histidine
adducts of 4-HNE [111], it might be possible that 4-HNE was, alongside 4-HNE-albumin
and 4-HNE-LDL conjugates, also present in the plasma as a 4-HNE-treonyhistidine adduct.
However, since there was no correlation between 4-HNE-His adducts determined by the
ELISA and treonyhistidine levels determined by metabolomic analyses, we can assume
that this dipeptide was not playing a major role in the formation of the 4-HNE-His adducts
detected in the plasma of healthy controls and patients with prostate cancer. Different
dipeptides were found to be elevated in the serum samples of prostate cancer patients [60],
and recently, they have also attracted a lot of attention as potential disease biomarkers [112].
With respect to the derivatives of organic acids, it should be mentioned that levels of two
phenylsulfates, O-methoxycatechol-O-sulphate, and pyrocatechol sulfate, were decreased
significantly for 60–80% in the plasma of prostate cancer patients, but the biomedical
relevance of these findings is still unknown.

Our results revealed elevated levels of biliverdin in patients diagnosed with prostate
cancer. Biliverdin is a product of heme degradation by the heme oxygenase (HO) family
of enzymes, so the increased level of biliverdin in cancer patients could be related to the
altered activity of these enzymes. The HO-1 isoform was found to be expressed in a wide
variety of cancers, including prostate cancer [113], and implicated in different biological
processes which facilitate tumor progression and metastasis. The HO-1 possesses a dual
role. It can prevent DNA damage and carcinogenesis in normal cells; however, in the
late phase of tumorigenesis, the overexpression of HO-1 induces the proliferation and
invasiveness of cancer cells [114–116].

Retinal belongs to the retinoid family, and it is the oxidized form of retinol. Retinoids
have been shown to inhibit cell growth by inducing apoptosis and cellular differentiation,
thus representing a potential approach to tumor therapy. However, the evidence of retinoids
enhancing tumor growth [117] suggests a complicated and multifaceted role of retinoids in
cancer. Our results indicate elevated levels of retinal in prostate cancer, which is partially in
line with the findings suggesting the association of higher serum retinol with an elevated
risk of prostate cancer [118].

In conclusion, our study revealed that the unsaturated fatty acids biosynthesis pathway
could be modulated by elevated 4-HNE plasma protein adducts. This is a strong argument
in favor of the 4-HNE analyses in clinical studies, as was suggested already years ago [119].
However, whether this is a direct effect of 4-HNE or they are simply induced by the same
underlying mechanisms remains to be elucidated. Further mechanistic studies are needed
to understand the biological relevance of the observed changes, which could also reveal
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with certainty the 4-HNE levels in the blood that might discriminate healthy from ill people,
especially those suffering from cancer.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biom13010145/s1, Table S1: General characteristics of prostate
cancer patients and immunohistochemical appearance of 4-HNE in cancer tissue samples, Figure
S1: Validity tests for OPLS-DA models. Plots were obtained using SIMCA-P+ software (version
15.0.2.5959, Umetrics, Umea, Sweden).
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8. Jaganjac, M.; Cindrić, M.; Jakovčević, A.; Žarković, K.; Žarković, N. Lipid peroxidation in brain tumors. Neurochem. Int. 2021,
149, 105118. [CrossRef]
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43. Gęgotek, A.; Nikliński, J.; Žarković, N.; Žarković, K.; Waeg, G.; Łuczaj, W.; Charkiewicz, R.; Skrzydlewska, E. Lipid mediators
involved in the oxidative stress and antioxidant defence of human lung cancer cells. Redox Biol. 2016, 9, 210–219. [CrossRef]
[PubMed]

44. Bellezza, I.; Scarpelli, P.; Pizzo, S.V.; Grottelli, S.; Costanzi, E.; Minelli, A. ROS-independent Nrf2 activation in prostate cancer.
Oncotarget 2017, 8, 67506–67518. [CrossRef] [PubMed]

45. Pettazzoni, P.; Ciamporcero, E.; Medana, C.; Pizzimenti, S.; Dal Bello, F.; Minero, V.G.; Toaldo, C.; Minelli, R.; Uchida, K.; Dianzani,
M.U.; et al. Nuclear factor erythroid 2-related factor-2 activity controls 4-hydroxynonenal metabolism and activity in prostate
cancer cells. Free Radic. Biol. Med. 2011, 51, 1610–1618. [CrossRef] [PubMed]

46. Sovic, A.; Borovic, S.; Loncaric, I.; Kreuzer, T.; Zarkovic, K.; Vukovic, T.; Wäg, G.; Hrascan, R.; Wintersteiger, R.; Klinger, R.; et al.
The carcinostatic and proapoptotic potential of 4-hydroxynonenal in HeLa cells is associated with its conjugation to cellular
proteins. Anticancer Res. 2001, 21, 1997–2004.

47. Sunjic, S.B.; Gasparovic, A.C.; Jaganjac, M.; Rechberger, G.; Meinitzer, A.; Grune, T.; Kohlwein, S.D.; Mihaljevic, B.; Zarkovic, N.
Sensitivity of Osteosarcoma Cells to Concentration-Dependent Bioactivities of Lipid Peroxidation Product 4-Hydroxynonenal
Depend on Their Level of Differentiation. Cells 2021, 10, 269. [CrossRef]

48. Sunjic, S.B.; Cipak, A.; Rabuzin, F.; Wildburger, R.; Zarkovic, N. The influence of 4-hydroxy-2-nonenal on proliferation, differenti-
ation and apoptosis of human osteosarcoma cells. Biofactors 2005, 24, 141–148. [CrossRef]

49. Tirumalai, R.; Rajesh Kumar, T.; Mai, K.H.; Biswal, S. Acrolein causes transcriptional induction of phase II genes by activation of
Nrf2 in human lung type II epithelial (A549) cells. Toxicol. Lett. 2002, 132, 27–36. [CrossRef]

50. Zarkovic, K.; Uchida, K.; Kolenc, D.; Hlupic, L.; Zarkovic, N. Tissue distribution of lipid peroxidation product acrolein in human
colon carcinogenesis. Free Radic. Res. 2006, 40, 543–552. [CrossRef]

51. Tabor, C.W.; Tabor, H.; Bachrach, U. Identification of the aminoaldehydes produced by the oxidation of spermine and spermidine
with purified plasma amine oxidase. J. Biol. Chem. 1964, 239, 2194–2203. [CrossRef]

52. Jaganjac, M.; Poljak-Blazi, M.; Schaur, R.J.; Zarkovic, K.; Borovic, S.; Cipak, A.; Cindric, M.; Uchida, K.; Waeg, G.; Zarkovic, N.
Elevated neutrophil elastase and acrolein-protein adducts are associated with W256 regression. Clin. Exp. Immunol. 2012, 170,
178–185. [CrossRef]

53. Jaganjac, M.; Matijevic Glavan, T.; Zarkovic, N. The Role of Acrolein and NADPH Oxidase in the Granulocyte-Mediated
Growth-Inhibition of Tumor Cells. Cells 2019, 8, 292. [CrossRef]

54. Bauer, G.; Zarkovic, N. Revealing mechanisms of selective, concentration-dependent potentials of 4-hydroxy-2-nonenal to induce
apoptosis in cancer cells through inactivation of membrane-associated catalase. Free Radic. Biol. Med. 2015, 81, 128–144. [CrossRef]

55. Jaganjac, M.; Almuraikhy, S.; Al-Khelaifi, F.; Al-Jaber, M.; Bashah, M.; Mazloum, N.A.; Zarkovic, K.; Zarkovic, N.; Waeg, G.;
Kafienah, W.; et al. Combined metformin and insulin treatment reverses metabolically impaired omental adipogenesis and
accumulation of 4-hydroxynonenal in obese diabetic patients. Redox Biol. 2017, 12, 483–490. [CrossRef]

56. Zarkovic, N.; Jakovcevic, A.; Mataic, A.; Jaganjac, M.; Vukovic, T.; Waeg, G.; Zarkovic, K. Post-mortem Findings of Inflammatory
Cells and the Association of 4-Hydroxynonenal with Systemic Vascular and Oxidative Stress in Lethal COVID-19. Cells 2022, 11,
444. [CrossRef]
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Abstract: Plasmalogens are membrane phospholipids with two fatty acid hydrocarbon chains linked
to L-glycerol, one containing a characteristic cis-vinyl ether function and the other one being a
polyunsaturated fatty acid (PUFA) residue linked through an acyl function. All double bonds in these
structures display the cis geometrical configuration due to desaturase enzymatic activity and they are
known to be involved in the peroxidation process, whereas the reactivity through cis-trans double
bond isomerization has not yet been identified. Using 1-(1Z-octadecenyl)-2-arachidonoyl-sn-glycero-
3-phosphocholine (C18 plasm-20:4 PC) as a representative molecule, we showed that the cis-trans
isomerization can occur at both plasmalogen unsaturated moieties, and the product has characteristic
analytical signatures useful for omics applications. Using plasmalogen-containing liposomes and red
blood cell (RBC) ghosts under biomimetic Fenton-like conditions, in the presence or absence of thiols,
peroxidation, and isomerization processes were found to occur with different reaction outcomes due
to the particular liposome compositions. These results allow gaining a full scenario of plasmalogen
reactivity under free radical conditions. Moreover, clarification of the plasmalogen reactivity under
acidic and alkaline conditions was carried out, identifying the best protocol for RBC membrane fatty
acid analysis due to their plasmalogen content of 15–20%. These results are important for lipidomic
applications and for achieving a full scenario of radical stress in living organisms.

Keywords: fatty acids; cis-trans isomerization; free radicals; trans plasmalogens; erythrocyte
membrane; plasmalogen analysis; lipidomics

1. Introduction

Chemical and supramolecular properties of phospholipids are attracting interest for
multidisciplinary applications, going from biologically relevant transformations [1–3], to
nanobiotechnology, including liposome preparation and vesicle functions [4–6]. Plas-
malogens (1-O-alk-1′-enyl 2-acyl glycerol phospholipids and glycolipids) are a class of
phospholipids, the building blocks of cell membranes, with the general structure shown
in Figure 1a. The vinyl-ether group in the sn-1 position of L-glycerol is a peculiarity with
respect to the ester function at both sn-1 and sn-2 positions, which characterizes the major-
ity of membrane glycerophospholipids [7,8]. Recently, the orphan biosynthetic pathway
relative to the formation of the cis vinyl function has been assigned to identify a delta-1
desaturase candidate gene [9,10]. Desaturase enzymes create fatty acid double bonds in
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a regio- and stereo-specifical manner, thus producing natural lipids as cis isomers with
their biological effects depending upon such a configuration. In plasmalogens, the cis-vinyl
ether function contributes to their behavior in biological structures; the cis geometry con-
fers stronger intermolecular hydrogen bond interactions with contiguous phospholipids,
influencing rigidity/fluidity, fission/fusion, and morphological transition [11].

 
Figure 1. (a) General structure of plasmalogens with a fatty acid in position sn-2 and a vinyl ether-
containing hydrocarbon chain in position sn-1. The natural structure has a cis-vinyl ether function.
The trans-vinyl ether containing plasmalogen is a synthetically modified lipid. (b) 1-(1Z-octadecenyl)-
2-arachidonoyl-sn-glycero-3-phosphocholine (acronym: C18 plasm 20:4-PC) with all cis double
bonds. (c) Mechanism of thiyl radical catalyzed cis-trans double bond isomerization of unsaturated
fatty acid moieties in lipids depicted as consecutive addition-elimination process. (d) The four
monotrans isomers of arachidonic acid (mtAra) structures, as product mix obtained from the thiyl
radical-catalyzed isomerization of Ara.

The plasmalogen content reaches up to 15–20% of the total phospholipid mass in red
blood cells (RBC), and increases in tissues like the heart (32–50%), brain (20–50%), and
spermatozoa (55%) [12–14].

From the chemical reactivity point of view, both the cis-vinyl ether and the allylic
functions are known to react under oxidative conditions, thus playing a “sacrificial” role
toward a series of attacks arriving at the membrane compartment, as reported for singlet
oxygen [15] and iron-induced peroxidation [16]. This distinctive susceptibility is translation-
ally applied in clinics, to evaluate diseases suffering from oxidative stress, such as Down
syndrome [17], neurodegenerative and cardiometabolic disorders [18–20], cancer [13], or
physiological processes, such as aging [21]. Moreover, the vinyl ether function is susceptible
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to acid-catalyzed hydrolysis, forming a lysophospholipid derivative and liberating the fatty
acid chain in sn-1 position as fatty aldehydes, in the form of dimethylacetal (DMA) when
MeOH is present [22]. In the case of infectious diseases, such in vivo hydrolysis exerts toxi-
city effects, due to the reduction of membrane plasmalogens with health consequences [23].
It is worth underlining that fatty acid-DMAs are known to be formed under HCl-MeOH
conditions used as the conventional protocol in the RBC membrane lipidome analyses, in
order to convert the fatty acid residues of phospholipids into their corresponding fatty acid
methyl esters (FAME) for GC evaluation. Indeed, the GC quantification of DMA can be
used to estimate the RBC plasmalogen content [24,25].

The unique formation of trans-vinyl ether-containing plasmalogen was reported in
the synthetic route to 1-(1E-octadecenyl)-2–oleoyl-sn-glycero-3-phosphocholine (Figure 1a
with R1 as trans double bond and R2 as oleic acid, 9cis-C18:1) [26]. No information on the
trans plasmalogen formation in biologically related conditions is available so far.

On the other hand, the conversion of natural cis fatty acids into their corresponding
trans fatty acid (TFA) isomers is known to be an endogenous process promoted by the
in vivo formation of RS• species from thiols, which donate an H atom during the repair
of free radical damages. The cis-trans isomerization reaction occurs by the mechanism
shown in Figure 1c [27]. For polyunsaturated fatty acids (PUFA) it occurs randomly on
one of the double bonds of these structures, and the product is a mixture of mono-trans
isomers, as shown in Figure 1d for Ara with its four monotrans Ara isomers (mtAra) [27].
The synthetic library of mtAra obtained by laboratory procedures has been successfully
used as a molecular standard to prove and follow up the endogenous Ara isomerization in
cells [28,29], animals [30,31], and humans [32,33].

We were interested to work on plasmalogens to investigate their chemical behavior
under free radical conditions, in particular concerning the formation of the corresponding
trans configurations at both cis double bonds of the structure. We chose the representa-
tive molecule reported in Figure 1b, i.e., 1-(1Z-octadecenyl)-2-arachidonoyl-sn-glycero-3-
phosphocholine (acronym: C18 plasm 20:4-PC), containing the cis vinyl ether function
in a C18 hydrocarbon chain at the sn-1 position and the omega-6 PUFA arachidonic acid
(Ara, 5c,8c,12c,15c-20:4) esterified at the sn-2 position of L-glycerol. For the first time, we
clarified the plasmalogen reactivity involving these two reactive sites of plasmalogens.
The trans-plasmalogen structure, synthetically obtained by photolysis, was isolated and
characterized by 1H and 13C mono- and bi-dimensional NMR, to get new information on
peculiar spectral signatures for analytical applications. A comparative study of oxidation
and isomerization of this plasmalogen provided new insights into chemical reactivity, to
complete the scenario of lipid classes, previously performed on glycerophospholipids
and cardiolipins [27,28,34,35]. Using unilamellar vesicles and RBC ghosts, we carried out
biomimetic studies on the supramolecular assembly created by plasmalogens in a mix with
other phospholipids. We also deepened the hydrolytic behavior in basic and acidic condi-
tions as part of robust chemical protocols for the analyses of fatty acids in liposome and
RBC experiments [34]. Generally, we aimed at reaching a better comprehension of the plas-
malogen molecular reactivity to translate chemical information into powerful diagnostic
tools for precision medicine [36].

2. Materials and Equipment

C18 plasm 20:4-PC (1-(1Z-octadecenyl)-2-arachidonoyl-sn-glycero-3-phosphocholine)
and DMA:18:0 (18:0 dimethyl acetal) were produced by Avanti Lipids (Birmingham, AL,
USA) and purchased from Merck (Darmstadt, Germany); chloroform, methanol, diethyl
ether, n-hexane, acetonitrile, benzene (HPLC grade) were purchased from J. T. Baker
(Phillipsburg, NJ, USA); ferrous ammonium sulfate Fe(NH4)2(SO4)2 × 6H2O (Fe II AS)
was from Carlo Erba, Milan, Italy; 2-mercaptoethanol, cis and trans FAME, Phosphate
buffer, Hydrogen Peroxide, HCl/MeOH 0.5 M (1.5%; 1 mL/ampoule), BF3/MeOH 14%,
Tetramethylsilane (TMS) were purchased from Merck (Darmstadt, Germany); POPC (1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) and SAPC (1-stearoyl-2-arachidonoyl-sn-
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glycero-3-phosphocholine) were purchased from Larodan (Solna, Sweden); benzene-d6
was purchased from CortecNet (Les Ulis, France); soybean lecithin was a gift from Lipoid
GmbH (Ludwigshafen, Germany).

RBC was freshly isolated from anonymized blood samples of healthy volunteers re-
ceived from the Department of Immunohematology and Transfusion Medicine (Metropoli-
tan Area of Bologna, SIMT AMBO—Ethical Committee approval, #0083892).

NMR spectra were recorded at ambient temperature on a Varian 500 MHz spectrometer
(Agilent, Cernusco sul Naviglio, Milan, Italy).

Hydrodynamic diameters of liposomes were measured using the dynamic light scatter-
ing (DLS) technique (Malvern Instruments Series NanoZS, Malvern Instruments, Malvern,
UK) with a detection angle of 173◦. All measurements were recorded at 25 ◦C.

Fatty acid methyl esters (FAME) were analyzed by comparison with authentic samples
and chromatograms were examined and quantified by protocols that have been described
previously [28,34]. 18:0 dimethyl acetal (DMA) was analyzed by GC (Agilent 6850, Agilent,
Cernusco sul Naviglio, Milan, Italy), using the split mode (50:1) and a 60 m × 0.25 mm
× 0.25 μm DB23 column (Agilent, Milan; Italy) with the same GC oven program and
conditions used for FAME. DMA-18:0 was determined and quantified by its retention time
and by multiple-point GC calibration curves of the standard reference (5 points) (LOQ:
0.0002 μg/mL; LOD: 0.0006 μg/mL; R2 = 0.9979). Photolysis was performed as already
described [28,34].

Liposome reactions were performed in an incubating orbital shaker (Argolab, Ski 4,
Carpi, Italy), keeping the temperature at 37 ◦C.

Ag TLC preparation, TLC glass plates were pre-treated with 5% AgNO3 solution in ace-
tonitrile for 15 min and then dried at 120 ◦C for 1 h. Eluent for separation: CHCl3/MeOH/H2O
4.5:2.3:0.2. The formation of a mixture of trans isomers after 4 min of UV-photolysis was
monitored by Ag-TLC, using the cis plasmalogen as reference.

3. Methods

3.1. Transesterification Procedures of C18 Plasm-20:4 PC, FAME, Soybean Lecithin and RBC

A stock solution of 5 mg/5 mL of C18 plasm 20:4-PC (99% pure) in CHCl3 was
divided in aliquots of 0.25 mL in glass vials with Teflon cap (0.25 mg; 0.32 μmol) for each
experiment. After the evaporation of CHCl3, transesterification reactions were performed
in the following conditions in triplicates:

(A) alkaline conditions: addition of 0.5 M KOH in MeOH (0.5 mL) to the plasmalogen,
stirring of the reaction for 10 min, and quenching with a saturated solution of NaCl (0.5 mL);
the FAME were extracted with n-hexane (4 × 1 mL), the organic solvent was dried on
anhydrous Na2SO4, evaporated to dryness, and the residue was dissolved in n-hexane
(50 μL) and analyzed by GC (1 μL) [37];

(B) acidic condition 1: addition of HCl/MeOH 0.5M (1.5%) (1 mL; fresh opened
single-dose ampoule) to the plasmalogen and stirring of the reaction for 2 h at a controlled
temperature of 100 ◦C in a thermostatic block [38,39]. The cooled methanolic reaction
mixture was then extracted with n-hexane (4 × 1 mL). The organic layers were collected
and evaporated to dryness. The residue containing FAME was dissolved in n–hexane
(50 μL) and analyzed by GC (1 μL);

(C) acidic condition 2: addition of BF3 in MeOH (14% wt/vol) (1mL) to the plasmalo-
gen, stirring the reaction at a controlled temperature of 50 ◦C for 1 h in a thermostatic
block [40]. After cooling at room temperature, the addition of 1 mL of a saturated solution
of NaHCO3 and n-hexane (4 × 1 mL) was performed followed by vortex-mixing; the
hexane layers containing FAME were separated, collected, dried over anhydrous Na2SO4
and evaporated to dryness. The residue containing FAME was dissolved in n–hexane (50
μL) and analyzed by GC (1 μL).

In all FAME extraction steps, 100 μL of a stock solution of internal standard 17:0
methyl ester (1 mg/mL) was added to calculate the FAME recovery yield.
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Table S1, Figures S1 and S2 (Supplementary Materials) show the results of plasmalo-
gen transformation.

Alkaline (0.5 M KOH in MeOH) and acidic (HCl/MeOH 0.5M) procedures with the
addition of C17:0 FAME, as above described, were also applied to evaluate FAME recovery
yield of soybean lecithin (1 mg). The indicated experiment was performed in triplicates
and the results are shown in Table S2.

The transesterification procedures were also tested with RBC. A single blood sample
(40 mL), pooling 20 blood samples from different individuals, was created and 20 samples
of 250 μL each (for a total of 5 mL) were taken to isolate RBC membranes and obtain
membrane phospholipids, as described previously [32,33,41,42]. The 20 phospholipid
extracts were divided into two groups to carry out alkaline (0.5 M KOH in MeOH) and
acidic (HCl/MeOH 0.5M) transesterifications (n = 10 for each group). Only these two
methodologies were chosen, excluding the acidic condition with BF3/MeOH that has been
shown to give an extensive PUFA deterioration in the C18 Plasm-20:4 PC transformation.
FAME was obtained and examined by GC analysis as above described.

3.2. Plasmalogen Cis-Trans Isomerization

Cis-trans isomerization was performed by applying the previously described pro-
cedure for cardiolipins [34]. C18 plasm 20:4-PC (20 mg, 0.025 mmol) was dissolved in
benzene (2 mL); the solution (12.6 mM) was transferred to a micro-photochemical reac-
tor, degassed under N2 for 20 min and, during the degassing, added with 0.5 equiva-
lents of 2-mercaptoethanol in benzene (85 μL of a 146 mM stock solution; 6.3 mM). UV
photo-irradiation was carried out for 4 min at a temperature of 22 ± 2 ◦C. Ag-TLC using
CHCl3/MeOH/H2O 4.5:2.3:0.2 as eluent evidenced three fractions (Rf: 0.7, 0.8, 0.86 corre-
sponding to trans plasmalogen isomers) in comparison with starting material (Figure S3).
The reaction mixture was evaporated to dryness and left under vacuum for 6 h to remove
the residual thiol reagent. The crude (19 mg) was dissolved in 0.3 mL of deuterated benzene
to carry out NMR spectra (1H, 13C, 2D HSQC) and compare them with the same NMR
experiments run on the starting material.

1H and 13C NMR spectra were performed on the commercially available C18 plasm
20:4-PC in deuterated benzene, a solvent chosen to avoid hydrolysis of the vinyl ether which
occurs in deuterated chloroform (Figures S4 and S5). Identification and attribution of the
resonances are described in SI. 2D HSQC NMR (Figure S6a) was performed to assign proton
and carbon resonances involved in double bonds, focusing specifically on those involved in
vinyl ether moiety; Figure S6b reports magnification of the regions corresponding to vinyl
ether group and arachidonic acid alkenyl carbons. 1H and 13C NMR spectra in deuterated
benzene were carried out on the mixture of cis/trans C18 plasm 20:4-PC after photolysis
(Figures S7 and S8). The assignment of resonances in the mixture is described in SI. 2D
HSQC NMR of cis/trans plasmalogen mixture was performed (Figure S9a), to identify
the vinyl ether group referred to as trans plasmalogen isomer (Figure S9b). An aliquot
of the plasmalogen isomer mixture (0.5 mg) was also treated with KOH/MeOH (as the
transesterification procedure) to obtain the fatty acid methyl ester (FAME) of arachidonic
acid (ARA) moiety present at sn-2 position. GC analysis under known conditions separated
and identified the four mono-trans isomers of the ARA residue (Figure S10).

To quantitate the progressive formation of trans isomers, photo-irradiations were
performed on C18 plasm-20:4 PC (5 mg, 0.0063 mmol, 0.5 mL benzene) in presence of
0.5 equivalent of 2-mercaptoethanol, for 1, 2.5 and 4 min. At each time point, as previously
described, the solvent was evaporated under vacuum and the residue dissolved in 150 μL
of benzene-d6 containing 7.4 mM tetramethylsilane (TMS) as internal standard.

3.3. Preparation of Liposomes

Liposome preparation followed previously published procedures [28,34]. Briefly, a
mixture of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) (85%) and C18 plasm
20:4-PC (15%) was dissolved in chloroform, evaporated to dryness to obtain a thin lipid
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film and left under vacuum for 1 h to eliminate traces of solvent. Then 1.3 mL of tri-
distilled water was added to reach a final lipid concentration of 10 mM and multilamellar
vesicles (MLV) were formed by vigorous vortex stirring at 2200 rpm for 10 min. Large
unilamellar vesicles were then prepared by extrusion technique (LUVET) using a filter of
200 nm diameter; the dimension was confirmed by Dynamic Light Scattering (DLS). The
same procedure was applied for liposomes with 1-stearoyl-2-arachidonoyl-sn-glycero-3-
phosphocholine (SAPC) 100%.

3.4. Preparation of RBC Ghosts

RBC was obtained from fresh EDTA-treated blood samples of healthy volunteers (see
Material section) after separation from plasma as previously described [33,42]; briefly, 1 mL
of whole blood was added with phosphate buffer (0.5 mL) and centrifuged at 5000 rpm
for 5 min at 4 ◦C for two consecutive times. Plasma was removed and RBC lysis was then
obtained by adding tridistilled H2O followed by subsequent centrifugation at 15,000 rpm
per 15 min at 4 ◦C 4 times to obtain a clear supernatant, which was then discarded;
the erythrocyte membrane pellets were collected and used to prepare RBC ghosts as
multilamellar vesicles (10 mM lipids as MLV suspended in water) following the above-
described procedure for liposomes.

3.5. Isolation of Plasmalogens from RBC Membranes

RBC membrane pellets, obtained following the protocol described in Section 3.4, were
extracted with a 2:1 CHCl3/MeOH solution (4 times × 4 mL), according to the Folch
method [43]. The organic layers were collected and dried over anhydrous Na2SO4, then
evaporated under a vacuum to dryness. The lipid extracts were dissolved in 0.4 mL
chloroform to isolate RBC plasmalogens by preparative TLC. The commercially available
C18 plasm 20:4-PC was used as a standard reference. Eluent used for separation was
CHCl3/MeOH/H2O 4.5:2.3:0.2 (adapted from ref [44]). The desired spot was scratched
off, and silica gel was suspended in CHCl3/MeOH/H2O 4.5:2.3:0.2, stirred, and filtered;
analytical TLC confirmed the purity of the plasmalogen fraction, estimated as 15% of the
total lipid content.

3.6. Incubation Experiments under Oxidative Conditions

RBC ghosts or liposomes, prepared with SAPC and with 85:15 POPC/Plasmalogen
mix (10 mM stock solution), were stored at 4 ◦C before use. Stock solutions of aqueous
Fe(NH4)2(SO4)2 (1 mM), H2O2 (1 mM), and 2-mercaptoethanol (1 mM) were freshly pre-
pared before incubations. To a 2 mL vial, the following reagents, at molarities similar to the
biological ones, were added in sequence: Fe(NH4)2(SO4)2 × 6H2O (10 μM), H2O2 (100 μM),
liposome (1mM) and thiol (10 μM). Control samples containing only liposomes (1mM), in
the absence of iron salts and thiols, were used to estimate the incubation effect (as blank).
In all cases, a final reaction volume of 0.5 mL was reached. The oxidation reactions were
performed in open vessels, keeping an incubation at 37 ◦C in an orbital shaker for 15 h, as
described for cardiolipins [34], followed by work-up (extraction, transesterification, and
GC analysis) as described in Sections 3.1 and 3.5.

3.7. Statistical Analysis

The results of the experiments were given as mean values ± SD and statistical analysis
was performed using GraphPad Prism 8.0 software (GraphPad Software, Inc., San Diego,
CA, USA). We used a non-parametric unpaired t-test two-tailed with 95% confidence
interval.

4. Results and Discussion

4.1. Plasmalogen Cis-Trans Isomerization in Solution

The thiyl radical catalyzed isomerization of commercially available C18 plasm 20:4-PC
(12.6 mM) was carried out in benzene by photolysis using 2-mercaptoethanol (6.3 mM)
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as the thiol [32,45]. We decided to perform the isomerization in an N2-saturated benzene
solution since we observed that degradation of the starting material is easier in chloro-
form than in benzene, likely due to the acidity of the former solvent. Irradiation in the
photochemical reactor equipped with a mercury lamp (λ = 250–260 nm) was carried out
for 4 min monitoring the formation of trans isomers by Ag-TLC individuating two new
spots at higher Rf (Figure S3). Indeed, the Ag-assisted technique assigns the highest Rf to
the compound with more trans double bonds [46]. At this stage we tried to separate the
two plasmalogen isomer fractions; however, we did not succeed due to the sensitivity to
hydrolysis during the work-up. The cis/trans plasmalogen mixture was used for mono and
bi-dimensional NMR experiments, in order to individuate characteristic resonances of the
trans isomer configuration of the vinyl ether moiety as well as of the trans double bonds of
the Ara moiety. Figure 2 summarizes the results, highlighting the NMR regions of 1H NMR
(a) and 13C NMR (b) spectra corresponding to the vinyl ether function OCH=CH in the cis
and trans configurations: in the starting material, the red line identified the connections
between the proton signal of OCH=CH at ppm 6.22 with its carbon at 145.66 ppm; while
the blue line correlates the proton OCH=CH at 4.55 ppm with the carbon at 107.07 ppm.
The integration of the trans-assigned regions gave an estimation of trans isomer formation
at 32% yield. The trans vinyl ether assignments are corroborated by analogous assignments
in the case of the previously cited synthetic plasmalogen [26].

 

Figure 2. NMR spectra of the commercially available cis plasmalogen and the corresponding mixture
of cis/ trans plasmalogen obtained after 4 min of UV photolysis; (a) 1H NMR and (b) 13C NMR
regions relative to vinyl ether group; the red and blue lines give the H-C correlations of the OCH=CH
group in cis configuration; red and blue dashed lines give the H-C correlations of the trans OCH=CH
group; (c) region of bis-allylic and allylic proton signals; the red circle highlights the new signals
at 2.78 and 1.97 ppm; (d) 13C NMR spectral region relative to C15 resonance of cis plasmalogen
and the corresponding cis/trans plasmalogen isomers, where red dashed lines indicate the mtAra
isomers: 14-trans (130.90 ppm), 11-trans (130.51 ppm), 8-trans (130.26 ppm) and 5-trans (130.21 ppm)
isomers [32].

In Figure 2c,d, the traces of the cis/trans isomer mixture show the two vinyl ether
proton signals and the corresponding carbon atom resonances (red and blue dotted lines)
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of the trans vinyl ether-containing plasmalogen isomer. In Figure 2c,d, 1H and 13C NMR
analyses are dedicated to the arachidonic acid moiety of the plasmalogen structure. The
spectral region corresponding to allylic and bis-allylic hydrogen atoms is focused with two
signals at 1.97 and 2.78 ppm, respectively, related to the mono-trans isomer of plasmalogen
in comparison to the natural cis plasmalogen.

In Figure 2d the 13C region corresponding to the C15 position of Ara residue is shown:
the C-15 resonance of the cis isomer (130.34 ppm) is accompanied by four distinctive reso-
nances at 130.90, 130.51, 130.26, 130.21 ppm, which belong to the mono-trans arachidonate
isomers (mtAra) in position 14, 11, 8 and 5, respectively. This assignment is supported by
previous data from the isomerization of 1-stearoyl-2-arachidonoyl-phosphatidyl choline
(SAPC), and the four mono-trans isomers derived from the isomerization of Ara methyl
ester (AraMe) [32,45].

1H NMR experiments were also performed on the mixture of cis/trans plasmalogen
after photo-irradiation at 1, 2.5, and 4 min of C18 plasm-20:4 PC (5 mg, 0.00625 mmol,
0.5 mL benzene) in presence of 0.5 equivalent of 2-mercaptoethanol; the above-described
characteristic proton signals were followed up by 1H NMR, at each time point of irradiation,
dissolving in the crude reaction mixture in deuterated benzene 7.4 mM tetramethylsilane
(TMS) as internal standard. This expedient allowed the calculation of the product yields,
using the molarity of TMS standard to obtain those of cis/trans vinyl ether-containing
compound, thus resulting in the yield of the trans plasmalogen (Table in Figure 3A).
On the other hand, using the transesterification under alkaline conditions followed by
quantitative GC analysis, the molarity of cis and mono-trans Ara isomers at the sn-2 position
of plasmalogen was calculated (Figure S10). In Figure 3B the molarities expressed as relative
quantitative percentages of the above-described analyses are reported in the function of
the reaction time, showing the progressive formation of trans-plasmalogens (containing
trans vinyl ether and mono-trans Ara isomers), reaching around 30% yield after 4 min
photoirradiation, with 70% of the starting cis plasmalogen recovered in the mixture. Table
S4 in Supplementary Materials gives details of the follow-up of the cis and trans contents
in this experiment.

 
Figure 3. Follow-up of the isomerization of C18 plasm-20:4 PC (0.125 mM) performed in deuterated
benzene in presence of 2-mercaptoethanol (0.5 equiv.) after 1, 2.5, and 4 min of photo-irradiation:
(A) trans vinyl ether formation quantitatively determined by 1H NMR, using tetramethylsilane (TMS)
molarity (7.4 mM) as a reference, and mt Ara isomers obtained by quantitative GC analysis after
transesterification of the reaction mixture at each time point; (B) graphical representation of the
values reported in Table A for the plasmalogen photoirradiation with the formation of trans isomers
and decrease of the starting cis material. See details in Table S4.

It is evident from Figure 3 that the vinyl ether reactivity in cis-trans isomerization is
similar to the reactivity of Ara moiety that contains four C–C double bonds. The mechanism
of the cis-trans isomerization of C-C double bond in MUFA methyl esters by thiyl radicals
has been studied in detail [47–49], as well as for methyl linoleate as a model for PUFA
isomerization [50]. The reversible addition of thiyl radical to cis fatty acids converts
them to trans fatty acids in a catalytic process (see Figure 1c) and the cycle is interrupted
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by exothermic allylic or bisallylic abstraction [49,50]. Kinetic data are available for all
elementary steps as well as the cycle lengths for individual fatty acids. On this basis, the
reason for the high reactivity of cis vinyl ether for the isomerization reaction (Figure 4)
with respect to cis double bond in unsaturated fatty acids can be attributed at least to two
factors [51]: (i) higher rate constant of RS• addition due to the stabilization of adduct radical
(see Figure 4), i.e., by the interaction of unpaired electron of thiyl radical with the lone pair
electrons of oxygen, and (ii) the effect of the oxygen substituent increasing the pyramidality
of the radical center and barriers to internal rotation about Cα–Cβ and Cα–O, thus favoring
conformational preference of intermediate radical towards the trans vinyl ether.

 
Figure 4. Proposed mechanism for the thiyl radical catalyzed cis-trans isomerization of vinyl ether
moiety in plasmalogens.

4.2. Transesterification Procedures for Plasmalogen-Containing Samples

As explained in Section 1, plasmalogens present a typical vinyl ether bond, which
is resistant to strong bases and reducing/oxidizing agents and is easily cleaved by acids,
leading to an aldehyde function further transformed to dimethyl acetal (DMA) when the
reaction is performed in methanol [23,52–54]. We performed a precise evaluation of the
best transesterification condition for releasing the fatty acid in the sn-2 position as the
corresponding FAME. This step is very important to treat biological samples containing
plasmalogens, such as in the case of red blood cell (RBC) membranes. Indeed, the occur-
rence of vinyl ether hydrolysis results in the formation of a lysophospholipid derivative,
affecting the behavior of the PUFA residue in sn-2 [23]. We first compared treatments of the
commercially available C18 plasm 20:4-PC using alkaline conditions at room temperature
(rt) using 0.5 M KOH/MeOH, and under two acidic conditions: 0.5 M (1.5%) HCl/MeOH
at 100 ◦C and 14% BF3/MeOH at 50 ◦C, as indicated in Section 3.1. Each experiment
was performed in triplicate and results are reported in Table S1 (Supplementary Materi-
als). Only alkaline transesterification (0.5 M KOH/MeOH) transformed the arachidonic
acid residue into its methyl ester (Ara-Me) in quantitative yield, as ascertained by GC
quantitative analysis using 17:0 (as an internal standard in the extraction phase) and by
calibration of standard Ara-Me via multiple points GC calibration curves, as previously
described [34]. No formation of DMA18:0 was detected. The methanolic acidic condition
at a high temperature (100 ◦C) gave Ara-Me 92% yield and parallel formation of DMA
C18:0 (52% yield). The acidic treatment with 14% BF3/MeOH at 50 ◦C produced Ara-Me
(58% yield) and DMA C18:0 (32.5% yield), showing that the two acidic conditions cause
a consistent loss of information about the PUFA in the sn-2 position (Table S1). Figure S1
reports the GC chromatograms of the three transesterification reactions (A: KOH/MeOH at
rt; B: HCl/MeOH at 100 ◦C; C: BF3/MeOH at 50 ◦C); under acidic reactions, the presence of
Ara-Me, DMA 18:0 and 17:0 (reference standard) is detected, together with a degradation
product of DMA 18:0 which is known to be due to additional hydrolytic processes [52–54].
The formation of DMA18:0 was also confirmed by GC-MS (Figure S2) with diagnostic
fragmentations at m/z 75 and 283 [54]. These results clarify the only condition to treat
plasmalogen-containing specimens, i.e., KOH/MeOH at room temperature, whereas the
results of samples that contain plasmalogens under acidic conditions and high tempera-
tures are inexact [24,25,53,54] since the PUFA residues present in the sn-2 position are not
transformed quantitatively. Additionally, the use of acidic conditions, besides the high
temperatures (50 and 100 ◦C) and longer reaction times required, needs fast manipulation
and hermetic vials to avoid irritations and water interference; in the case of BF3 undesirable
side reactions can also occur [55,56].

Alkaline and acidic transesterifications were also compared to examine the complexity
of biological samples, such as soybean lecithin and RBC membrane pellet, taking into
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account that samples of biological origin and RBC often are reported under the condition of
0.5M HCl/MeOH at 100 ◦C [24,25,38,57]. In the lecithin experiment, performed in triplicate,
the conversion of the linoleic acid residue into its methyl ester, calculated by calibration
curve of the standard reference, was quantitative in basic condition (0.5 M KOH/MeOH at
room temperature) and had a 93% yield in acidic condition (0.5 M HCl/MeOH, at 100 ◦C)
(Table S2). It is worth noting that plasmalogens are not present in soybean lecithin. In RBC
membranes, where a natural content of plasmalogen is around 15–20% of the total mass of
phospholipids (see Experimental Section 3.5) [12–14,58], a membrane pellet was prepared
(n = 10) to carry out the two transesterification reactions of the same sample, followed by
work-up and analysis, as described in Section 3.1.

The results of the FAME composition of the same RBC membrane pellet treated by
the two transesterification reaction conditions evidenced clear and statistically relevant
differences, as reported in Table 1. This can be expected from the well-known chemical
reactivity of lipid structures which contains amide-, ether, and ester bonds to link the fatty
acid moiety [58–61]. In the acidic condition, it was seen the enrichment of SFA residues,
explained by the transformation of SFA residues belonging to amide-containing lipids,
such as sphingolipids, which need a such strong protocol to be converted [59–62]. Acidic
conversion is the most frequently used method for automated protocols of blood lipidomic
analysis for epidemiological studies [62,63]; however, it must be clear to the analyst that in
this case sphingomyelins are transformed (rich in SFA), whereas plasmalogens, as well as
other acid-sensitive PUFA-containing lipids, are not stable. On the other hand, under basic
conditions, plasmalogens can release the ester-linked fatty acid moieties, which are mostly
PUFA residues, as FAME, thus saving this important information about the presence of
essential fatty acids. In Table 1 the different PUFA contents in the two conditions can be
compared. It is worth noting that the results are obtained quantitatively (μg/μL) by parallel
17:0 and PUFA calibration, and then transformed into relative quantitative percentages of
each element in the fatty acid cluster (13 elements). In nutritional studies and in evaluating
the oxidative effects of diseases, using RBC membranes, as well as sperm lipids and other
specimens rich in plasmalogens, our results demonstrate the importance of laboratory
protocol choice affecting the resulting outcome. Another important point is to use both SFA
and PUFA standards for the fatty acid calibration step, to ascertain that work-up conditions
do not affect labile structures.

Table 1. Comparison of fatty acid methyl ester (FAME) percentages (% rel. quant.) obtained from the
same RBC membrane pellet transformed by alkaline (0.5 M KOH/MeOH; room temperature) and by
acidic (0.5 M HCl/MeOH—100 ◦C) transesterification conditions (n = 10 repetitions each).

FAME 1
KOH/MeOH

(% Rel. Quant.)
Mean ± SD (n = 10)

HCl/MeOH
(% Rel. Quant.)

Mean ± SD (n = 10) 2

16:0 23.3 ± 0.6 34.0 ± 3.2 ***
9cis-16:1 0.24 ± 0.03 0.18 ± 0.05 **

18:0 16.0 ± 1.3 21.8 ± 1.3 ***
9trans-18:1 0.01 ± 0.01 0.03 ± 0.01 ***

9cis-18:1 17.0 ± 0.5 13.8 ± 1.0 ***
11cis-18:1 1.2 ± 0.2 1.0 ± 0.1 ***

9cis,12cis-18:2 12.1±0.6 9.2 ± 0.4 ***
20:3 omega-6, DGLA 2.3 ± 0.1 1.5 ± 0.3 ***

20:4 omega-6, Ara 18.8 ± 0.4 13.3 ± 1.4 ***
5mtAra 0.02 ± 0.01 0.03 ± 0.01 *

20:5 omega-3, EPA 0.8 ± 0.1 0.6 ± 0.3 *
22:5 omega-3, DPA 2.7 ± 0.5 1.7 ± 0.4 ***
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Table 1. Cont.

FAME 1
KOH/MeOH

(% Rel. Quant.)
Mean ± SD (n = 10)

HCl/MeOH
(% Rel. Quant.)

Mean ± SD (n = 10) 2

22:6 omega-3, DHA 5.4 ± 0.1 3.0 ± 0.5 ***
SFA 39.3 ± 1.3 55.8 ± 3.3 ***

MUFA 18.5 ± 0.7 14.9 ± 0.9 ***
PUFA 42.1 ± 0.7 29.3 ± 2.6 ***

omega-6 33.2 ± 0.7 24.0 ± 1.8 ***
omega-3 8.9 ± 0.4 5.2 ± 0.9 ***

TOT TRANS 0.03 ± 0.01 0.05 ± 0.02 *
1 Identified by standard references and quantified as described in Materials and Methods. Values are obtained in
μg/μL from the GC peak areas recognized and calibrated with standard references (corresponding to >97% of the
total peaks of the chromatogram). Values are expressed in percentages relative to the sum of all the quantities
of the recognized peaks (100%) ± Standard Deviation (S.D); 2 Statistical significance is estimated: * p < 0.043;
** p ≤ 0.0044; *** p ≤ 0.0005.

4.3. Plasmalogen-Containing Liposomes as Model for Radical Stress Conditions

Radical stress conditions were then studied in plasmalogen-containing liposomes
using the alkaline transesterification procedure to follow up the two expected processes: iso-
merization with the formation of mtAra isomers of plasmalogen and peroxidation reaction
of the PUFA evaluated by the loss of Ara (Section 3.6). We previously evidenced that cis-
trans isomerization can occur during lipid peroxidation [28,35]; however, plasmalogen reac-
tivity by combined isomerization-oxidation processes was never reported. This is a missing
point in the whole scenario of the sensitivity of this lipid class to oxidative conditions,
including the protective role of vinyl ether bonds against PUFA peroxidation [15,16,26].
As extensively explained in previous work on lipid isomerization [27–32,34,35], we first
discovered the harmful consequence of thiyl radicals formed from thiols for the cis lipid
double bonds (Figure 4). The biological significance of this reaction relies on the fact
that thiyl radicals are produced from sulfur-containing compounds, such as cysteine, glu-
tathione, and H2S, as part of their antioxidant reactivity in cell metabolism [27,32]. We
proved that trans fatty acid levels increase under biological stress conditions and nowadays
these markers are considered in the scenario of pathological conditions [64]. The formation
of free radicals from the antioxidant reaction is often under-evaluated in the whole scenario
of biological damage repair. In our studies of the thiol involvement, we demonstrated that
when the redox cycle of Fe2+/Fe3+ is involved, such as in the case of bleomycin complex,
both reactive radical species OH• and RS• are produced and trigger the reactivity shown in
Figure 5, causing these species both PUFA peroxidation together with MUFA and PUFA
double bond isomerization, respectively [34,35].

We used this knowledge to carry out a biomimetic experiment with plasmalogens
using a 1 mM liposome suspension, composed of an 85:15 ratio of POPC and C18 plasm
20:4-PC, thus keeping the 15% plasmalogen content usually present in RBC membranes.
The natural content of oxygen in the medium (open air) was left in all reactions, i.e., no
degassing operation was performed, as previously reported [34]. We added the Fenton
reagent (10 μM Fe2+ salt and 100 μM H2O2) and incubated at 37 ◦C for 15 h, as the time
frame used for the previously described cardiolipin experiment, with or without 10 μM
amphiphilic 2-mercaptoethanol (Section 3.6).
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Figure 5. The isomerization and peroxidation processes occurring under Fenton-like conditions to
double bond and PUFA moieties, respectively, in the presence of thiol RSH. The double bond can
belong to the vinyl ether function or the unsaturated fatty acid chain.

In Table 2 the results of the two different suspensions as triplicates are reported,
monitoring both peroxidation/isomerization of the Ara moiety of C18(plasm)20:4–PC
(expected to give the four mono-trans isomers as depicted in Figure 1d) and isomerization
for the oleic acid (9cis-18:1) moiety of POPC (i.e., expected to be transformed into elaidic
acid, 9trans-C18:1 [27,28]). In the absence of thiol, no trans isomer was detected. The
occurrence of peroxidation reaction was calculated from the recovery of Ara, quantitatively
estimated using the calibration curve with Ara and the addition of an internal standard
(C17:0 methyl ester). This is an indirect way to estimate Ara loss for peroxidation reaction,
not using the direct measurement of peroxide formation [34,35]. In Table 2 the experiment
without thiol showed no effect on the oleic acid moiety of POPC, whereas the Ara moiety
of plasmalogen was reduced by 46%. In the presence of 10 μM 2-mercaptoethanol, as a
source of thiyl radicals, the occurrence of both peroxidation and isomerization processes
was evidenced for the oleic and arachidonic acids moieties, with the operative cycle shown
in Figure 5.

Table 2. Contents of 9cis-18:1 (oleic acid) and Ara and their corresponding trans isomers in 1 mM
Plasmalogen/POPC liposome suspensions (15:85) in the presence of 10 μM Fe2+, 100 μM H2O2

incubated at 37 ◦C in the open air for 15 h with/without 10 μM 2-mercaptoethanol as a thiol 1.

Thiol (μM) 9cis-18:1 (%) 9trans-18:1 (%) Ara (%) Ara Loss (%) mtAra (%)

0 99.9 - 54.0 46.0 n.d.
10 99.0 0.55 77.1 21.0 1.9

1 Values are means ± standard deviation of n = 3 experiments under the same conditions; they are expressed as
a relative percentage (% rel. quant.) of each fatty acid isomer with respect to the starting cis fatty acid residue,
estimated by GC analysis using calibration with appropriate standard references and C17:0 as internal standard.
The sd is not indicated since all experiments had sd < 0.1; n.d. = not detectable.

Finally, the model of RBC ghosts was examined as an additional biomimetic model to
estimate the plasmalogen contribution to the exposition of biological membranes to radical
stress. They were obtained following known procedures described in Section 3.4 [33,43].
RBC ghosts are membranes containing 15% plasmalogen in a mix with other phospho-
lipids [58,65] and allow evaluating the behavior of oleic acid (9cis-18:1), linoleic acid
(9cis,12cis-18:2, PUFA omega-6) and Ara residues. In this way, we could reach a satisfac-
tory overview of reactivity environments to evaluate how plasmalogens behave toward
peroxidation/isomerization. The results are listed in Table 3.
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Table 3. Yields (% rel. quant.) of 18:1 (oleic acid), 18:2 (linoleic acid), and Ara and their corresponding
monotrans (mt) isomers obtained after transesterification of RBC ghosts (1 mM) incubated at 37 ◦C
in the open air for 15 h in the presence of 10 μM Fe2+, 100 μM H2O2, with/without the addition of
10 μM 2-mercaptoethanol as a thiol.

Thiol (μM) 9cis-18:1 9trans-18:1 Ara Ara Loss mtAra 18:2 18:2 Loss mt-18:2

0 99.0 ± 1.0 - 66.9 ± 1.1 33.1 ± 1.1 - 73.4 ± 2.1 26.5 ± 2.1 -
10 99.2 ± 0.1 0.7 ± 0.1 95.0 ± 0.2 2.3 ± 0.01 2.3 ± 0.2 96.1 ± 0.8 2.5 ± 0.6 1.4 ± 0.2

Values are means of n = 3 experiments under the same conditions expressed as a relative percentage (% rel.
quant.) of each fatty acid isomer with respect to the starting cis fatty acid residue, estimated by GC analysis using
calibration and 17:0 as internal standard; Yields of the three repetitions were found with errors <0.05%.

The most representative PUFA are linoleic acid (26% of loss) and Ara (loss of 33%)
after incubation at 37 ◦C for 15 h (Table 3). Compared with 85:15 POPC: C18 plasm 20:4-PC,
where the Ara loss is 46% (Table 2), PUFA reactivity to oxidation can be considered almost
equivalent. It is remarkable that in RBC ghosts, containing approximately 18% MUFA
and 42% PUFA residues, including 18% Ara (see Table 1 and [58]), Ara loss resulted to be
similar to the 15/85 plasmalogen/POPC liposomes. When thiol was added, the scenario
of peroxidation and isomerization reactivity showed almost complete protection of PUFA
moieties (linoleic and arachidonic acids yields = ca 95%) with the appearance of trans
isomers in a 0.7–2.3%. The behavior of RBC ghosts was completely different from the 85:15
POPC: C18 plasm 20:4-PC liposomes, which still showed an Ara loss of 21%.

In order to compare the arachidonic acid reactivity in lipids without the vinyl ether func-
tion, we also compared the behavior of liposomes made of 100% 1-stearoyl-2-arachidonoyl-
sn-glycero-3-phosphocholine (SAPC) under oxidative conditions. The consumption of
Ara moiety under Fenton conditions was found to be very high (73%, see Table S3), the
highest among the liposome suspensions tested in this work. This can partly confirm the
reported indication of oxidative protection given by the vinyl ether moiety of plasmalo-
gens [15,16], at least reducing the PUFA loss comparing the data for liposomes containing
15:85 Plasmalogen/POPC, 100% SAPC, and RBC ghosts (Table 2, Table 3 and Table S3). In
this experiment, it must be underlined that plasmalogens are a mix of structures having
choline and ethanolamine as the polar head. This structural diversity should be considered
part of the variables that can lead to a different molecular reactivity, which can be deepened
in further studies. It must be also added that although the influence of the cholesterol
in membranes is not the target of this work, the cholesterol content in RBC ghosts [65] is
known to protect membrane phospholipids from oxidative damage [66].

5. Conclusions

The present work expands knowledge on the plasmalogen reactivity toward oxida-
tive conditions completing the scenario of biological membrane transformations. The
phenomenon of membrane lipid oxidation involves lipid bilayer properties and interac-
tions between the lipid bilayer and integral membrane proteins [67], as well as the type
of membrane lipids triggering oxidative reactivity, such as in the case of ferroptosis [68].
We demonstrated for the first time that plasmalogens display an additional reactivity
linked to the cis double bonds at the vinyl ether function and the polyunsaturated fatty
acid residue. Geometrical isomerization and formation of trans plasmalogens occur in
the presence of thiyl radicals, generated from thiols in connection with the redox cycle
Fe+2/Fe+3, which is considered a double-edged process in the scenario of cell death [69].
The design of appropriate models to estimate the potential of oxidative processes and
antioxidant effects in biological membranes must take into account also the molecular
composition and the plasmalogen contribution in tissues. We furnished clear proof that
lipid composition with its supramolecular organization plays a crucial role in the overall
protection of membranes from degradative processes, which can vary from tissue to tissue
and from their plasmalogen contents.
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H2O2; Table S4: Follow-up of the isomerization of C18 plasm-20:4 PC (0.125 mM); Figure S1: GC
chromatograms of plasmalogen (C18 plasm 20:4-PC) transesterification performed in three conditions;
Figure S2: GC/MS chromatogram showing 18:0 DMA and the side product after plasmalogen
transesterification in acidic condition; Figure S3: Ag-TLC monitoring of the photoisomerization of
plasmalogen; Figure S4: 1H NMR spectrum of commercially available plasmalogen in C6D6; Figure S5:
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enlargement; Figure S10: Enlargement of GC traces.

Author Contributions: Conceptualization, C.F.; methodology, C.C., A.S., F.V., V.R.; formal analysis,
A.F., A.S., F.V., G.B.; investigation, A.S., F.V., G.B.; resources, C.F., V.R.; data curation, C.F., C.C.,
A.S.; writing—original draft preparation, C.F., A.S.; writing—review and editing, C.F., C.C., A.S.,
M.V.R.; visualization, C.F., C.C.; supervision, C.F., M.V.R.; project administration, C.F., V.R.; funding
acquisition, C.F., V.R. All authors have read and agreed to the published version of the manuscript.

Funding: F.V. was supported for a 1-year grant by Lipinutragen srl; G.B. is a PhD student of the
Department of Biotechnological, Biocomputational, Pharmaceutical and Pharmacological Sciences at
the University of Bologna, in the frame of an industrial doctorate as an employee of Silfradent srl.

Institutional Review Board Statement: The study was approved by the Ethics Committee of the
Metropolitan Area of Bologna, SIMT AMBO (protocol code #0083892).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the cor-
responding author. Data sets regarding humans subjects are not available due to privacy restrictions.

Acknowledgments: Authors thanks Paolo Dambruoso for some help in NMR techniques; authors
thanks Andriani Chaidali for some laboratory activity during the work in the frame of her visit as
Erasmus+ student from the Aristotle University of Thessaloniki, Greece under the supervision of C.F.;
authors thanks Stefania Parenti of the CRC-RER for help in administrative matters.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Flor, A.C.; Kron, S.J. Lipid-derived reactive aldehydes link oxidative stress to cell senescence. Cell Death Dis. 2016, 7, e2366.
[CrossRef] [PubMed]

2. Zhivaki, D.; Kagan, J.C. Innate immune detection of lipid oxidation as a threat assessment strategy. Nat. Rev. Immunol. 2022, 22,
322–330. [CrossRef] [PubMed]

3. Munir, R.; Lisec, J.; Swinnen, J.V.; Zaidi, N. Lipid metabolism in cancer cells under metabolic stress. Br. J. Cancer 2019, 120,
1090–1098. [CrossRef]

4. Editorial. Let’s talk about lipid nanoparticles. Nat. Rev. Mater. 2021, 6, 99. [CrossRef]
5. Herrmann, I.K.; Wood, M.J.A.; Fuhrmann, G. Extracellular vesicles as a next-generation drug delivery platform. Nat. Nanotechnol.

2021, 16, 748–759. [CrossRef] [PubMed]
6. Skotland, T.; Sagini, K.; Sandvig, K.; Llorente, A. An emerging focus on lipids in extracellular vesicles. Adv. Drug Deliv. Rev. 2020,

159, 308–321. [CrossRef] [PubMed]
7. Dean, J.M.; Lodhi, I.J. Structural and functional roles of ether lipids. Protein Cell 2018, 9, 196–206. [CrossRef] [PubMed]
8. Koivuniemi, A. The biophysical properties of plasmalogens originating from their unique molecular architecture. FEBS Lett. 2017,

591, 2700–2713. [CrossRef] [PubMed]
9. Gallego-Garcia, A.; Monera-Girona, A.J.; Pajares-Martinez, E.; Bastida-Martinez, E.; Perez-Castano, R.; Iniesta, A.A.; Fontes, M.;

Padmanabhan, S.; Elias-Arnanz, M. A bacterial light response reveals an orphan desaturase for human plasmalogen synthesis.
Science 2019, 366, 128–132. [CrossRef]

108



Biomolecules 2023, 13, 730

10. Wainberg, M.; Kamber, R.A.; Balsubramani, A.; Meyers, R.M.; Sinnott-Armstrong, N.; Hornburg, D.; Jiang, L.H.; Chan, J.; Jian,
R.Q.; Gu, M.X.; et al. A genome-wide atlas of co-essential modules assigns function to uncharacterized genes. Nat. Genet. 2021,
53, 638–649. [CrossRef]

11. Almsherqi, Z.A. Potential Role of Plasmalogens in the Modulation of Biomembrane Morphology. Front. Cell Dev. Biol. 2021,
9, 673917. [CrossRef] [PubMed]

12. Honsho, M.; Abe, Y.; Fujiki, Y. Plasmalogen biosynthesis is spatiotemporally regulated by sensing plasmalogens in the inner
leaflet of plasma membranes. Sci. Rep. 2017, 7, 43936. [CrossRef]

13. Messias, M.C.F.; Mecatti, G.C.; Priolli, D.G.; Carvalho, P.D. Plasmalogen lipids: Functional mechanism and their involvement in
gastrointestinal cancer. Lipids Health Dis. 2018, 17, 41. [CrossRef] [PubMed]

14. Braverman, N.E.; Moser, A.B. Functions of plasmalogen lipids in health and disease. Biochim. Biophys. Acta-Mol. Basis Dis. 2012,
1822, 1442–1452. [CrossRef]

15. Broniec, A.; Klosinski, R.; Pawlak, A.; Wrona-Krol, M.; Thompson, D.; Sarna, T. Interactions of plasmalogens and their diacyl
analogs with singlet oxygen in selected model systems. Free Radic. Biol. Med. 2011, 50, 892–898. [CrossRef]

16. Sindelar, P.J.; Guan, Z.Z.; Dallner, G.; Ernster, L. The protective role of plasmalogens in iron-induced lipid peroxidation. Free
Radic. Biol. Med. 1999, 26, 318–324. [CrossRef] [PubMed]

17. Bueno, A.A.; Brand, A.; Neville, M.M.; Lehane, C.; Brierley, N.; Crawford, M.A. Erythrocyte phospholipid molecular species and
fatty acids of Down syndrome children compared with non-affected siblings. Br. J. Nutr. 2015, 113, 72–81. [CrossRef]

18. Dorninger, F.; Forss-Petter, S.; Berger, J. From peroxisomal disorders to common neurodegenerative diseases the role of ether
phospholipids in the nervous system. FEBS Lett. 2017, 591, 2761–2788. [CrossRef]

19. Dorninger, F.; Forss-Petter, S.; Wimmer, I.; Berger, J. Plasmalogens, platelet-activating factor and beyond—Ether lipids in signaling
and neurodegeneration. Neurobiol. Dis. 2020, 145, 105061. [CrossRef]

20. Paul, S.; Lancaster, G.I.; Meikle, P.J. Plasmalogens: A potential therapeutic target for neurodegenerative and cardiometabolic
disease. Prog. Lipid Res. 2019, 74, 186–195. [CrossRef] [PubMed]

21. Maeba, R.; Maeda, T.; Kinoshita, M.; Takao, K.; Takenaka, H.; Kusano, J.; Yoshimura, N.; Takeoka, Y.; Yasuda, D.; Okazaki, T.; et al.
Plasmalogens in human serum positively correlate with high-density lipoprotein and decrease with aging. J. Atheroscler. Thromb.
2007, 14, 12–18. [CrossRef] [PubMed]

22. Oberg, T.S.; Ward, R.E.; Steele, J.L.; Broadbent, J.R. Identification of plasmalogens in the cytoplasmic membrane of Bifidobacterium
animalis subsp. lactis. Appl. Environ. Microbiol. 2012, 78, 880–884. [CrossRef]

23. Pike, D.P.; McGuffee, R.M.; Geerling, E.; Albert, C.J.; Hoft, D.F.; Shashaty, M.G.S.; Meyer, N.J.; Pinto, A.K.; Ford, D.A. Plasmalogen
loss in sepsis and SARS-CoV-2 infection. Front. Cell Dev. Biol. 2022, 10, 912880. [CrossRef] [PubMed]

24. Acar, N.; Berdeaux, O.; Gregoire, S.; Cabaret, S.; Martine, L.; Gain, P.; Thuret, G.; Creuzot-Garcher, C.P.; Bron, A.M.; Bretillon, L.
Lipid composition of the human eye: Are red blood cells a good mirror of retinal and optic nerve fatty acids? PLoS ONE 2012,
7, e35102. [CrossRef] [PubMed]

25. Pallot, C.; Mazzocco, J.; Meillon, C.; Semama, D.S.; Chantegret, C.; Ternoy, N.; Martin, D.; Donier, A.; Gregoire, S.; Creuzot-Garcher,
C.P.; et al. Alteration of erythrocyte membrane polyunsaturated fatty acids in preterm newborns with retinopathy of prematurity.
Sci. Rep. 2019, 9, 7930. [CrossRef] [PubMed]

26. Lankalapalli, R.S.; Eckelkamp, J.T.; Sircar, D.; Ford, D.A.; Subbaiah, P.V.; Bittman, R. Synthesis and antioxidant properties of an
unnatural plasmalogen analogue bearing a trans O-vinyl ether linkage. Org. Lett. 2009, 11, 2784–2787. [CrossRef]

27. Chatgilialoglu, C.; Ferreri, C.; Melchiorre, M.; Sansone, A.; Torreggiani, A. Lipid geometrical isomerism: From chemistry to
biology and diagnostics. Chem. Rev. 2014, 114, 255–284. [CrossRef]

28. Cort, A.; Ozben, T.; Sansone, A.; Barata-Vallejo, S.; Chatgilialoglu, C.; Ferreri, C. Bleomycin-induced trans lipid formation in cell
membranes and in liposome models. Org. Biomol. Chem. 2015, 13, 1100–1105. [CrossRef]

29. Ferreri, C.; Kratzsch, S.; Brede, O.; Marciniak, B.; Chatgilialoglu, C. Trans lipids formation induced by thiols in human monocytic
leukemia cells. Free Radic. Biol. Med. 2005, 38, 1180–1187. [CrossRef]

30. Zambonin, L.; Ferreri, C.; Cabrini, L.; Prata, C.; Chatgilialoglu, C.; Landi, L. Occurrence of trans fatty acids in rats fed a trans-free
diet: A free radical-mediated formation? Free Radic. Biol. Med. 2006, 40, 1549–1556. [CrossRef]

31. Krokidis, M.G.; Prasinou, P.; Efthimiadou, E.K.; Boari, A.; Ferreri, C.; Chatgilialoglu, C. Effects of Aging and Disease Conditions
in Brain of Tumor-Bearing Mice: Evaluation of Purine DNA Damages and Fatty Acid Pool Changes. Biomolecules 2022, 12, 1075.
[CrossRef] [PubMed]

32. Ferreri, C.; Mennella, M.R.F.; Formisano, C.; Landi, L.; Chatgilialoglu, C. Arachidonate geometrical isomers generated by thiyl
radicals: The relationship with trans lipids detected in biological samples. Free Radic. Biol. Med. 2002, 33, 1516–1526. [CrossRef]
[PubMed]

33. Del Duca, E.; Sansone, A.; Sgrulletti, M.; Di Nolfo, F.; Chini, L.; Ferreri, C.; Moschese, V. Fatty-acid-based membrane lipidome
profile of peanut allergy patients: An exploratory study of a lifelong health condition. Int. J. Mol. Sci. 2023, 24, 120. [CrossRef]
[PubMed]

34. Vetica, F.; Sansone, A.; Meliota, C.; Batani, G.; Roberti, M.; Chatgilialoglu, C.; Ferreri, C. Free-radical-mediated formation of
trans-cardiolipin isomers, analytical approaches for lipidomics and consequences of the structural organization of membranes.
Biomolecules 2020, 10, 1189. [CrossRef]

109



Biomolecules 2023, 13, 730
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Abstract: Red cell diseases encompass a group of inherited or acquired erythrocyte disorders that
affect the structure, function, or production of red blood cells (RBCs). These disorders can lead to
various clinical manifestations, including anemia, hemolysis, inflammation, and impaired oxygen-
carrying capacity. Oxidative stress, characterized by an imbalance between the production of reactive
oxygen species (ROS) and the antioxidant defense mechanisms, plays a significant role in the patho-
physiology of red cell diseases. In this review, we discuss the most relevant oxidant species involved
in RBC damage, the enzymatic and low molecular weight antioxidant systems that protect RBCs
against oxidative injury, and finally, the role of oxidative stress in different red cell diseases, including
sickle cell disease, glucose 6-phosphate dehydrogenase deficiency, and pyruvate kinase deficiency,
highlighting the underlying mechanisms leading to pathological RBC phenotypes.

Keywords: erythrocyte; reactive oxygen species; antioxidant; oxidative stress; sickle cell disease;
glucose 6-phosphate dehydrogenase deficiency; pyruvate kinase deficiency

1. Oxidative Stress in Healthy Red Blood Cells

Red blood cells (RBCs) are exposed to endogenous and exogenous oxidants, commonly
referred to as reactive oxygen species (ROS) and reactive nitrogen species (RNS). These
oxidants comprise a large group of molecules with different properties, including cellular
sources and preferred molecular targets, which will be briefly discussed below, and have
been discussed in more detail elsewhere [1,2].

One of the main mechanisms of endogenous oxidant production involves oxyhe-
moglobin (HbO2). The autoxidation of HbO2 occurs spontaneously at a low rate to yield
superoxide (O2

•−) and methemoglobin (Hb-FIII, MetHb) [3]. Superoxide itself is a weak
oxidant but can further react to make stronger oxidants. Superoxide can spontaneously
dismutate to yield hydrogen peroxide (H2O2) and oxygen [4]. Hydrogen peroxide is a
stronger oxidant that will react with thiols and metal centers [5]. Hydrogen peroxide reacts
with HbO2 to yield ferryl hemoglobin, which can oxidize other proteins and lipids [6].
Furthermore, in the presence of one electron reductant such as FeII, H2O2 can also generate
hydroxyl radical (HO•), one of the strongest biological oxidants [4]. Hydroxyl radicals will
react with most organic molecules at diffusion-controlled rates to yield organic radicals
that can propagate oxidative damage [7].

RBCs will also be exposed to oxidants derived from endothelial and immune system
cells, which generate nitric oxide (NO•), superoxide, peroxynitrite (ONOO−), H2O2, and
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hypochlorous acid (HOCl). Nitric oxide is produced by the endothelial enzyme nitric oxide
synthase (NOS3) as a signal molecule to induce vasodilation and by immune system cells
at larger amounts by inducible NOS2, that result in the formation of more potent oxidizing
species that can kill invading pathogens [8].

Because of its small size and hydrophobicity, NO• can diffuse virtually unhindered
through cellular membranes [9]. In the RBCs, NO• will react with HbO2 to give MetHb and
nitrate and also with O2

•− to give the powerful oxidant ONOO− [10,11]. Superoxide is
also produced by NADPH oxidases in endothelial and immune system cells [12]. Although
the ionic nature of superoxide limits its diffusion across cellular membranes, it has been
observed to be transported by RBC band 3 bicarbonate/chloride exchange protein [13],
and it can also protonate to the hydroperoxyl radical and diffuse across the lipid fraction of
the membranes [14]. Peroxynitrite can use the same routes to diffuse into RBCs and cause
intracellular oxidation, facilitated transport of the anion by band 3, and simple diffusion of
the neutral peroxynitrous acid [15]. Peroxynitrite per se is a potent oxidizing molecule, but
it rapidly reacts with CO2 in solution to give the more potent oxidants nitrogen dioxide
(NO2

•) and carbonate radical (CO3
•−) [16]. Nitrogen dioxide diffuses very rapidly across

cellular membranes and reacts mainly with intracellular thiols but also with lipids in the
membrane [1,17]. Carbonate radicals cannot diffuse across cellular membranes and will
react preferentially with proteins [18].

Hydrogen peroxide produced by endothelial and immune-system cells directly or
indirectly by NADPH oxidases also acts as a signaling molecule in the vascular system
modulating endothelial cell proliferation and survival, for instance [19]. This exogenous
H2O2 can rapidly diffuse across the RBC membrane to oxidize intracellular targets, through
an aquaporin-independent pathway, likely by simple diffusion [2]. Hypochlorous acid is
produced enzymatically by myeloperoxidase that is released by neutrophils and monocytes
upon infection-related or inflammatory stimuli, using chloride and H2O2 as substrates [20].
Hypochlorous acid freely diffuses across the RBC membrane and oxidizes intracellular
targets [21].

All these oxidants produced in and around the RBC can oxidize biomolecules in the
RBC, but different oxidants have different preferential targets and lead to different types of
damage, as will be discussed below.

1.1. Main Targets of Oxidants in RBCs

As mentioned above, both proteins and lipids can be damaged by oxidants in RBCs.
The ultimate result of oxidative damage to RBCs is hemolysis, the loss of membrane
integrity, and the release of hemoglobin and other intracellular proteins. Free hemoglobin
is particularly toxic, and this is evident in several RBCs diseases [22].

The membrane of RBCs is composed of phospholipids, cholesterol, glycolipids, and
proteins (some of them glycosylated). The polyunsaturated fatty acids (PUFA), 18% of
the total fatty acids in RBCs [23], are the lipid components that are more susceptible
to oxidation in a series of reactions that trigger lipoperoxidation. The first event is the
abstraction of bis-allylic hydrogen from a polyunsaturated fatty acid to yield a lipid-derived
radical, which rapidly reacts with molecular oxygen to yield a lipid-derived peroxyl radical
(LOO•). This LOO• can subsequently subtract hydrogen from a neighboring PUFA, and
the reaction propagates as a chain reaction [24]. The further oxidation of LOOH yields
reactive aldehydes such as hydroxynonenal and malondialdehyde. The lipid peroxidation
propagation can be stopped by lipid-soluble antioxidants, such as α-tocopherol [24]. Also,
a minor fraction of phospholipids (10–15%) is present as plasmalogens, which present a
vinyl ether hydrocarbon group that has been associated with lipid antioxidant capacity
in vitro [25,26].

Fresh normal RBCs do not contain products of lipid peroxidation, but increased mem-
brane lipid peroxidation is evident in many RBCs diseases, such as thalassemia, unstable
hemoglobin disease, and sickle cell disease [27]. RBC diseases are also accompanied by an
increased susceptibility to lipid peroxidation. Additionally, lipid peroxidation products also
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increase during the storage of lipids for transfusion, especially when no leukoreduction is
performed [28]. In many of these cases, the oxidation of lipids is associated with the oxida-
tion of protein and crosslinking to cytoskeleton and membrane proteins [29]. Notably, much
of the lipid oxidation is catalyzed by HbO2 and is inhibited when hemoglobin is present as
MetHb [27]. A possible explanation is that monomeric or unstable hemoglobin is associated
with the RBC lipid membrane and catalyzes the formation of oxidizing radicals, such as
HO•, in situ, that cause lipid oxidation and protein cross-linking. In this line, hydrophobic
oxidants like cumene hydroperoxide or tert-butyl hydroperoxide, which partition favorably
in the membrane of RBCs, have been consistently observed to cause more damage than
water-soluble H2O2 [30–32]. Recently, increased levels of the six-transmembrane epithelial
antigen of prostate 3 (Steap3) protein in mice has been associated with increased lipid
oxidation in RBCs and hemolysis [33]. The protein Steap3 reduces Fe3+ to Fe2+ after DMT1
transmembrane transport, and its deletion in mice causes iron deficiency anemia [34]. The
mechanism of cellular damage is proposed to involve the reduction of free iron to Fe2+,
followed by a Fenton-type reaction with H2O2 to produce HO•, that then oxidizes lipids
and proteins [33].

The oxidation of hemoglobin is most easily recognized and has been found to be
involved in many of the oxidative damage to RBCs. Some drugs, such as phenylhydrazine,
can cause hemolytic anemia by means of hemoglobin oxidation that leads to the formation
of hemichrome, a misfolded form of hemoglobin, its precipitation to form Heinz bodies,
visible by microscopy, and then to hemolysis [35]. Similar effects have been observed
in RBCs from mice deficient in peroxiredoxin2 (Prx2), an important antioxidant enzyme
discussed below [36]. The oxidation of the cytoskeleton has also been observed during
the storage of RBC for transfusion, associated with an increase in protein carbonyls and
crosslinking [37]. Atomic force microscopy showed that spectrin filaments are altered
during storage, forming thicker fibers and loss of connections [38].

1.2. Antioxidant Cellular Mechanisms in RBCs

Although the RBCs are exposed to large amounts of oxidants, both from endogenous
and exogenous sources, they are well prepared to resist. Robust antioxidant defenses
allow normal RBCs to survive 120 days in circulation. The main defenses against oxidant
damage are provided by different enzymatic systems, aided by low molecular weight
antioxidant and electron-rich molecules. The antioxidant defenses ultimately rely on
the reducing power of NADPH, obtained from the oxidation of glucose by the pentose
phosphate pathway.

Glucose is transported across the RBC membrane by the highly abundant GLUT1
transporter driven by the concentration gradient. In the cytosol, glucose is phosphory-
lated to glucose-6-phosphate (G6P) by hexokinase. A large fraction of glucose is used in
glycolysis to produce the ATP necessary to keep important cellular functions working,
such as the Na+/K+ ATPase and Ca2+ ATPase pumps, and NADH that is mostly used to
reduce pyruvate to lactate and is also used to reduce MetHb to HbO2 by methemoglobin
reductase. A smaller fraction of the glucose is used in the pentose phosphate pathway to
produce NADPH, which will provide the reducing power necessary to keep glutathione
(GSH) and the thiol-dependent antioxidant enzymes reduced. NADPH is produced in the
steps catalyzed by glucose-6-phosphate dehydrogenase (G6PDH) and 6-phosphogluconate
dehydrogenase. The deficiency in G6PDH activity has important consequences in the
capacity of RBCs to deal with oxidative stress and is recognized as a health problem that
will be dealt with below.

Low molecular weight antioxidants include α-tocopherol in the plasma membrane to
prevent lipid peroxidation, ascorbate, and GSH in the cytosol that can rapidly react with
NO2

• or HOCl. Reduced ascorbate can reduce tocopheroxyl radicals in the membrane, and
oxidized ascorbate can be reduced with GSH, forming a network of antioxidant power. It
appears that the most important roles of low molecular weight antioxidants are to protect
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the lipids from oxidation, repair molecular radicals, and act as an additional reducing
power reservoir [2].

RBCs also contain a large network of antioxidant proteins that can react and deactivate
oxidant species very rapidly, preventing the damage of protein and lipids essential for RBC
function. Some of them need the assistance of other proteins to function, some do not, but
most of them act in a concerted fashion to decrease to a minimum the chances of damage
to important molecules in RBCs. Given their relevance, a detailed discussion of the most
important antioxidant proteins is given below.

• Superoxide dismutase

Superoxide dismutases (SODs) are antioxidant enzymes that catalyze the dispropor-
tionation of superoxide radicals and, therefore, constitute the first barrier against oxidative
damage in cells. These enzymes contain metal atoms in their structure, based on which
they can be classified into four groups, FeSOD, Cu, ZnSOD, MnSOD, and NiSOD [39]. Cu,
ZnSOD (SOD1) is the isoform found in RBCs. It is present at an approximate concentration
of 2 μM [40] and is associated to 95% of the entire pool of Cu2+ in the cell [41].

SOD1 is organized as a dimer, with identical active sites in each subunit. The Cu2+

atom is the redox-active metal that is sequentially reduced and oxidized by two superoxide
molecules to yield one molecule of oxygen and one of H2O2 [42,43]. Zn2+, on the other
hand, is involved in structural stabilization and ensures correct coordination and reducing
the potential of Cu2+ [44]. This process is very efficient, as the enzyme manages to increase
the rate of the spontaneous reaction by four orders of magnitude, reaching practically
diffusion-controlled values [43].

Kinetic model calculations estimate that if SOD1 were not present in RBCs, superoxide
would increase its levels to values 100 times higher than the basal concentrations [3].
Experiments performed with SOD1 deficient mice show the consequences are a rise in
MetHb and lipid peroxidation levels, accumulation of oxidized carbonic anhydrase, and,
lastly, anemia due to a decrease in lifespan and oxidative damage of RBCs [45,46].

SOD1 is characterized by having disordered regions with undefined secondary or
tertiary structures that can change rapidly in conformation. These regions appear to
be often post-translationally modified and are proposed to have regulatory roles [47,48].
Furthermore, SOD1 was reported to be inactivated and more susceptible to proteolysis
upon reaction with its product H2O2 [49,50]. However, given the abundance and reactivity
of RBC peroxidases, this process is not likely to be of relevance in vivo. Other alterations
in SOD1 activity are reported in circumstances that are often linked to oxidative stress,
such as Alzheimer’s disease and aging [51,52]. Because of this, it is often considered an
interesting marker to study regarding oxidative stress.

• Glutathione peroxidase

Glutathione peroxidases (GPxs) are a family of enzymes that catalyze the reduction of
hydroperoxides with varying substrate and electron donor specificities. The most abundant
isoform in RBCs is GPx1, with an estimated concentration of 1.5 μM [53]. GPx1 is a
homotetrameric enzyme with a selenium-containing active site [54]. Through its catalytic
cycle, the enzyme is oxidized in order to reduce the peroxide and is later regenerated by
GSH. The result is the formation of glutathione disulfide (GSSG), which in turn is reduced
by glutathione reductase (GR) and NADPH [55].

Since its discovery, GPx1 has been associated with the protection of RBCs from ox-
idative damage, particularly inflicted by endogenously produced oxidants present in low
concentrations [55,56]. It is proposed to act as a second barrier to H2O2, below Prx2, and to
be especially implicated in the detoxification of small organic peroxides that could generate
damage to the lipid membrane [3,53,57].

A second glutathione peroxidase with a similar role, GPx4, can also be found in
RBCs, albeit 20 times less abundantly than GPx1 [58]. It is also a selenoenzyme, but it
clearly differs in electron donor specificity, being able to be reduced by other thiols [59].
Furthermore, as it is a monomeric enzyme, it is allowed to metabolize more complex
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substrates, such as cholesterol and phospholipid hydroperoxides, even when they are
bound to the membrane [59–61].

Although not frequent, deficiencies in GPx have been reported and subject the patients
to a clinical profile similar to the observed G6PDH deficiency. Mainly, drug-induced
hemolysis and hemoglobinuria have been described [62,63].

• Glutathione reductase

GR is a flavoprotein that belongs to the pyridine nucleotide-disulfide oxidoreductase
family of enzymes. Structurally, it is a dimeric protein with specific binding sites to FAD,
NADPH, and GSSG. Both these subunits are involved in the mechanism of catalysis,
where a redox-active disulfide in the active site of the enzyme catalyzes the conversion of
GSSG into two molecules of GSH. To start another cycle, this disulfide is later reduced by
NADPH [64,65].

In physiological conditions, the concentration of oxidized GR is estimated to be very
low since it is continuously being reduced [65,66]. GR is thus a very important part of
the antioxidant system in RBCs, as it collaborates in maintaining GSH levels more than
ten times higher than those of GSSG [67], in addition to helping in the regulation of the
NADP+/NADPH pool.

Given its role, the absence or decrease in GR activity entails various physiological
complications. The causes behind such abnormalities vary and can be related or not to FAD
metabolism, for example, an insufficient dietary intake of riboflavin or an inability to obtain
FAD from riboflavin [68]. It has also been reported the existence of patients with inherited
mutant variants of GR, where the altered enzyme inefficiently binds FAD or is eliminated
due to problems in folding [69]. In these scenarios, as the capacity of RBCs to balance
oxidative stress is impaired, the consequences are shown to be favism and drug-induced
hemolysis, an increase in osmotic fragility, and a reduction of lifespan in RBCs, as well as
spherocytosis [70,71].

• Peroxiredoxin 2

Peroxiredoxins (Prxs) are widely extended antioxidant proteins with thiol-dependent
peroxidatic activity. Three different members of this family have been found in RBCs,
namely Prx 1, Prx2, and Prx6 [72], although Prx2 is by far the most abundant. In fact,
it represents the third most abundant protein in the RBCs, ranging between 240 and
410 μM [73,74].

Prx2 can metabolize peroxides of different natures, such as lipid hydroperoxides,
peroxynitrite, and especially H2O2, with which it reacts at a very high rate [72,75]. Since it
belongs to the typical 2-Cys type of peroxiredoxins, Prx2 forms homodimers with identical
active sites in each subunit during catalysis. The catalytic cycle starts with the oxidation
of one monomer peroxidatic cysteine to cysteine sulfenic acid upon reaction with the
peroxide, followed by the formation of an intermolecular disulfide bond between this
residue and a resolutive cysteine of a second monomer. The enzyme is later regenerated by
thioredoxin (Trx), thioredoxin reductase (TR), and NADPH [75,76]. During this process,
Prx2 can be hyperoxidized to cysteine sulfinic acid in its peroxidatic cysteine, which can
only be reduced enzymatically by sulfiredoxin or further oxidized to an irreversible sulfonic
form [77,78]. Probably regulated by its redox state, a dynamic equilibrium is established
in vivo where the enzyme can exist as a dimer when oxidized or as a decamer when
reduced or hyperoxidized. In addition, these decamers were shown to interact with each
other and form greater molecular weight structures [76,79–81].

Due to its high abundance and reaction rates, Prx2 has been proposed to act as a first
line of defense against endogenous H2O2 produced in RBCs, mainly by the autoxidation of
hemoglobin [3,53,82]. Because of this, it is often considered a sensitive marker to oxidative
stress. It can also act as a chaperone, binding to hemoglobin and preventing its aggregation
due to oxidative damage [83–85]. In fact, studies report that deficiencies in Prx2 cause an
increase in H2O2 and MetHb levels, alterations in cell morphology, formation of Heinz
bodies, and hemolytic anemia [36,57]. Furthermore, Prx2 is also able to bind the cytosolic
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domain of band 3, so it could play a role in defending band 3 and other proteins in the
membrane, as well as the lipidic fraction, from oxidants [85,86].

Apart from its peroxidase role, Prx2 has been previously associated with potassium
transport in RBCs. The increase in calcium levels promotes the translocation of Prx2 to the
membrane, where it can interact with the Gardos channel and thus alter potassium efflux
and cell volume. However, the causes and mechanisms are not fully understood yet to
this day [73,81]. More recently, a signaling role has also been proposed for peroxiredoxins,
given their high reactivity with H2O2 and the ability to interact with other proteins. Post-
translational modifications observed in Prx2, such as phosphorylation, proteolysis, and
even the hyperoxidation of its peroxidatic cysteine, are involved in the regulation of its
peroxidase activity and could affect its participation in redox signaling pathways [87–89].

• Thioredoxin

Thioredoxins (Trxs) are small antioxidant oxidoreductases. They can reduce a wide
variety of protein disulfides since the active site surface of these enzymes can undergo
chaperone-like conformational changes to accommodate different proteins [90]. Some
targets include methionine sulfoxide reductases, sulfonucleotide reductases, and tran-
scription factors, such as Ref-1 [91,92]. In RBCs, cytosolic Trx1 is particularly relevant for
regenerating Prx2 and maintaining a reduced environment within the cell [75].

The catalytic mechanism of Trx1 depends on two cysteine residues to reduce its
substrates. At first, a thiolate in Trx1 attacks the intermolecular disulfide bond that unites
Prx2 dimers, forming a mixed disulfide. This disulfide is then disrupted by a second
cysteine residue, obtaining a reduced Prx2 and an oxidized Trx1 that can be reduced by TR
and NADPH [90]. There are three extra cysteine residues in the Trx1 structure, reported to
be easily oxidized and implicated in the formation of molecular aggregates or oligomers
and inactivation of the enzyme. These are suspected to have a physiological, possibly
regulatory role [93–96].

• Thioredoxin reductase

TR, like GR, is a flavoprotein from the pyridine nucleotide-disulfide oxidoreductase
family. Both these enzymes are highly similar in structure, as TR also acts as a homodimer
with FAD and NADPH binding domains, as well as an interface domain [91,97]. However,
they differ in their active sites because TR is a selenoprotein [98]. During the catalytic
cycle, a selenenylsulfide bond is established between TR dimers after the reduction of the
oxidized thiols in the substrate, which can be later reduced by a chained electron transfer
from NADPH and FAD [97,99,100].

TR has been shown to have multiple possible substrates, among which are glutare-
doxins and thioredoxins, hence collaborating with the antioxidant proteins in the RBCs.
Furthermore, it can reduce smaller molecules that could react with H2O2 directly and is
even proposed as an alternative system to reduce GSH in other organisms, so this could
possibly occur in mammals as well [96,101,102]. There is also evidence that TR could play
a role in the enzyme-mediated dehydroascorbic acid reduction in RBCs [103].

• Glutaredoxins

Glutaredoxins (Grxs) are a family of small and ubiquitous thiol-disulfide oxidore-
ductases. They have a considerable role in maintaining the sulfhydryl homeostasis in
cells by reducing inter and intramolecular disulfides in proteins, as well as mixed protein-
glutathione disulfides. Classified into two groups, Grxs can present either a dithiolic
mechanism of catalysis or a monothiolic one. In the first case, two cysteine residues are
involved, attacking the disulfide in the target protein and prompting its reduction while the
enzyme gets oxidized. Grx is later regenerated by glutathione, with the formation of a glu-
tathionylated intermediate. In the monothiol mechanism, the targets are glutathionylated
proteins, and only one cysteine is needed for its reduction [104–106].

Red blood cells contain two isoforms of Grx, specifically Grx1 and Grx3. However, the
dithiolic Grx1 is the most abundant, with reported concentrations of 4–8 μM [58]. It has
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been proven that Grx1 is capable of reducing oxidized forms of hemoglobin and membrane
proteins, as well as regenerating metabolic enzymes phosphofructokinase, pyruvate kinase,
and glyceraldehyde-3-phosphate dehydrogenase that are susceptible to inactivation by
oxidative damage [107–109]. Nevertheless, glutathionylation of proteins is not exclusive to
oxidative stress conditions, as it is also proposed to have a role in signaling pathways. In
fact, Prx2, a candidate for the transduction of redox signals, can be glutathionylated in one
or both of its active site cysteines and is deglutathionylated by Grx1 [110].

The role of Grx3 is not clear in mature RBCs. However, it could be particularly
relevant during erythropoiesis since monothiolic Grxs, as is Grx3, are involved in iron
homeostasis and the assembly of Fe-S clusters [111]. In other organisms, depletion of
Grx3 during embryonic development affects the maturation of hemoglobin [112]. Grx5,
also a monothiolic Grx, was shown to affect heme synthesis in erythroblasts, resulting in
sideroblastic anemia in humans [113].

• Catalase

Catalases are enzymes that catalyze the dismutation of H2O2 into water and oxygen,
thus protecting cells from oxidative damage. Human catalase organizes as a tetramer. It con-
tains four heme groups and binds four molecules of NADPH, one in each subunit [114,115].
The tetramerization is essential for its activity, as it is proposed to allow the correct cycling
of the enzyme and keep the iron of heme groups away from the protein surface, therefore
avoiding the formation of hydroxyl radicals [114].

During catalysis, the elimination of H2O2 occurs in two sequential steps. First, ferric
heme reduces one molecule of H2O2 to water, resulting in the formation of an oxyferryl
species named compound I. In the second step, compound I is reduced using another
molecule of peroxide, yielding water and oxygen and returning catalase to its basal redox
state [114,116]. In a series of reactions involving superoxide and H2O2, compound I can
be transformed into inactive forms of the enzyme (compounds II and III) [117]. NADPH,
which stays in a reduced state when bound to catalase, is proposed to be there to prevent
this inactivation by reacting with an intermediate species and blocking compound II
accumulation [118].

RBCs are among the cells with the highest catalase activity in the organism, with an
estimated subunit concentration of 11 μM [53]. Given the abundance and high reaction
rates of Prx2, catalase is not very relevant in metabolizing endogenous peroxide in these
cells [53]. However, it differs from other enzymes as it cannot be saturated with H2O2 [119].
This comes into play in circumstances where H2O2 levels are sufficiently high to react
completely with all Prx2 and GPx available and deplete cellular NADPH, which is only
slowly recovered [53]. This is often the case when experiments are performed in vitro with
a relatively high concentration of H2O2 and low hematocrit, and has often led to believe
that catalase is the main enzyme in the detoxification of exogenous H2O2 [53]. In line
with this, experiments performed with mice RBCs deficient in catalase show they are more
sensitive to high H2O2 concentrations, suffering an increase in hemoglobin oxidation [57].

• Considerations on the antioxidant systems in RBCs

RBCs are exposed to oxidants from endogenous sources and exogenous sources that
can react with RBC lipids and proteins, leading to molecular damage and eventually to
membrane rupture and hemolysis. To prevent these harmful effects, RBCs are well prepared
with enzymatic and low molecular weight antioxidants (Figure 1). Actually, the enzymes
Prx2, Gpx, and catalase appear to deal with most of the reactive oxygen and nitrogen
species attacking RBCs. Low molecular weight antioxidants appear to be more important in
preventing lipid oxidation (α-tocopherol/ascorbate/GSH system) and acting as a reducing
power reservoir. At the same time, both antioxidant systems ultimately rely on the reducing
power provided by NADPH from glucose in the pentose phosphate pathway.

Genome-wide association analysis has identified candidate genes that modify RBC
susceptibility to osmotic hemolysis, including spectrin α-chain, ankyrin 1, aquaporin 1,
and band 3, most of them involved with cytoskeleton stabilization or osmosis-driven
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water transport [120]. Other genes identified included hexokinase 1, the first enzyme in
glucose metabolism, stress kinase MAPKAPK5, and the mechanosensitive calcium channel
PIEZO1 [120]. Oxidative hemolysis is associated with changes in G6PDH, Grx, and GPx4,
important proteins in redox metabolism and repair, and SEC14-like 4, a protein related to
the transport of phospholipids and α-tocopherol [120]. Resistance to oxidative hemolysis
was also associated with higher levels of GSH, a higher activity of the pentose phosphate
pathway, and improved protein damage repair mechanisms [121].

 

Figure 1. Scheme summarizing main endogenous and exogenous sources of ROS and RNS in the
RBCs as well as the principal antioxidant actors. HbO2: Oxyhemoglobin; MetHb: methemoglobin;
O2

•−: superoxide anion; NO•: nitric oxide; H2O2: hydrogen peroxyde; ONOO-: peroxynitrite; HO•:
hydroxyl radical; HOCl: hypochlorous acid; CO3

•−: carbonate radical; NO2
•: nitrogen dioxide radical;

superoxide dismutase: SOD; catalase: Cat; glutathione reductase: GR; reduced glutathione: GSH;
glutathione peroxidase 1: Gpx1; thioredoxin reductase: TR; thioredoxin: Trx; Peroxiredoxin 2: Prx2.

2. Oxidative Stress in Red Blood Cell Diseases

As developed above, RBCs’ oxidative stress strongly depends on the balance among
pathophysiological mechanisms producing ROS and enzymatic and non-enzymatic antiox-
idant systems. In this second part of the review, we aim to explore several RBC diseases
where this balance is strongly altered both by increased ROS production or by diminished
antioxidant capacity. The selection of RBC diseases is not exhaustive, but representative of
those involving different oxidative stress causes.

2.1. Sickle Cell Disease

Sickle cell disease (SCD) is an inherited genetic disorder resulting in the production of
an abnormal hemoglobin S (HbS) that undergoes deoxygenation-dependent polymeriza-
tion [122,123]. The repeated cycles of HbS polymerization induce RBCs’ shape distortion,
cell rigidity, cell membrane alteration, and fragility, ultimately resulting in intravascular
and extravascular hemolysis. Behind this primary described pathological mechanism,
SCD pathophysiology appears to be more complex and involves an intricate network of
molecular and cellular partners. In fact, in addition to HbS polymerization, an imbalance
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of the redox status is also observed in SCD due to an increase in the production of ROS
and/or RNS conjugated to an impairment of the antioxidant systems (Figure 2 SCD panel).
For example, peroxynitrite is involved in the oxidation and nitration of several intracellular
targets (thiols, protein-membrane, lipids), leading to breakage of DNA, impairment of
cell signaling and cell death (reviewed in [124,125]). In SCD, oxidative stress can arise
from sickle RBCs and/or activated neutrophiles, platelets, and endothelial cells (ECs).
Several erythroid and non-erythroid mechanisms have been described accounting for
this pro-oxidant environment: (i) HbS autooxidation, (ii) heme and iron release, (iii) in-
creased NADPH oxidase and endothelial xanthine oxidase (XO) activity, (iv) decreased
NO• bioavailability, (v) erythroid mitochondrial retention [126].

 

Figure 2. Scheme of main mechanism involved in oxidative stress and hemolytic clinical manifesta-
tions in Sickle Cell Disease, G6PDH deficiency, and PK deficiency. In SCD, highly unstable HbS will
be converted in MetHb, favoring band 3 clustering and dissociation from membrane complexes, in-
ducing membrane disorganization and membrane fragility. In G6PD, dramatic reduction of NADPH
levels diminishes the antioxidant capacity of RBCs increasing ROS-induced hemolysis. In PKD,
diminished ATP levels affect the functioning of membrane proteins such as Na+/K+ pump or PMCA
pump, which will indirectly induce water efflux and RBC dehydration, incrementing RBC fragility
and hemolysis.

• HbS autoxidation

HbS is very unstable and could easily undergo autoxidation in the presence of oxygen.
The reaction leads to the production of MetHb that no longer binds oxygen and O2

•−
that dismutates to H2O2 [127–130]. This results in oxidative damage of the RBC mem-
brane and lipid and protein oxidation, leading to hemolysis and release of toxic heme
leading to the exacerbation of the pro-oxidative environment (see below). HbS-induced
oxidative stress leads to post-translational modifications of hemoglobin (notably oxidation
of Cys93 and ubiquitination of Lys96 and Lys145 of the β globin), phosphorylation of
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band 3, the most abundant protein of the RBC membrane, and ubiquitination of other
erythroid proteins. ROS-induced band 3 modification induces its clusterization and dissoci-
ation from membrane/cytoskeleton complexes, leading to RBC membrane disorganization
and potentially microparticle formation [131–133]. Several studies have highlighted the
role of microparticles in several SCD complications, such as vaso-occlusion and kidney
dysfunction [134–136].

• Hemolysis: heme and iron release

Repeated cycles of sickling/unsickling lead to the fragilization of the RBC membrane
and thus to hemolysis that results in the release of extracellular hemoglobin, free heme,
and free iron, all highly toxic to the vasculature by triggering vascular oxidative bur-
den [22,137,138]. In fact, oxidative stress generated at the erythroid levels can affect not
only RBCs but also neutrophils, monocytes, and endothelial cells. The released heme and
ATP from hemolyzed RBCs will act as damage-associated molecular patterns (DAMPs),
promoting the activation of endothelial cells, macrophages, and neutrophils through differ-
ent cellular pathways involving several receptors such as P2X7, toll-like receptor 4 (TLR4)
or other unidentified receptors. Those activation processes trigger the expression of ad-
hesion molecules at the cell surface and also pro-inflammatory mediators resulting in the
exacerbation of the pro-inflammatory and oxidant environment. These can ultimately
lead to vaso-occlusion and other SCD complications. Heme promotes adhesion events
and thus vaso-occlusion through the von Willebrand factor (vWF) release from endothe-
lial granules, inter cellular adhesion molecule (ICAM-1), vascular cell adhesion molecule
(VCAM-1), and P-selectin expression at the surface of the vessel wall. Thus, it promotes
leukocyte recruitment to the vessel wall and leukocyte/sickle RBC interactions. In the
SCD context, heme has also been shown to promote neutrophil activation and Neutrophil
Extracellular Traps (NETs) that are composed of decondensed chromatin with cytoplasmic
protein [139–141]. Those NETs can, in turn, contribute to the activation of the vascular
system through the activation of the TLR4/TLR9 signaling pathways, thus exacerbating
the oxidative environment.

• NADPH oxidase and XO activity

NADPH oxidase is one of the major enzymes responsible for the production of O2
•−

in leukocytes, RBCs, and endothelial cells. ROS produced by erythroid NADPH contributes
to the exacerbation of erythroid dysfunction by exacerbating cell stiffness resulting in the
increase of hemolysis [142]. Xanthine oxidase (XO) is also responsible for a large part of
the production of O2

•− and H2O2. Its activity is increased in SCD plasma, but its source
remains to be clearly identified [143].

• NO• bioavailability

NO• plays an important role in vascular homeostasis and physiology. Notably, it acts
on smooth muscle cells by regulating the vascular tone as a vasodilator, and on endothelial
cells through downregulation of the expression of members of the selectin family, such as
ICAM-1 and VCAM-1 [144]. NO• could also inhibit platelet activation [145]. Interestingly,
NO• may also act on the RBC itself by modulating its deformability through, in part, the
soluble guanylate cyclase (sGC) [146,147].

In SCD, hemolysis and consecutive free extracellular hemoglobin release lead to
NO• scavenging, thus decreasing its bioavailability in the circulation. Furthermore, the
production and release of O2

•− may participate in the decrease in NO• through its reaction
to form ONOO− [148]. Therefore, the decreased NO• bioavailability in SCD, negatively
affects vascular tone regulation and expression of adhesion proteins.

• Erythroid mitochondrial retention

Recently, Jagadeeswaran et al. showed that RBCs from SCD patients retain mitochon-
dria [149], and this was confirmed by other groups [150–152]. However, the functionality of
these mitochondria remains controversial. Some studies showed that they were still func-
tional and that the mitochondrial retention was associated with high levels of ROS, but some
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of these observations have been made in SCD mice model or in a population of erythroid
circulating cells that might also include reticulocytes, i.e., immature RBCs [149,151,152]. An-
other group did not detect any activity of these retained mitochondria in mature RBCs [150].
A clear link between mitochondrial retention and the increased oxidative stress in SCD
remains to be fully determined as well as the mechanism leading to this mitochondrial
retention.

It is well established now that oxidative stress plays an essential role in SCD patho-
physiology and in complication occurrence. However, it appears that oxidative mechanisms
are considerably complex as they involve not only the RBC as the primary pathological cell
target but also vascular endothelial cells, monocytes, and neutrophils. The complexity is
heightened by the intimate interplay between oxidative mechanisms and inflammation with
the activation of innate immune cells and the production of pro-inflammatory mediators.
A vicious circle sets in, exacerbating the pro-oxidative, pro-inflammatory, pro-coagulant,
pro-adherent environment. This highly toxic milieu is deleterious in the short-term with the
appearance of acute complications and also deleterious in the long-term, with end-organ
damage. Consequently, new drugs targeting oxidative stress have been developed to
counteract its detrimental consequences. To date, the main antioxidant therapy that has
shown some benefits in SCD clinical trials is L-glutamine, an amino acid needed for the syn-
thesis of nucleotides as NAD. Supplementing with L-glutamine could reduce the erythroid
oxidative process and protect RBCs from oxidative damage. However, this treatment has
shown limitations as some SCD patients did not tolerate the treatment, and it seems to fail
to counteract anemia and hemolysis [153,154]. This observation means that the mechanism
underlying pro-oxidative stress in SCD requires a lot more investigation in order to identify
new potential therapeutical targets.

2.2. Glucose 6-Phosphate Dehydrogenase Deficiency

G6PDH catalyzes the first reaction in the pentose–phosphate pathway, oxidizing
glucose-6-phosphate to 6-phosphogluconate and reducing NADP to NADPH, which is
essential to provide reducing equivalents to several antioxidant systems [155–157], as
discussed above.

The G6PDH deficiency (G6PD) is a chromosome X-linked highly polymorphic genetic
disorder characterized by the reduced activity of the enzyme. Although most G6PD patients
do not normally present clinical manifestations, RBCs from these patients present lower
levels of NADPH and are more susceptible to oxidative stress (Figure 2 G6PD panel) in-
duced by the action of drugs, anesthetics, infections, and metabolic disturbances [157–160],
leading to hemolytic anemia and various health complications (reviewed in [156,157]).

G6PD is usually associated with favism, a hemolytic anemia syndrome induced by
the ingestion of fava beans [161,162]. However, even though patients presenting fava bean
intolerance carry some G6PD polymorphism, not all G6PD patients are intolerant to fava
beans. Actually, different metabolites from fava beans, such as vicine and divicine, are
highly oxidant and could induce hemolysis by depleting the antioxidant capacity of RBCs
in a mechanism similar to that of synthetic drugs [163–165].

Interestingly, some of the drugs and compounds inducing hemolytic anemia in G6PD
patients are not able to induce RBC hemolysis in vitro [163–165], supporting the hypothesis
of other genetic factors contributing to the hemolytic phenotype [166]. Recently, Dinarelli
et al. reported that RBCs from G6PD patients stored for 6–12 days were surprisingly less
sensitive to hemolysis. Authors suggest that these aged RBCs presented a metabolic regula-
tion leading to lower energy consumption and higher stress resistance [167]; however, this
hypothesis should be further confirmed by studies including a higher number of patients.
Moreover, these results are contradictory with those of Francis et al., which show that, after
42 days of storage, the quality of post-transfusion RBCs is significantly lower in G6PD
patients compared with control subjects [168]. Infections, both from bacterial [169,170] or
viral [171–173] origin, are also able to induce hemolytic anemia in G6PD patients, probably
by inducing ROS production by circulating phagocytes.
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Moreover, the severity of the clinical phenotype is patient-dependent. Looking for
susceptibility factors, Tang et al. studied the metabolome changes in control or G6PD
patients challenged by diamide-induced ROS production. They reported that diamide
induced significant changes in RBC from G6PD patients leading to severe and irreversible
loss of deformability [174].

Finally, as G6PD alters several cellular processes under oxidative stress and is fre-
quently associated with anemia, it could be expected a deficient RBC maturation. However,
in vitro differentiation of CD34+ hematopoietic progenitor cells isolated from patients
with different G6PD severity did not show any alteration in progenitor proliferation, nor
differentiation or enucleation [175].

2.3. Pyruvate Kinase Deficiency

Pyruvate kinase (PK) is a critical enzyme in the glycolytic pathway, catalyzing the
conversion of phosphoenolpyruvate (PEP) to pyruvate and generating ATP [176]. Pyruvate
kinase deficiency (PKD) is an autosomal (chromosome 1q21) recessive genetic disorder
that affects RBCs’ ability to generate energy, leading to various degrees of hemolytic
anemia [177–180].

Lacking mitochondria, mature RBCs’ ATP production depends exclusively on glycoly-
sis. Thus, impaired or reduced PK activity in PKD patients leads to a dramatic decrease
in ATP levels, which are necessary for maintaining the cell’s integrity and deformabil-
ity [181,182]. Indeed, the main RBC membrane pumps controlling calcium, sodium, and
potassium transport across the RBC membrane are P-type ATPase pumps, whose activity
depends on ATP concentration. Reduced activity of these pumps leads to an altered ion bal-
ance that then induces water leak leading to RBC dehydration [183] (Figure 2 PKD panel).
As a consequence, RBCs from PKD patients present altered membrane properties and
become more susceptible to premature destruction at the spleen, leading to hemolytic
anemia [184]. Other than the elimination of altered mature RBCs, PKD patients also present
a diminished number of reticulocytes, which are most susceptible to low ATP levels.

Another consequence of PK deficiency is the accumulation of glycolytic intermediates
such as 2,3-biphosphoglycerate (2,3-BPG), which diminishes the O2-hemoglobin affinity
favoring the tissue oxygenation that could partially compensate for anemia [185,186].

In a recent elegant article, Roy et al. developed a metabolomic approach to characterize
some changes in metabolism pathways from PKD patients. They demonstrated that RBCs
from PKD patients present higher levels of oxidative stress markers, such as polyamines,
sulfur-containing compounds, and deaminated purines, correlated with increased pentose
phosphate pathways metabolites. Moreover, these patients also showed higher levels of
poly- and highly-unsaturated fatty acids and acyl carnitine [187].

3. Conclusions

During evolution, mammals’ RBCs have lost nuclei, mitochondria, and other or-
ganelles, improving their efficiency in transporting and distributing oxygen and favoring
the emergence of animal species with high energy demands.

However, the dark side of this process is the lack of transcriptional and translational
tools to regulate oxidative stress. Indeed, RBCs need to “resist” during 120 days lifespan
to the oxidative challenge. Oxidants derive both from endogenous (HbO2 autoxidation)
and exogenous sources (endothelial and white blood cells). Normal RBCs are prepared to
deal with these oxidants with an efficient enzymatic and low molecular weight antioxidant
system that acts in concert. These antioxidant defenses of the RBCs depend ultimately on
the reducing power of NADPH, obtained in the pentose phosphate pathway.

Several RBC diseases are associated with exacerbated oxidative stress, either present-
ing increased production of ROS such as SCD or diminished antioxidant capacity (G6PD
and PKD) (Figure 2). All of them are genetic diseases presenting a wide and patient-
dependent spectrum of clinical manifestations. Another shared characteristic is that other
than promising genetic therapy, there are still no curative treatments for these diseases. As
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patient susceptibility is probably related to individual differences in genetic and metabolic
landscape, the upcoming challenge could be to take advantage of the highly improved
genomic, proteomic, and metabolomic approaches to identify possible targets useful for
personalized treatments.
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Abstract: Diabetes mellitus is a chronic metabolic disorder characterized by hyperglycaemia and
oxidative stress. Oxidative stress plays a crucial role in the development and progression of diabetes
and its complications. Nutritional antioxidants derived from dietary sources have gained significant
attention due to their potential to improve antidiabetic therapy. This review will delve into the world
of polyphenols, investigating their origins in plants, metabolism in the human body, and relevance to
the antioxidant mechanism in the context of improving antidiabetic therapy by attenuating oxidative
stress, improving insulin sensitivity, and preserving β-cell function. The potential mechanisms of,
clinical evidence for, and future perspectives on nutritional antioxidants as adjuvant therapy in
diabetes management are discussed.

Keywords: oxidative stress; inflammation; polyphenols; diabetes

1. Introduction

Diabetes mellitus (DM) is a global health concern with increasing prevalence. It is a
chronic metabolic disorder characterized by high blood glucose levels (hyperglycaemia)
due to inadequate insulin production, impaired insulin action, or a combination of these [1].
Diabetes is classified into two types: type 1 and type 2. Diabetes can appear during
pregnancy, under other conditions, such as drug or chemical toxicity, genetic disorders,
endocrinopathies, and insulin receptor disorders, and in association with pancreatic ex-
ocrine diseases.

Hyperglycaemia occurs in type 1 diabetes mellitus (T1DM) due to a complex disease
process in which genetic and environmental factors cause an autoimmune response that
has yet to be fully understood [2]. The pancreatic cells within the islets of Langerhans are
destroyed during this process, resulting in individuals with this condition relying primarily
on exogenous insulin administration for survival. However, a subset has significant residual
C-peptide production [3]. Type 1 diabetes is usually diagnosed in children and young
adults, although it can develop at any age. It accounts for about 5–10% of all diabetes
cases. Indeed, several major genetic determinants of T1DM account for only 40–50% of
the familial clustering of this disorder [4]. Furthermore, there is a 6% annual increase in
the risk of developing T1DM in developed countries, which remains unexplained but is
thought to be caused by environmental triggers [5].

Type 2 diabetes mellitus (T2DM), also known as non-insulin-dependent diabetes
or adult-onset diabetes, is characterized by insulin resistance and inadequate insulin
secretion. In this condition, cells become less responsive to insulin, leading to elevated
blood sugar levels. Type 2 diabetes is the most common form of diabetes, accounting
for approximately 90–95% of all cases. It often develops in adults but has become more
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prevalent in children and adolescents due to lifestyle changes and obesity [6]. The link
between the obesity and DM is related to adiposopathy, meaning the dysfunction in
hormonal activity of adipose tissue promotes chronic inflammation, dysregulated glucose
homeostasis, and impaired adipogenesis, leading to the accumulation of ectopic fat and
insulin resistance [7]. Peripheral insulin resistance and the compensatory hypersecretion
of insulin from pancreatic islets may precede a decline in islet secretory function in this
form of the disease. Skeletal muscle, liver, and adipose tissue have the most prominently
reduced insulin sensitivity due to these sites’ specific glucose uptake and metabolism
requirements. However, it is increasingly thought that in most subjects, a relative decrease
in insulin secretion is the final event that leads to hyperglycaemia [8]. The rise in the
incidence of type 2 diabetes, particularly in developing countries, corresponds to the trend
of urbanization and lifestyle changes, perhaps most notably a “Western-style” diet with
resulting obesity. This suggests that environmental factors play an essential role in this
disease’s pathogenesis, which also has a strong genetic component. It is still unlikely that
genetic factors or aging alone can explain the dramatic rise in type 2 diabetes prevalence. It
is unclear how increased caloric and dietary fat intake, reduced exercise, and an associated
increase in body weight lead to type 2 diabetes.

Gestational diabetes mellitus (GDM) affects 2–10% of all pregnant women, depending
on the type of applied diagnostic tests and investigated population [9]. There has been rapid
growth recently in the incidence of GDM, both throughout the world and in Poland, caused
by the obesity epidemic, the increase in mothers’ ages, and a lack of physical activity [10].
Gestational diabetes leads to numerous severe complications in both mothers and their
children [11]. Considering mothers, GDM is a significant risk factor for developing type
2 diabetes later in life; it is estimated that approx. 20–30% of women with gestational
diabetes develop type 2 diabetes within 10 years of having a baby. The risk of T2DM is
almost 10 times higher in women diagnosed with GDM than in women whose pregnancy
is proceeding correctly [12]. In turn, children of women with GDM are at higher risk
of developing macrosomia, neonatal hypoglycaemia, and jaundice complications. At a
later age, the consequences may relate to the onset of metabolic syndrome, obesity, and
diabetes [13].

In 2014, there were 422 million patients who were affected by diabetes, nearly twice as
many as in 1980 [9]. According to projections, there will be 578 million diabetic patients
by 2030 and 700 million by 2045 [14]. The disease reduces both a person’s quality of life
and life expectancy. It imposes a significant economic burden on the health care system
globally and affects the lives of patients and their families.

Oxidative stress, resulting from an imbalance between reactive oxygen species (ROS)
production and antioxidant defence, contributes to the pathogenesis of diabetes and its
complications [15]. Nutritional antioxidants in various dietary sources have shown promise
in reducing oxidative stress and improving glycaemic control in individuals with diabetes.
These antioxidants can exert their effects by neutralizing ROS, modulating intracellular
signalling pathways, and enhancing the antioxidant defence system [16]. An antioxidant-
rich diet has been found to decrease oxidative markers and improve insulin sensitivity in
T2DM individuals [17],which also has been supported by the results obtained by van der
Schaft and coworkers [18].

The enzymatic antioxidant defence system is pivotal in neutralizing ROS and main-
taining cellular redox homeostasis. Critical components of this system include superoxide
dismutase (SOD), catalase, and glutathione peroxidase, along with sirtuins and peroxi-
some proliferator-activated receptor gamma (PPAR-gamma) [19]. The study conducted by
Guzik et al. found that diabetes-related vessels produce significantly more superoxide from
two main sources: first, the activity and protein levels of the vascular NAD(P)H oxidase
system are increased; second, in diabetic vessels, the endothelium is a net contributor to
the total vascular superoxide release rather than superoxide scavenging by NO production.
This increased endothelial superoxide production appears to be caused by dysfunctional
endothelial NO synthase (eNOS), which is mediated by tetrahydrobiopterin (BH4) avail-
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ability. Finally, Protein kinase C (PKC) signaling appears to be involved in these changes,
at least in part [20].

A diverse group of organic compounds called polyphenols is abundant in plants.
They have attracted much interest because of their potential health advantages, especially
as antioxidants.

Numerous plant-based food sources, such as fruits, vegetables, whole grains, legumes,
nuts, and seeds, are high in polyphenols. Berries (such as blueberries, strawberries, and
raspberries), citrus fruits, apples, grapes, green tea, cocoa, and spices such as turmeric
and cinnamon are notable sources of polyphenols. The specific polyphenol content varies
among plant sources. Therefore, it is beneficial to incorporate a diverse range of fruits,
vegetables, and other plant-based foods into one’s diet [21].

This review outlines the recent progress in polyphenols’ application as an anti-
inflammatory and antioxidant factor in diabetes mellitus with particular emphasis on
molecular mechanisms.

2. Damaging Effects Mediated by Oxygen Free Radicals

The term “reactive oxygen species” (ROS) encompasses molecules such as free radicals,
neutral atoms, molecules, and ions [22,23]. Free radicals are molecules with one or more
unpaired electrons on the atomic or molecular orbitals, and they are natural byproducts of
oxygen metabolism in all aerobic organisms. Oxygen is the precursor of radicals in aerobic
organisms. The molecule in the ground state is the diradical (•O=O•) consisting of two
unpaired electrons on the two anti-bonding orbitals p*2p. The oxygen molecule can be
excited with the change of spin of one electron on orbital p*2p, forming a singlet oxygen
molecule (1O2). This molecule is highly reactive, can directly induce lipid peroxidation,
DNA (particularly guanine), and protein oxidation (particularly histidine, tyrosine, and
tryptophan), and participates in the synthesis of other ROS [24]. Free radicals are highly
reactive species that can induce chain reactions resulting in new free radicals’ synthesis.
Singlet oxygen (1[O2]), hydrogen peroxide (H2O2), peroxide ion (O2

−), and hypochlorous
acid (HOCl) are nonradical ROS. ROS also comprise oxygen radicals, including the super-
oxide anion (O2•−), hydroxyl radical (HO•), hydroxide radical (HO2•), peroxide radical
(ROO•), and alkoxyl radical (RO•) [25–27].

ROS are formed in living organisms as a result of the action of various external envi-
ronmental factors, including ionizing and ultraviolet radiation, ultrasound, or cigarette
smoke (exogenous sources), as well as numerous intracellular biochemical processes occur-
ring in mitochondria, peroxisomes, microsomes, or phagocytic leukocytes (endogenous
sources) [27,28] (Figure 1).

The primary sources of ROS are mitochondria in the mitochondrial electron transport
chain, where ATP, as a result of oxidative phosphorylation, is produced. About 1–3% of all
electrons in the transport chain are “leaking” to generate superoxide which can be further
reduced to HO• and H2O2 instead of contributing to the reduction of oxygen to water.
The mitochondrial respiratory chain (RC) is a significant site of ROS production in the
cell. Therefore, it has been suggested that mitochondria are the prime targets for oxidative
damage [25]. Several alternative pathways also lead to their formation: NADPH-oxidase
(NOX), immune reactions, xanthine oxidase, arachidonic acid metabolism, etc. [29].

ROS are poisonous and pathogenic at uncontrolled high concentrations, but at physio-
logical concentrations, ROS are mediators and regulators of many critical cellular processes,
such as proliferation, differentiation, and apoptosis [30,31]. ROS can thus play a significant
physiological role as secondary signalling messengers through protein kinases, transcrip-
tion factors, and proinflammatory factors’ genomic expression [32]. It has been found that
some growth factors can induce ROS production in non-phagocytic cells by interacting
with specific receptor proteins [33].
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Figure 1. Sources of reactive oxygen species in the cell.

When ROS overwhelm the cellular antioxidant defence system, whether through an
increase in ROS concentration or a decrease in the cellular antioxidant capacity, oxidative
stress occurs. Oxidative stress results in direct or indirect ROS-mediated damage, including
nucleic acids (DNA or RNA) [34], the oxidation of proteins [35], and the lipid peroxidation
of polyunsaturated fatty acids (such as membrane phospholipids) [36]. These changes
have been identified in carcinogenesis, neurodegeneration, atherosclerosis, diabetes, and
ageing [37]. However, the involvement of ROS in the pathogenesis of diseases is not
confined to macromolecular damage. There is increasing evidence that ROS signalling
contributes to diseases.

2.1. Oxidative Damages of DNA

To date, more than 100 products have been identified from the oxidation of DNA. ROS
reactions with DNA lead to a multitude of oxidative damage to macromolecules, which
comprise (a) single- or double-strand breaks of DNA; (b) the structural modification of
purine and pyrimidine bases; (c) the formation of DNA-protein binding and the formation
of various types of adducts; (d) the introduction of basic sites; and (e) the cross-linking
between DNA chains [38–40]. The consequences of damage to DNA may include the
inhibition of replication and transcription or the presence of mutations leading to genomic
instability. All these changes lead to disturbances in the normal functions of cells and the
development of many diseases, including cancer and ageing [23,41].

Oxidative DNA damage encompasses mainly physicochemical changes in DNA,
which can affect the interpretation and transmission of genetic information [42,43]. ROS
(mainly HO•) in DNA can react with the nucleobases and deoxyribose, triggering signifi-
cant oxidative reactions. This can lead to mutations, carcinogenesis, apoptosis, necrosis, and
hereditary diseases [43]. DNA breaks occur due to nucleosome fragmentation (fundamental
structures for the organization of DNA within chromosomes), thus initiating complications
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in forming DNA within chromatin. Chromatin plays an essential role in regulating gene
transcription [44], and accordingly, modifications in its functional properties may result in
errors leading to mutagenesis (Figure 2).

Figure 2. Types of ROS-mediated DNA damage based on Bui et al. [44].

The hydroxyl radical adds to purines, giving rise to C4-OH-, C5-OH-, and C8-OH-
adduct radicals, while the addition to the pyrimidine leads to the formation of adducts at the
C5-OH and C6-OH positions. 8-hydroxyguanine (8-OH-dG) has been the most extensively
studied one so far. It is relatively quickly formed and is both mutagenic and carcinogenic.
It is a promising biomarker of an organism’s oxidative stress and a potential carcinogenesis
biomarker [45]. It has been demonstrated that 8-OH-dG induces transversions of GC → TA,
whose presence has been identified in several mutant oncogenes (e.g., the DNA mismatch
repair protein—MSH2) and tumour suppressor genes (e.g., P53, BRCA1, APC) [46]. Other
known products of oxidative DNA damage, which are also highly mutagenic, include
8-oxo-adenine, 5-hydroxyuracyl, thymine glycol, and uracil glycol [47].

Mitochondrial DNA (mtDNA) is particularly susceptible to oxidative damage since
mitochondria have limited repair mechanisms through nucleotide excision. Moreover,
mtDNA is not protected by histone proteins. The results of many studies have confirmed
respiratory chain dysfunction in many cancer cells due to mutations in the genes encoding
its enzymatic components [22,45].

DNA damage in cells leads to point mutations in particular regulatory genes that may
activate oncogenes and inactivate tumour suppressor genes, thus initiating and developing
cancer. However, specific and general repair mechanisms can repair DNA base modifica-
tions. In the case of extending oxidative damage to DNA that repair mechanisms cannot
cope with, the cell goes into the process of programmed death called apoptosis.

Increased levels of 8-oxo-dG in the tissues of diabetic rats and the urine of patients
with type 1 and type 2 diabetes were observed [48] with the levels being significantly
higher in patients with albuminuria or other diabetic complications [49]. In patients with
impaired fasting glucose in the prediabetic state, their levels of 8-OHdG increased com-
pared to those of normoglycemic patients [50]. An increased concentration of 8-Oxo-dG
and TG in familial combined hyperlipidaemic (FCH) subjects was detected compared to
that of healthy controls. 8-oxo-dG was positively correlated with insulin and triglycerides
and negatively with high-density lipoprotein cholesterol in FCH subjects [51]. Accord-
ing to Simone et al.’s study, the hyperglycaemia-induced redox-dependent activation of
protein kinase—Akt—augmented the phosphorylation of the tuberin protein and, as a
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consequence, also downregulated human 8-oxoguanine-DNA glycosylase 1 (hOGG1), an
enzyme engaged in the DNA base excision repair pathway (BER) [49].

Some studies have directly correlated DNA damage and HbA1c in T2DM individuals.
When Xavier et al. [52] investigated peripheral blood mononuclear cells, individuals with
poor glycaemic control (HbA1c > 7%) revealed higher DNA damage indicator levels com-
pared to those of normoglycemic (HbA1c < 7%) individuals. In leukocytes from controlled
T2DM patients, an elevated level of DNA damages was observed in comparison to that of
healthy individuals [53,54]. However a positive correlation between antioxidant capacity
and glucose or HbA1c levels in poorly controlled T2DM subjects was noted, which is
consistent with the theory that their antioxidant capacity is improved to compensate for
the excess of free radical species [54]. Other studies have examined blood lymphocytes
obtained from T2DM patients, which exhibit increased DNA oxidative damage, a more
heightened receptivity for mutagens, and insufficient DNA repair systems, further con-
tributing to the development and progression of T2DM and an increased risk of cancer in
those individuals [55].

Some literature data indicate a correlation between DNA damage and the risk of GDM
development; however, the results are inconsistent. Patients with GDM or mild gestational
hyperglycaemia may have higher oxidative DNA damage [56,57].

2.2. Lipid Peroxidation

Polyunsaturated fatty acids (PUFAs) present in membrane phospholipids are very
susceptible to oxidation by ROS [58]. ROS, particularly hydroxyl and peroxyl radicals, can
react with PUFAs and initiate lipid peroxidation chain reactions [59,60].

The first step of lipid peroxidation is an initiation reaction, which starts with the hy-
drogen abstraction from the methylene group of polyunsaturated fatty acids (in particular,
linoleic and arachidonic acid), and, as a result, the alkyl radical (R•) is formed. In the next
propagation step, a radical R• reacts with oxygen to form peroxyl radicals (ROO•) capable
of abstracting a hydrogen atom from another polyunsaturated fatty acid and thus starting a
chain reaction. As a result, fatty acid peroxides (ROOH) and another radical, R•, are formed.
The free radical chain reaction propagates until two free radicals conjugate each other to
terminate the chain. The reaction can also terminate in the presence of a chain-breaking
antioxidant such as vitamin C or vitamin E (α-tocopherol).

Lipid peroxidation products may be endoperoxides, epoxides, aldehydes, or dimers
of fatty acids. Malondialdehyde (MDA) is the best-known end product of lipid peroxi-
dation. It has been found that MDA has mutagenic properties by forming DNA adducts
in bacterial and mammalian cells and is carcinogenic in rats [61]. In addition to MDA,
in the process of lipid peroxidation, other α, β-unsaturated aldehydes and hydroxy alde-
hydes, including 4-hydroxyalkenals, 2-alkenals, hepta-2,4-dienal, 5-hydroxyoktanal, and
4-hydroxy-2-nonenal (HNE) are generated. HNE is mutagenic and highly toxic. MDA
and HNE are good oxidative stress markers, and their presence has been confirmed,
i.a., in cardiovascular diseases, diabetes, and Parkinson’s and Alzheimer’s diseases [62].
4-HNE, which reacts with cellular proteins and DNA, giving stable adducts, is a signalling
molecule that affects the regulation of several stress-sensitive transcription factors, such as
Nrf2, activating protein-1 (AP-1), NF-κB, and peroxisome proliferator-activated receptors.
Moreover, it is also involved in activating some stress response pathways, such as MAPK,
epidermal growth factor receptor/Akt, and PKC pathways [59].

ROS-induced lipid peroxidation contributes to reactive carbonyl species (RCS) forma-
tion which plays a vital role in the development of various diseases, for example, diabetes.
RCS may have cytotoxic and genotoxic properties depending on their concentration at the
tissue or the systemic level. The augmented concentration of 4-HNE in serum, plasma,
blood, urine, cells, and tissues may be linked to diabetic complications [63]. Many studies
on type 1 and type 2 diabetes from various tissues for 4-HNE levels confirmed this con-
cept [64,65]. In type 1 diabetic mice, about a 2.5-fold higher level of 4-HNE was detected
compared to that of the controls [65].
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A higher level of 4-HNE-modified proteins in the pancreatic beta cells of aged type 2
diabetic rats was observed compared to that of the controls, correlated with an increase in
the fibrosis of pancreatic islets [66]. Toyokuni et al. revealed significantly higher levels of
4-HNE-modified albumin in the serum of type 2 diabetes patients [64].

MDA may be a promising biomarker in T2DM. Uncontrolled T2DM patients with
an HbA1c level >7% exhibited significantly higher MDA levels than the control group.
However, there was no statistically significant difference between T2DM-controlled patients
(HbA1c level < 7%) and the control group. Moreover, a significant positive correlation
between the MDA concentration and lipid parameters (except HDL-C) was observed,
which may indicate the coexistence of atherogenic risk factors and oxidative stress [67].
Furthermore, the MDA levels were elevated compared to those of normoglycemic controls
in T2DM patients without complications and with retinopathy [68]. Desco et al. also
reported higher levels of plasma MDA in type 1 DM patients [69].

2.3. Oxidations of Proteins

The mediators of oxidative damage to proteins are HO• and, to a lesser extent, O•
2
−

and H2O2. The reaction of HO• with the protein backbone starts with the abstraction of the
hydrogen atom from the α carbon atom of an amino acid, which leads to the creation of
an alkyl radical which then reacts with oxygen to form a radical alkyl peroxide [70]. This
product is then transformed into alkylperoxide. In the next step, alkylperoxide is converted
into an alkoxyl radical which may be converted into a hydroxyl derivative of an amino
acid or lead to the breaking of the polypeptide chain. In the case of oxygen deficiency, the
formation of radical alkylperoxide is demanding, and alkyl radicals react with each other,
forming cross-links between polypeptide chains.

Thiol groups of cysteine and methionine are particularly susceptible to ROS attacks
resulting in the formation of both intramolecular (P1-SS-P1) and intermolecular (P1-SS-P2)
disulfide bridges and oxidation products containing sulfenic group sulfinate or sulfonate,
metionylosulfoxides, or metionylosulfonyl [71].

The aromatic amino acid residues are also highly susceptible to ROS attacks. It has
been found that the oxidation of tyrosine residues formed 3,4- dihydroxyphenylalanine
or 2,5-tyrosine and the oxidation of tryptophan residues formed formylkynurinine and
kynurenine [72]. The markers of oxidative damage to proteins are carbonyl derivatives
formed by the oxidation of amino acids containing free amino-, amido- or hydroxyl- groups
by ROS. Carbonyl derivatives may react with the free amino groups of lysine residues,
leading to cross-link formation in the same or another protein molecule. Modified and
improperly folded protein chains are directed to the proteolytic pathways and eliminated
through proteasome ubiquitination [72].

Advanced glycation end products (AGEs) are diverse compounds that may be formed
in non-enzymatic reactions between glucose or other saccharides and proteins or lipids.
Environmental factors, including cigarette smoke, high levels of refined and simple carbohy-
drates, hypercaloric diets, foods cooked at a high temperature, and a sedentary lifestyle, can
initiate the production of AGEs and consequently damage cell lipids and proteins [67,73].
ROS may also catalyse the formation of AGEs and advance lipooxidation end products
(ALEs). AGEs are synthesized in the non-enzymatic Maillard reaction of nonreducing
sugars and amino groups in proteins, lipids, and nucleic acids, resulting in nonstable
Schiff bases that undergo the Amadori rearrangement, leading to the formation of stable
ketamine. These compounds may be transformed into more stable products (with peptides
or proteins to form protein cross-links) in a reversible reaction. An alternative to AGEs is
the polyol pathway in which the Heyns product is created, followed by Heyns rearrange-
ment [74]. The AGEs of these pathways belong to the following groups: fructose-derived
AGEs (Fru-AGE) and glucose-derived AGEs (Glu-AGE) (Figure 3)[75].
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Figure 3. Pathways leading to advanced glycation end products (AGEs). Glu-AGE—glucose-derived
AGE; Fru-AGE—fructose-derived AGE.

These compounds may also participate in oxidation, dehydration, or polymerization
reactions to result in numerous other AGEs [76,77].

The oxidation of proteins is associated with the loss of biological activity and an
increased susceptibility to aggregation and proteolysis. AGEs are involved in cell toxicity.
AGEs can play a central role in the pathophysiology of different diseases, for example,
diabetes. The AGE-induced pathophysiology of diabetes mellitus encompasses two mech-
anisms. AGEs may act directly by trapping and cross-linking proteins or indirectly by
binding to the cell surface receptor.

AGEs can interact and modulate cell signalling through binding to various receptors,
for example, Toll-like receptors, scavenger receptors, G-protein-coupled receptors, and
pattern recognition receptors (RAGEs). The latter are specific receptors for AGEs, and, in
homeostasis, they are expressed at basal levels.

The accumulation of a high amount of sugar compounds may contribute to increased
levels of AGEs called glycotoxins and their interactions with human amino acids, peptides,
and proteins. There is a hypothesis that carbohydrates from food can affect internal glucose
levels and impair glucose pathways in tissues, which, consequently, can strongly and nega-
tively influence human health [78]. Under pathological conditions or chronic inflammation,
such as diabetes mellitus (DM), cardiovascular disease, Alzheimer’s disease, cancer, and
natural ageing, their expression is elevated. It has been reported that in diabetes, both
ROS and AGE concentrations are increased [79]. Elevated concentrations of AGEs in the
bloodstream, a consequence of hyperglycaemia in diabetes, may induce a signalling cas-
cade through RAGE. This activation involves a variety of downstream effectors, including
mitogen-activated protein kinase (MAPK), p38, stress-activated protein kinase/c-Jun N-
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terminal kinase (SAPK/JNK), Ras-mediated extracellular signal-regulated kinase (ERK1/2),
and Janus kinase signal transducer and activator of transcription (JAK/STAT) pathway
which will sequentially lead to sustained activation transcription factors, such as NF-κB,
STAT3, HIF-1α, and AP-1 [74,80,81]. Mounting evidence suggests that AGEs/RAGE-
induced signalling pathways encompassing NF-κB activation, inflammation, and ROS
formation are directly linked to the pathogenesis of insulin resistance by increased IRS-1
serine phosphorylation and degradation, therefore blocking the insulin signalling path-
way [82]. Hyperglycaemia resulting from elevated AGE levels in the pancreas may have a
toxic effect on beta cells by triggering inflammatory cascades and oxidative stress [83,84].
This effect can be observed as upregulated RAGE expression in pancreatic islets [85]. It also
confirmed that AGEs may be suitable biomarkers in gestational diabetes mellitus (GDM)
by increasing the concentrations of TNF-α (tumour necrosis factor-alpha) and hs-CRP
(high-sensitivity C-reactive protein), which are responsible for inflammatory reactions [86].

3. The Role of Oxidative Stress and Inflammation in Aetiology of Diabetes Mellitus

Pancreatic β-cell dysfunction and insulin resistance in hepatocytes, myocytes, and
adipocytes significantly contribute to T2DM pathogenesis. The cellular and molecular
mechanisms underlying these abnormalities are not fully understood. The imbalance
between the production and elimination of reactive oxygen species (ROS) causes oxidative
stress (OS), which stems from chronic low-grade inflammation and chronic hyperglycaemia
resulting from insulin resistance, leading to abnormal cytokine overproduction and the
activation of inflammatory signalling pathways in the above-mentioned insulin-sensitive
tissues [87]. Hyperglycaemia linked to insulin resistance is the major pathogenetic factor of
T2DM. Numerous pre-clinical and clinical studies investigate the influence of increased
glycaemia on redox homeostasis and inflammatory responses. OS plays a pivotal role in the
pathophysiology of diabetic complications related to lipid peroxidation, DNA damage, and
mitochondrial dysfunction. Its involvement is visible in many other pathological conditions
and age-related disorders. Ageing-related disorders are defined as the progressive loss
of function in tissues subjected to OS and many other mechanisms [88]. The oxidative
stress theory by many researchers is considered the primary background of ageing and
age-related complications. Thus, maintaining the proper balance of the redox state is
essential in oxidative stress-induced complications and insulin resistance prevention [89].

Some of the mechanisms described below underlying the development of T2DM and
its complications in correlation to OS are presented in Figure 4. This chapter provides
evidence on how increased glucose and insulin resistance affect ROS overproduction and
the antioxidant defence system, leading to OS and immune system activation in diabetic
individuals (Figure 4).

Prediabetes, an elevated blood glucose level not reaching the diabetes criteria (the
range from 100 to 125 g/dL (5.6 mmol/L to 6.9 mmol/L) according to ADA criteria) [1],
can predispose patients to T2DM due to hyperglycaemia-related OS, underlying ROS
overproduction, and increased inflammation markers. Prolonged inflammation and OS
overload can lead to impaired insulin secretion, insulin resistance, and further T2DM
development [90]. Some OS- and inflammation-related changes are already present in the
prediabetes phase; ongoing and progressing prediabetes-related hyperglycaemia enhances
these alterations. Evolving OS leads to muscle insulin resistance, impaired pancreatic cell
function, and insulin secretion. Some studies have revealed that using nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase inhibitors (Apocynin) causes the reduction of OS
in a prediabetes state [91]. It has been shown that insulin resistance is associated with OS in
non-diabetic individuals and those with increased risk factors for DM development, such
as obesity or impaired fasting glucose. The involvement also of the gastrointestinal tract in
glucose homeostasis is nowadays emphasised as an important factor in DM development
and progression [92] which is why many ongoing studies investigate the influence of a
polyphenol-rich diet and the incorporation of polyphenols into the gastrointestinal tract
in other forms as well as their beneficial outcomes on DM management and treatment in
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the context of OS [93,94]. The Framingham Offspring Study on the association of oxidative
stress, insulin resistance, and diabetes risk phenotypes revealed a positive correlation
between insulin resistance and urinary 8-epi-prostaglandin F2α (8-epi-PGF2α),- an OS
marker [95].

 

Figure 4. Molecular mechanisms correlating oxidative stress, its outcomes, and hyperglycaemia,
which lead to insulin resistance and T2DM development. Abbreviations: TLRs—Toll-like recep-
tors; Nf-κb—nuclear factor kappa b; MAPK—mitogen-activated kinases. Legend: ↓—decrease,
↑—increase.

Lipid peroxidation, DNA damage, and mitochondrial dysfunction are some of the
examples of processes by which the OS executes a pivotal role in the pathophysiology
of various complications of diabetes. Several experimental studies have proven that in-
creased mitochondrial ROS production is associated with high glucose levels in leukocytes,
endothelial cells, and adipocytes. Pancreatic β-cells are prone to glucose toxicity due to
chronic OS in DM caused by the deficient expression of antioxidant enzymes compared
to other tissues [96]. It has been proposed that excessive ROS production may cause the
impairment of β-cells by the decreased expression and DNA-binding activity of some
tissue-specific transcriptional factors, precisely pancreas duodenum homeobox-1 and V-
maf musculoaponeurotic fibrosarcoma oncogene homolog A. This phenomenon causes
reduced insulin gene expression, content, and secretion [97].

Acharya et al. [98] revealed the correlation between hyperglycaemia, oxidative stress,
and β-cell dysfunction in newly diagnosed diabetic individuals when comparing the OS
parameters at their time of diagnosis and eight weeks after antihyperglycemic treatment,
thus finding a significantly increased OS at at the point of diagnosis with T2DM. Irrespective
of the type of hypoglycaemic treatment used, lowered oxidative stress and improved β-cell
function were observed.

Numerous ongoing and completed clinical trials have revealed the importance of
anti-inflammatory constituents and their contribution to glucose homeostasis. A study in-
vestigating the glucose-lowering effect of Salsalate (a pro-drug of salicylate) demonstrated
its effectiveness in lowering the HbA1c and fasting glucose levels of T2DM individu-
als [99].There is a growing body of evidence showing that low-grade chronic inflammation
is one of the multiple factors underlying the pathophysiology of insulin resistance, DM,
and its complications; furthermore, it is also clear that these processes might affect the
insulin signalling transduction and beta cell function [61,100]. Janus kinase pathways
(JNKs) induced by some cytokines further stimulate IRS-1 serine phosphorylation causing
abnormalities in insulin signalling pathways [101]. Other inflammatory mediators, such
as TNF-α and Nf-κb, have been reported to modulate IRS-1 serine phosphorylation and
further affect the proper insulin signalling transduction.
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In patients with T2DM, the increased activity of monocytes and macrophages and in-
creased levels of proinflammatory mediators, such as CX3CL1 (fractalkine), CRP, TNF-α, IL-
6 (interleukin-6), IL-1β, IL-18, MCP-1 (monocyte chemoattractant protein-1), resistin, PAI-1
(plasminogen activator inhibitor-1), E-selectin, and IFN-γ (interferon-gamma), have been re-
ported, which indicates the potential benefits of incorporating agents of anti-inflammatory
activity into therapeutic approaches in diabetes management. Additionally, Toll-like re-
ceptors (TLR) 2 and 4 were found to be suppressed in peripheral mononuclear cells in
T2DM patients [102]. Guerrero-Romero et al. revealed a strong association between hyper-
glycaemia/poor glycaemic control and increased CRP levels in prediabetic and diabetic
patients [103]. Besides the increased CRP levels, IL-6 was also found to be elevated in
diabetic individuals [104]. However, it has been proven that an improvement in glycaemic
control is accompanied by a reduction in the above-mentioned inflammatory markers and
the TBARS (thiobarbituric acid-reactive substances) concentration—an OS marker [105].

The monocyte cell subset is essential among circulating immune cells considering
diabetes’ pathophysiology due to the increased levels of monocyte proinflammatory cy-
tokines measured in T2DM individuals [106]. Thus, human monocytes have become the
subject of many in vitro studies, revealing the upregulation of critical inflammatory genes
such as cytokines—TNF-α and IL-1β, their receptors, and chemokines—MCP-1 in high-
glucose conditions of culture [107]. The NF-κB regulates many hyperglycaemia-induced
genes; thus, this transcription factor’s importance in regulating high-glucose-induced
immune responses has been broadly investigated. The CREB-binding protein (CBP) and
p300, both displaying intrinsic HAT (histone acetyltransferase) activity, are coactivators
for p65, the NF-κB component. The high-glucose-induced hyperacetylation of p65 and the
inhibition of HDACs (histone deacetylases) have been reported to be stimulated by the
CBP/p300, resulting in NF-κB activation and the further increased transcription of IL-6 and
TNF-α in monocytes [108].The above-mentioned study by Yun et al. revealed curcumin’s
ability to decrease monocyte hyperglycaemia-induced cytokine production, probably via
epigenetic changes in NF-κB, proving the direct action of curcumin on the inflammatory
response. Since then, curcumin, a polyphenolic compound, has become a valuable subject
in antidiabetic approaches.

Gonzalez et al. [109] reported the decreased monocyte CD33 expression and increased
TNF-α production by human monocytes under hyperglycaemic conditions, thus making
CD33—a member of the family of sialic acid-binding, immunoglobulin-like lectins—a
subject of many studies related to the hyperglycaemia-induced inflammatory response.
Gonzalez et al., using α-tocopherol, reported the reversal of the above-mentioned alterna-
tions, suggesting that hyperglycaemia-induced oxidative stress might cause CD33 down-
regulation. Oxidative stress and inflammation are two significant abnormalities underlying
the development and progression of T2DM. They are promoted by chronic hyperglycaemia,
a key factor for DM, thus indicating the reciprocal nature of their correlation. All of the
above-mentioned findings strongly suggest that antioxidative compounds can effectively
improve disturbed insulin secretion and action, thus positively influencing human glucose
and oxidative homeostasis.

Enzymatic Antioxidant Defence System

Substances that can delay, prevent, or remove OS-related damages are classified as
antioxidants and are categorized into two major groups: enzymatic and non-enzymatic
antioxidants. Enzymatic antioxidants contain the enzymes that play a crucial role as the first
line of defence against ROS, including superoxide dismutase (SOD; EC.1.15.1.1), catalase
(CAT; EC 1.11.1.6), and glutathione peroxidase (GPx; EC 1.11.1.19). The nuclear erythroid
2-related factor-2 (Nrf2) is a transcription factor that regulates the expression of all the
above-mentioned enzymes. Thus, Nrf2 maintains cellular redox balance by modulating the
antioxidant response. In animal model studies, the beneficial effects of Nrf2 action on β-cell
dysfunction and insulin resistance have been revealed, as well as on the development of
diabetes-related micro- and macrovascular complications [110].
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SOD is an enzyme that catalyses superoxide radicals’ dismutation into hydrogen
peroxide and molecular oxygen. It exists in different isoforms, including copper-zinc
SOD (SOD1) which is present in the cytosol, manganese SOD (SOD2) which is found in
the mitochondrial matrix, and extracellular SOD (SOD3). These isoforms are distributed
in different cellular compartments and exhibit distinct regulatory mechanisms. SODs
are critical in scavenging superoxide radicals and preventing their conversion into more
reactive species [111].

Catalase is a heme-containing enzyme in peroxisomes that facilitates the decomposi-
tion of hydrogen peroxide into water and molecular oxygen. Catalase efficiently detoxifies
hydrogen peroxide, thereby protecting cells from oxidative damage. Its activity is tightly
regulated through transcriptional, post-transcriptional, and post-translational mechanisms.
It is present in most cells, tissues, and organs and, at higher levels, in the liver and erythro-
cytes [112].

Glutathione peroxidases are a family of selenium-dependent enzymes that catalyse the
reduction of hydrogen peroxide and lipid hydroperoxides using glutathione as a cofactor.
These enzymes play a crucial role in maintaining the cellular redox balance and protecting
against oxidative damage. Different isoforms of glutathione peroxidase are expressed in
various tissues and exhibit distinct substrate specificities. Free thiol groups are oxidized to
disulphide bonds during the process shown below, and reduced glutathione serves as an
efficient electron donor [30] (Figure 5).

Figure 5. General mechanism for obtaining glutathione disulphide. GSH—glutathione; GS-SG—
glutathione disulphide.

Glutathione is a tripeptide (γ-L-glutamyl-L-cysteinylglycine) present in millimolar
concentrations in cells. It acts as a major intracellular antioxidant and participates in redox
reactions by working as a reducing agent and a cofactor for enzymes such as glutathione
peroxidase. Glutathione levels are tightly regulated, and alterations in its concentration
have been associated with oxidative-stress-related disorders [112].

4. Polyphenols as Nutritional Antioxidants

Like other secondary metabolites, polyphenols serve as plants’ first line of defence.
They are possibly the most significant non-nutrient bioactive groups in the human diet be-
cause plants constitute a primary nutritional component in human diets, and phenolics are
more numerous than other phytochemicals in plant diets [113]. Among the several possible
health advantages of dietary polyphenols, their capacity to inhibit oxidation stands out.
They have consistently been demonstrated as powerful antioxidants, preventing oxidative
damage and reducing inflammation. A diet high in phenolic-rich fruits, vegetables, and
whole grains lowers one’s risk of cancer, cardiovascular disease, chronic inflammation,
and metabolic disorders [21]. The mechanisms of phenolic compounds’ antioxidant and
anti-inflammatory properties are linked with their capacity to scavenge free radicals, restore
antioxidant enzyme activity, and regulate cytokine-induced inflammation.

In vitro, dietary phenolics are potent antioxidants, capable of neutralizing free radicals
by donating an electron or a hydrogen atom to a wide range of reactive oxygen, nitrogen,
and chlorine species, •, including O2

•−, OH peroxyl radicals RO2
•, hypochlorous acid

(HOCl), and peroxynitrous acid (ONOOH) [114]. As efficient radical scavengers, polyphe-
nols disrupt the propagation stage of the lipid autoxidation chain reactions or function
as metal chelators to convert hydroperoxides or metal prooxidants into stable molecules.
As metal chelators, phenolic compounds can directly block Fe3+‘s reduction by lowering
the formation of reactive OH in the Fenton reaction [115]. Although phenolic acids and
flavonoids have excellent radical scavenging action, their metal chelating potential and
reducing power might differ depending on their structural characteristics.
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Based on their chemical structure, the plant-derived antioxidants are classified as
carotenoids, phenolics, alkaloids, nitrogen-containing compounds, and organosulfur com-
pounds, along with the sterols, terpenes, fibre, and organoselenium compounds which are
also distinguished in such a classification [113]. Flavonoids (such as flavonols, flavanols,
flavones, and anthocyanins), phenolic acids (ellagic acid, caffeic acid), stilbenes (resvera-
trol), and lignans are just a few of the numerous substances that fall under the category of
polyphenols. Every type of polyphenol has distinct antioxidant qualities and health advan-
tages [116]. Synergistic interactions between polyphenols frequently result in combined
effects that are more significant than the sum of their individual effects. These findings
suggest that eating foods high in polyphenols may offer better antioxidant protection than
taking supplements of isolated polyphenols [117].

Polyphenols have anti-inflammatory effects in addition to antioxidant ones. By lower-
ing the production of proinflammatory molecules and fostering a more balanced immune
response, they can help modulate inflammatory pathways. Polyphenols may aid in the
prevention and treatment of inflammatory diseases by reducing chronic inflammation [118].

Additionally, polyphenols can affect the cellular signalling networks that control
inflammation and oxidative stress. Specific enzymes, such as Nrf2 (nuclear factor erythroid
2-related factor 2), also govern antioxidant defence. Polyphenols can activate these enzymes,
increasing the body’s natural antioxidant capacity by modulating these pathways [119].
In addition to neutralizing free radicals in the aqueous environment, polyphenols shield
lipids from oxidation. Lipid peroxidation can produce dangerous byproducts that harm
cell membranes and exacerbate several diseases. The chain reaction of lipid peroxidation
can be stopped by polyphenols, maintaining the structure and functionality of cellular
membranes [120].

It is of high importance to also mention that numerous researchers are now making
efforts to develop potentially beneficial and applicable synthetic derivatives of naturally
occurring polyphenolic compounds that could be used as subjects for antidiabetic ap-
proaches. Compounds such as iminosugars and other sugar derivatives are some examples
of subjects of ongoing studies and are being considered as promising for their potential
applications as antidiabetic agents obtained by the chemical modification of plant-derived
stem compounds [121].

5. Polyphenols Present in the Diet and Incidence of Various Diseases

Some studies indicate that the presence of polyphenols in one’s diet can reduce the
risk of developing diseases, such as cardiovascular diseases, some types of cancer, and
neurodegenerative diseases [122,123]. In a randomized double-blind placebo-controlled
trial study, after supplementation with polyphenolic extract (Hibiscus sabdariffa and Lippia
citriodora) for over 84 days, type 1 hypertensive patients of both sexes exhibited a decrease
in daytime systolic blood pressure (SBP) in comparison to a placebo group. However,
their diastolic blood pressure remained at similar values as the baseline. The mechanism
by which the polyphenol extracts decreased their blood pressure may be related to the
modulation of different metabolic pathways and the activation of the AMPK pathway
favouring lipolysis and, therefore, fat loss. Polyphenols present in HS and LC extracts
may possess vasodilatory properties and the capacity to inhibit low-density lipoprotein
oxidation as well as decrease the atherosclerotic process [124,125].

Xiao et al. demonstrated that green tea polyphenols alleviated the disorganized arterial
wall and the increased intima-media thickness induced by a high-fat diet (HFD). The effect
was also observed in the rats group fed with a standard diet. These results indicated that
excess fat intakes could induce early vascular ageing (EVA) in young rats, and GTP could
reverse such early vascular damage in HFD rats [126].

Talarid et al. revealed the hypertension- and glycaemia-lowering activity of polyphe-
nols in grape-pomace-derived seasoning in subjects with a high level of cardiovascular
risk. These results indicate that the reduction rate after the nutritional intervention (2 g of
seasoning per day for 6 weeks) was relatively moderate. Grape pomace could also help in
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the control of cardiometabolic risk factors and metabolic syndrome (MetS), especially at
the initial stages. [127].

Polyphenols regularly consumed in the diet may also exert anticancer properties by
decreasing the growth and development of various types of cancer. Ávila-Gálvez et al.
have attempted the metabolic profiling of isoflavones, lignans, and curcuminoids for the
first time in breast tissues from breast cancer (BC) patients. Their results demonstrated
that a mixture of polyphenolic metabolites reached the mammary tissues (MTs) from BC
patients and suggest that some metabolites, especially the free curcumin occurring in MT,
might exert anticancer activity after long-term exposure. The obtained results indicated
that the consumption of high amounts of polyphenols could improve the glucuronidation
reaction in terms of its saturation, which could allow some dietary polyphenols to reach
systemic tissues in their free, much more bioactive form [128].

Polyphenols are often used to support the treatment of chronic non-communicable
diseases such as diabetes and neurodegenerative diseases whose pathophysiology involves
oxidative stress (OS) and inflammation [129]. Resveratrol—a polyphenol belonging to
stilbenes—has proven antioxidative and anti-inflammatory activities that are attributed
to its ability to activate sirtuin 1 (SIRT1), and, consequently, this activation stimulates
AMP-dependent protein kinase (AMPK), which manages to improve biogenesis and mito-
chondrial function, increase insulin sensitivity, attenuate oxidative damage, and regulate
metabolic homeostasis. In some studies on animal models with T2DM, resveratrol exerted
antioxidant, anti-inflammatory, and even hypoglycaemic effects [130]. In this context,
García-Martínez et al. demonstrated in a randomized clinical trial on adults with T2D that
supplementation with resveratrol (with two doses: 1000 mg/day and 500 mg/day) resulted
in an increase in the total antioxidant capacity, antioxidant gap, percentage of subjects with-
out oxidant stress, and sirtuin 1 levels in comparison to those of the controls. Moreover, the
observed antioxidant effect of resveratrol was more noticeable for the 1000 mg dose [131].

In the context of T2DM, Grabežet al. conducted a prospective, randomized, double-
blind, placebo-controlled trial of the effect of polyphenols in pomegranate peel extract
(PoPEx) on the outcomes of inflammatory factors and oxidative stress in patients with
type 2 diabetes mellitus. Patients were randomly assigned to one of two groups: the first
(n = 30) received PoPExin 250 mg capsules twice a day, while the second (n = 30) received
placebo capsules twice a day. The plasma levels of inflammatory factors (IL-6, TNF-, and
high-sensitivity C reactive protein (hsCRP)), oxidative stress biomarkers (thiobarbituric
acid reactive substances (TBARS)), nitrites (NO2

−), the superoxide anion radical (O2•−),
hydrogen peroxide (H2O2), the total antioxidant capacity (TAC), homocysteine, and the
lipid profile were measured. The PoPEx therapy reduced inflammatory factors (IL-6, TNF-,
hsCRP), oxidative stress biomarkers (TBARS, NO2

−, O2•−), and homocysteine, while
increasing TAC. Furthermore, the PoPEx group showed a significant improvement in lipid
profile. In the PoPEx group, there was a significant opposite relationship between the
decreases in all the determined inflammatory markers and TAC [132].

Polyphenols belonging to various groups have also demonstrated neuroprotective and
anti-ageing properties. Their activity in the brain encompasses the prevention of neuronal
fatty acids’ oxidation, a reduction in the damage caused by reactive oxygen and nitrogen
species, and an improvement in neurocognition by facilitating de novo protein synthesis in
key sites and neurogenesis in the dentate gyrus [133]. For example, Vina et al. found that
patients with Alzheimer’s disease supplemented with genistein at a dose of 120 mg/day
for 12 months exhibited a significant improvement in two of the tests used (dichotomized
direct TAVEC and dichotomized delayed Centil REY copy). In genistein-treated patients,
the amyloid-beta deposition analysis revealed that they did not increase their uptake in
the anterior cingulate gyrus after treatment as opposed to the placebo-treated group for
which an increase was noted [134]. This study demonstrated that genistein may have a
therapeutical role in and may have delayed the onset of Alzheimer’s dementia in patients
with prodromal Alzheimer’s disease. In another study, Boespflug et al. showed that in older
adults with cognitive impairment, blueberry powder (with an anthocyanin concentration
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near 15 mg) supplementation improved their neuronal responses, observed by magnetic
resonance imaging (MRI) during memory challenges [135].

6. Metabolism of Polyphenols:

The bioavailability of polyphenols can be influenced by multiple factors such as
the food matrix, processing methods, and individual variations in metabolism. Some
polyphenols may have low bioavailability and thus a significantly low absorption or rapid
metabolism. It needs to be emphasized that polyphenols present poor absorption in the
small intestine, and their bioactivity in living organisms is also generally strictly correlated
with the activity of the microbiota [136]. Nevertheless, even if their systemic concentra-
tion is relatively low, polyphenols can still exert local effects on the gastrointestinal tract,
contributing to gut health and microbiota [137]. Polyphenols undergo various biotransfor-
mation processes, including phase I and phase II reactions. Phase I reactions involve the
conversion of polyphenols by enzymes such as cytochrome P450, resulting in the formation
of intermediate metabolites. These reactions include hydroxylation, demethylation, dehy-
droxylation, and oxidation. The resulting products are intermediate metabolites, which
can exhibit different biological activities compared to the parent compounds. Phase II
reactions include conjugation with endogenous compounds, such as glucuronic acid, sul-
phate, or methyl groups, leading to water-soluble metabolites that can be readily excreted.
The gut microbiota also plays a crucial role in the metabolism of polyphenols, generating
metabolites with potential biological activities. Polyphenols that escape metabolism in
the upper gastrointestinal tract reach the large intestine, where they undergo extensive
microbial metabolism by the gut microbiota. The gut microbiota can enzymatically convert
polyphenols into smaller phenolic acids and other metabolites. These microbial metabolites
can have unique biological activities and contribute to the overall health benefits associated
with polyphenol consumption [138].

The daily consumption of polyphenols has been estimated to be 900 mg [139]. This
level of intake is ten times that of vitamin C and one hundred times that of vitamin E or b-
carotene [137]. Several factors, however, make an accurate calculation of polyphenol intake
hard: (1) Polyphenols have an extensive variety of chemical structures. (2) Polyphenols
are typically found in a wide range of foods. Some polyphenols, such as quercetin, can
be found in a number of foods, whereas others, such as flavanones in citrus, are often
specific to a particular species of plant or plant family. (3) The amount of each in a
specific food can vary greatly as a result of a variety of factors. (4) There are no standard
procedures for determining polyphenols in foods or methods of quantification. Catechins
and proanthocyanidins are the most abundant flavonoids in the human diet, accounting for
roughly three-quarters of the total flavonoids consumed. Phenolic acids make up a large
portion of the polyphenols consumed by coffee drinkers. Estimates of total polyphenol
intake are clearly affected by the number of polyphenol classes or subclasses included in
the survey, particularly the inclusion of proanthocyanidins and phenolic acids. Few authors
have included these two final polyphenol groups.

Several studies have investigated polyphenol intake in different populations by
using 24-hour recalls or semi-quantitative food frequency questionnaires and polyphe-
nols databases [140–143]. For example, the average daily intake of polyphenols in the
Spanish diet is around 3000 mg/person/day [140], although the PREDIMED research of
7000 Spanish people found their total phenols intake to be 820 ± 323 mg per day, with
flavonoids and phenolic acids being the most abundant components [142]. In France, the
total polyphenol intake in 4000 adults is estimated at 1193 ± 510 mg/d [141] and in Poland,
it is estimated at 1756.5 ± 695.8 mg/d [143].

Despite an increasing body of evidence for polyphenol bioavailability in the systemic
circulation [144], little is known about their ability to reach the central nervous system
(CNS). Animal studies show that polyphenols can cross the blood–brain barrier (BBB)
and colocalize in tissues of the brain despite the route of administration. For example,
naringenin was discovered in the brain after the injection [145], whereas epigallocatechin
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gallate [146], epicatechin [147], and anthocyanins [148,149] were identified after swallowing.
Schaffer et al. demonstrated that polyphenols usually localize in the brain at levels below
1 nmol/g tissue [150]. Polyphenols and their degraded metabolites can also aid in the
treatment of T2D. These components converted into secondary metabolites by certain
gut microbiota have higher absorption and bioactivity than their precursors [151]. The
flavonoid metabolites 3,4-dihydroxyphenylacetic acid and 3-hydroxyphenylpropionic acid
which are derived from microbes may have anti-diabetic properties through encouraging
the growth and functioning of pancreatic cells [152]. Furthermore, polyphenol microbial
metabolites could control bile acid production, which impacts the metabolism of the host.

It is worth mentioning that the cellular environment and/or concentration of polyphe-
nols is a factor with a diverse influence on the form of the displayed activity of polyphenols,
either antioxidants or pro-oxidants [153]. Due to their pro-oxidant properties, polyphenols
can have toxicological effects when consumed in high concentrations [154,155]. Their
potential detrimental effects on health can be attributed to their capacity to activate tran-
scription factors, such as NF-B, activating protein-1 (AP-1), tumour protein (p53), and
Nrf2, as well as cause cell damage through the collapse of the mitochondrial membrane
potential, favouring the propagation of reactive species and subsequently the inflammatory
process [156].

In this regard, Moridani and colleagues evaluated the toxicity of flavonoids in iso-
lated rat hepatocytes and in HeLa tumour cells. They discovered that epicatechin had
the lowest toxicity (LD50 = 17,000 μmol) and that galangin had the highest toxicity after
2 h, with lipophilicity being the primary determinant of the cytotoxicity of the evaluated
polyphenols [157]. According to a study by Chen et al. [158], genistein consumption at
high concentrations (200 μmol) increased the production of reactive oxygen species (ROS)
in a way that was dependent on 5-lipoxygenase, an essential enzyme in the biosynthesis
of leukotrienes, which in turn plays a crucial role in the inflammatory response. Further-
more, high dietary doses of green tea polyphenols (0.5–10%) also worsen colitis and colon
carcinogenesis in ICR mice and cause nephrotoxicity, hepatotoxicity, and the negative
regulation of the expression of antioxidant enzymes and molecular chaperones [159]. Since
phenolic compounds can adversely affect health depending on the concentration used,
careful consideration must be given to their intake [156].

6.1. Mechanisms of Antidiabetic Activity of Phenolics

The inhibition of carbohydrate digestion by salivary and pancreatic α-amylase and
α-glucosidase inhibition in the small intestine, glucose absorption inhibition, and insulin se-
cretion stimulation and protective activity towards pancreatic β-cells against glucotoxicity
damage are indicated as potential mechanisms of the hypoglycaemic action of polyphenolic
compounds. The effects of the suppression of gluconeogenesis in the liver and increase in
glucose uptake in peripheral tissues on the modulation of intracellular signalling pathways
are other proposed mechanisms of polyphenols’ activity [160]. De Paulo Farias et al. [161]
presented in their review the antidiabetic effects of dietary phenolic compounds and their
mechanisms of action. It was discovered that these compounds have a high therapeutic
potential for diabetes management, and their mode of action includes several mechanisms
related to oxidative stress reduction, the inhibition of DPP-IV and enzymes involved in
carbohydrate metabolism, a reduction in insulin resistance, and AGE formation, among
others. Nevertheless, it is necessary to note that the anti-diabetic properties of phenolic
compounds largely depend on factors such as food concentration, bioaccessibility, absorp-
tion, metabolism, and bioavailability, indicating the need for research into the relationship
of these factors with phenolic bioactivity to outline strategies aimed at maximizing its
effects on diabetes management. Moreover, care should be taken to establish safe doses, as
these compounds can have negative health effects when consumed in large quantities.

Next sections of this paper are presenting some of the already revealed antidiabetic
activities of most investigated phenolic compounds, the chemical structures of mentioned
compounds are presented in Figure 6.
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Figure 6. Structures of example polyphenols.

6.2. Animal Studies on AntidiabeticEffects of Polyphenols

Many studies have used diabetic streptozotocin (STZ) models or leptin-deficient db/db
mice. Although in a mechanistic manner, some of the applied models seems to be more
suitable for the investigation of T1DM than T2DM. Nonetheless, they provide helpful
information on some of the numerous anti-diabetic properties of polyphenolic compounds.

Do et al. [162] studied resveratrol supplementation in db/db mice, and they concluded
that this famous stilbene decreased blood glucose and HbA1c levels. Simultaneously,
increased plasma and pancreatic insulin content was observed. It could suggest that
resveratrol improves glucose tolerance and β-cell mass preservation [163].

Curcumin administration to rats fed a high-fat diet (HFD) and STZ resulted in lower
fasting blood glucose levels, increased insulin levels, and insulin sensitivity [164]. Curcumin
treatment reduced blood glucose and Hb1Ac levels in alloxan-induced diabetic rats and
db/db mice [165]. Curcumin has also been shown to improve insulin resistance and glucose
tolerance in db/db mice and HFD-fed mice [166], as well as to increase insulin levels in
db/db mice. Curcumin supplementation did not, however, affect blood glucose levels in a
similar study of db/db mice [167].

Studies on treating animals with green tea demonstrated that it could prevent hypergly-
caemia, hyperinsulinemia, and insulin resistance in a high-fructose diet [168]. Additionally,
it significantly reduced the amount of glucose in the blood of STZ-diabetic and db/db
diabetic mice; nevertheless, it exhibited no effect on serum insulin levels [169]. However,
some studies also demonstrated that particular green tea components showed inconsistent
results. In the case of Epigallocatechin gallate (EGCG), its antidiabetic effects depend on
the way of its administration. In STZ-treated mice, an intraperitoneal injection of EGCG
decreased hyperglycaemia while preserving islet mass [170]. After 4 weeks, oral EGCG
showed no effect on blood glucose levels in mice fed a HFD [171]. On the other hand,
long-term oral dosing has been shown to reduce blood glucose in db/db mice, non-obese
diabetic mice, and STZ rats [172].

Both rutin and its aglycone derivative compound, quercetin, also show interesting
antidiabetic properties. STZ-rats treated orally with rutin showed decreased plasma glu-
cose levels and increased insulin levels [173], and the C-peptide concentration was also
increased [174]. Quercetin additionally protected β-cells against STZ-activated degenera-
tion [175].
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6.3. Human Studies on Antidiabetic Effects of Polyphenols

Ultimately, pre-clinical data have confirmed polyphenols as chemicals having metabolic
regulation effects that may help to prevent or postpone the onset of type 2 diabetes,
although human evidence is still lacking. There have only been a few meta-analyses of
randomized controlled human studies examining the impact of polyphenols on diabetes
biomarkers or incidence, and some of them have shown confusing results. For example,
in one meta-analysis, biomarkers such as blood glucose, fasting insulin, or HbA1c were
reported to be affected by a specific polyphenol but not another [176–178].

Many experiments with green tea and similar catechins have been conducted, but the
findings have not been consistent. Zheng et al. [178] performed a meta-analysis to identify
and quantify the effects of green tea catechins and green tea catechins’ caffeine mixture on
the glucose metabolism of adults. These studies showed that green tea catechins, with or
without caffeine, substantially lowered fast blood glucose levels but had no effect on fast
blood insulin, HbA1c, or the homeostatic model assessment of insulin resistance (HOMA-
IR). A subgroup analysis revealed that the glucose-lowering impact was more pronounced
when the follow-up period exceeded a median of 12 weeks. Green tea doses, intervention
type (with or without caffeine), research quality, ethnicity, habitual caffeine intake, and
participant health status did not appear to significantly impact the pooled mean differences
in the fast blood glucose or fast blood insulin concentrations. Another meta-analysis of
green tea’s effect on individuals with T2DM or prediabetes revealed no effect on the fasting
blood glucose, HbA1c, insulin, or HOMA-IR. However, these findings may be less credible
due to the small sample numbers and the diverse quality of the research evaluated [179].

In turn, Rienks et al. [180] evaluated polyphenol exposure and risk of T2DM devel-
opment and demonstrated that diets high in polyphenols, particularly flavonoids, can
help avoid type 2 diabetes. Evidence of nonlinearity was discovered for most relation-
ships, indicating a recommended level of consumption linked with the lowest risk of
type 2 diabetes.

Human research on resveratrol has likewise had inconsistent results. Four weeks of
resveratrol supplementation at a low dosage (10 mg/day) lowered HOMA-IR in T2DM
patients but did not affect blood insulin levels or βß-cell function indicators [181]. In
contrast, 12 weeks of a significantly larger dosage (3 g/day) in participants with T2DM
did not improve HOMA-IR, despite a nonsignificant drop in HbA1c [182]. In contrast,
Timmers et al. [183] discovered that 30 days of 150 mg/day resveratrol lowered levels of
fasting plasma glucose, insulin, triglycerides, and HOMA-IR. Further follow-up trials have
also failed to provide any significant differences. A 6-month experiment in T2DM patients
exhibited no difference in levels of blood glucose, HbA1c, insulin, C-peptide, HOMA-IR, or
FFA [184].

Studies on curcumin are much more promising. Some evidence has suggested that
12 weeks of therapy, including curcumin in participants with a high risk of T2DM devel-
opment, caused decreased levels of plasma insulin with no effect on glucose levels [185].
Curcuminoid medication for three months lowered fasting blood glucose, HbA1c levels,
and insulin resistance in individuals diagnosed with T2DM or prediabetes [186].

Ostadmohammadi et al. [187] conducted a systematic review to determine the effect of
quercetin supplementation on glycaemic control among patients with metabolic syndrome
(MetS) and related disorders. A meta-analysis found that quercetin supplementation did
not affect glycaemic control in people with MetS and other associated illnesses. A subgroup
study based on an 8-week-long trial with quercetin doses of 500 mg/day significantly low-
ered FPG levels. In addition, in trials with participants aged 45 years and quercetin doses
of 500 mg/day, their insulin levels decreased considerably after quercetin supplementation.

More detailed data revealed in all described above studies are presented in the Table 1.
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Table 1. Details of antidiabetic activities revealed in reported studies.

Investigated
Phenolic Compounds

and Their Origin
Experimental Design Revealed Antidiabetic Activities Ref.

Animal Model Studies In Vitro and In Vivo

Resveratrol
(3,5,4′-trihydroxy-

trans-stilbene)
Calss: Stilbenoid

C57BL/KsJ-db/db mice
fed with a normal diet with
RV (0.005% and 0.02%, w/w)
or rosiglitazone (0.001%, w/w)
for 6 weeks

↓blood glucose
↓plasma free fatty acid and triglyceride,
↓apo B/apo AI levels
↓HbA1c levels
↓hepatic gluconeogenic enzyme activity and
hepatic glycogen
↓hepatic triglyceride content and p-IKK protein expression
↑plasma insulin levels
↑pancreatic insulin protein
↑skeletal muscle GLUT4 protein
↑plasma adiponectin levels
↑hepatic glycolytic gene expression and enzyme activity
↑skeletal muscle glycogen synthase protein expression
↑hepatic UCP and skeletal muscle UCP expression

[162]

db/db and db/dm mice
(non-diabetic control) were
treated with or without RV
(20 mg/kg BW daily) for
12 weeks

↑glucose tolerance at 2 h of OGTT in db/db mice
↑pancreas weight and β-cell mass
↓urinary 8-OHdG levels
↓percentage of islet nuclei that were positive for
8-OHdG immunostaining

[163]

Curcumin
(1E,6E)-1,7-Bis(4-

hydroxy-3-
methoxyphenyl)hepta-

1,6-diene-3,5-dione)
Class: Curcuminoid

diabetic rats induced by
high-fat diet plus STZ
(30 mg/kg BW) were fed a
diet containing 50, 150, or
250 mg/kg BW curcumin for
7 wks

↓plasma lipids and glucose
↓glucose and insulin tolerance
↓pyruvate dehydrogenase 4 and GS expression
↑2-deoxy-[(3)H]d-glucose uptake by L6 myotubes
↑phosphorylated AMPK, CD36, and carnitine palmitoyl
transferase 1 expression
↑phosphorylated acetyl COA carboxylase in L6 myotubes

[164]

male C57BL/KsJ-db/db mice
and their age-matched lean
non-diabetic db/+ mice, fed
with or without curcumin
(0.02%, w/w) for 6 weeks

↓blood glucose and HbA 1c levels, as well as body
weight loss
↓glucose-6-phosphatase and phosphoenolpyruvate
carboxykinase activities
↓hepatic activities of fatty acid synthase, beta-oxidation,
3-hydroxy-3-methylglutaryl coenzyme reductase, and
acyl-CoA: cholesterol acyltransferase
↓plasma free fatty acid, cholesterol, and
triglyceride concentrations
↑homeostasis model assessment of insulin resistance and
glucose tolerance
↑plasma insulin level
↑hepatic glucokinase activity
↑hepatic glycogen and skeletal muscle lipoprotein lipase

[165]

male C57BL/6J mice were fed
either a normal diet or
HFD.After 16 weeks, 10
HFD-fed mice were further
treated with daily curcumin
oral gavage (50 mg/kg BW)

↓glucose intolerance
↓HFD-induced elevations of MDA and ROS in the
skeletal muscle
↑skeletal muscle content of Nrf2 and oxygenase-1

[166]

db/db livers of 15-week-old
mice treated with 0.75%
curcumin mixed in their diet
for 8 weeks

↑expression of AMPK and PPARγ
↓NF-κB protein levels [167]
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Table 1. Cont.

Investigated
Phenolic Compounds

and Their Origin
Experimental Design Revealed Antidiabetic Activities Ref.

Green tea
polyphenols

(mixture)

SpragueDawley rats fed with
standard chow and deionized
distilled water and a “green
tea” group fed the same chow
diet but with green tea instead
of water (0.5 g of lyophilized
green tea powder dissolved in
100 mL of deionized distilled
water) for 12 weeks

↓fasting plasma levels of glucose, insulin, triglycerides, and
free fatty acids
↑insulin-stimulated glucose uptake and insulin binding;
adipocytes were significantly increased
↑basal and insulin-stimulated glucose uptake of adipocytes
in vitro

[168]

C57BLKS/J db+/db+ mice and
age-matched control
C57BLKS/J +m/+m mice.
Male ddY mice were singly
injected with STZ (150 mg/kg,
i.v.)and 4–6 weeks after the
injection the samples were
analyzed.The age-matched
normal ddY mice were
also used

↓blood glucose levels in diabetic db+/db+ mice and
streptozotocin-diabetic mice 2–6 h after administration at
300 mg/kg

serum insulin level

[169]

Epigallocatechin
gallate

((EGCG),
(2R,3R)-3′,4′,5,5′,7-

Pentahydroxyflavan-
3-yl 3,4,5-

trihydroxybenzoate)
Class: Catechin

maleC57BL/KsJ
mice aged 6 weeks induced
with multiple low doses of
streptozotocin (MLD-STZ,
(40 mg/kg BW). EGCG
(100 mg/kg/day) was
administered with STZ for
5 days and then EGCG alone
was administered for a further
5 days

↓blood glucose levels
↓iNOS expression ex vivo
↓decrease in islet mass induced by MLD-STZ

[170]

Epigallocatechin
gallate continued

C57BL/6 male mice
(6 weeks old) were fed with
ND, HFD, or HFD with
EGCG supplementation for
12 weeks. EGCG (50 mg/kg
daily) was administered by
gavage for 9–12 weeks

Inhibition of Caspase-1 activation and IL-1β secretion in
mice bone marrow by suppressing NLRP3
inflammasome activation
Inhibition of NLRP3-mediated ASC speckle formation and
alleviated pyroptosis in BMDMs
Improved high-fat-diet (HFD)-induced glucose tolerance

[171]

male albino Wistar rats
induced with by a single i.p.
injection of 60mg/kg−1STZ
received EGCG 25mg/kg/day
for 8 weeks 1 week after the
induction of diabetes

Hypoglycaemic effect in diabetic rats
Improved serum lipid profile
Attenuation of increased MDA content
and reduced activity of SOD in liver.

[172]

Rutin
(3′,4′,5,7-

Tetrahydroxy-3-[α-L-
rhamnopyranosyl-

(1→6)-β-D-
glucopyranosyloxy]

flavones)
Class: Flavonoid

glycoside

adult male SpragueDawley
rats injected withSTZ i.p.
(55mg/kg BW) after induction
ofdiabetic neuropathy.Rutin
(5mg/kg, 25mg/kg and
50mg/kg BW) was daily given
to the diabetic rats for 2 weeks

Inhibition of mechanical hyperalgesia, thermal hyperalgesia,
and coldallodynia
↑Na+, K+-ATPase activities insciatic nerves
↑hydrogen sulfide(H2S) level, upregulated expression of
nuclear factor-E2-related factor-2 (Nrf2), and heme
oxygenase-1 (HO-1) in DRG
↓caspase-3 expression indorsal root ganglions
↓plasma glucose, attenuatedoxidative
stress,andneuroinflammation
Partial restoration ofnerve conductionvelocities in
diabetic rats

[173]
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Table 1. Cont.

Investigated
Phenolic Compounds

and Their Origin
Experimental Design Revealed Antidiabetic Activities Ref.

male albino Wistar rats
induced with i.p. injection of
STZ (50 mg/kg BW).Rutin (25,
50, 100 mg/kg BW) was orally
administered to normal and
diabetic rats (1 mL/rat) using
an intragastric tube for a
period of 45 days

↑fasting plasma glucose, HbA1c, thiobarbituric acid reactive
substances, and lipid hydroperoxides
↓blood insulin, C-peptide, total haemoglobin, protein levels,
non-enzymic antioxidants: glutathione, vitamin C, vitamin
E, and ceruloplasmin

[174]

Quercetin
(3,3′,4′,5,7-

Pentahydroxyflavone)
Class: Falvonoid

Male adult albino Wistar rats
induced by a single injection
of STZ (45 mg/kg, i.p.).
Diabetic rats were orally
treated with sitagliptin
(70 mg/kg BW), quercetin
(50 mg/kg BW), or a
combination of these daily for
3 weeks

↑increased SOD, GSH
↓NF-κB expression
Normalized Islet number, β-cells’ number, area, and
perimeter alongside the restoration of the immunostaining
intensity of β-cells.

[175]

Human studies

Green tea
polyphenols

(mixture)

A total of 17 trials comprising
a total of 1133 subjects were
included in the current
meta-analysis

↓fasting blood glucose
↓Hb A1c
↓fasting blood insulin

[188]

Green tea catechins
(mixture)

A total of 22 eligible
randomized controlled trials
with 1584 subjects were
identified

↓fasting blood glucose

Hb A1c
fasting blood insulin

HOMA-IR

[189]

Green tea
(mixture and extracts)

A total of six studies with
382 subjects were pooled into
random-effects meta-analysis

HOMA-IR
HbA1c
fasting blood insulin

fasting blood glucose

[176]

Polyphenols
(mixture in

supplements and food)

A total of 36 controlled
randomized trials with 1954
subjects were included in
28 mg to 1.5 g of polyphenol
mixture, supplemented for
0.7 to 12 months

↓HbA1c in T2DM individuals [179]

Polyphenols
(51 different

compounds in Total)

A total of 18 studies
investigated the association
between polyphenols and
type 2 diabetes

Evidence showing that diets rich in polyphenols, and
particularly flavonoids, play a role in the prevention of type
2 diabetes.

[180]

Resveratrol
(3,5,4′-trihydroxy-

trans-stilbene)
Calss: Stilbenoid

A total of 19 patients enrolled
in the 4-week-long
double-blind study were
randomly assigned into two
groups: an RV group
receiving oral 2 × 5 mg RV
and a control group
receiving placebo

↓HOMA-IR
↓urinary ortho-tyrosine excretion
↑pAkt:Akt ratio in platelets

[181]

Ten subjects with T2DM were
randomized in a double-blind
fashion to receive 3 g RV or
placebo daily for 12 weeks

↑SIRT1 expression
↑pAMPK to AMPK expression ratio
↓average daily activity
↓step counts

[182]
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Table 1. Cont.

Investigated
Phenolic Compounds

and Their Origin
Experimental Design Revealed Antidiabetic Activities Ref.

A total of 11 healthy and
obese men received placebo
and 150 mg/day RV in a
randomized double-blind
crossover study for 30 days

↓sleeping and resting metabolic rate
↓intrahepatic lipid content
↓circulating glucose, triglycerides, and
alanine-aminotransferase
↓inflammation markers
↓systolic blood presure
↑AMPK activity
↑SIRT1 and PGC-1α protein levels
↑citrate synthase activity
↑intramyocellular lipid levels
Improved muscle mitochondrial respiration on a fatty
acid-derived substrate and HOMA-IR index

[183]

Resveratrol continued

double-blind, randomized,
placebo-controlled trial,
with192 T2DM patients
randomized to receive RV
500mg/day, 40mg/day, or
placebo for 6months

weight, BMI, waist circumference

arterial blood pressure

fasting glucose, plasma insulin, C-peptide, free fatty
acids, liver transaminases, uric acid, adiponectin, and
interleukin-6

HbA1c

[184]

Curcumin
(1E,6E)-1,7-Bis(4-

hydroxy-3-
methoxyphenyl)hepta-

1,6-diene-3,5-dione)
Class: Curcuminoid

Plasma samples from
29 participants recruited for a
randomised controlled trial
with curcumin (180 mg/day)
for 12 weeks were analysed

↓Levels of circulating GSK-3β and IAPP
↓insulin resistance [190]

Curcumin + Zinc

A total of 84 subjects were
randomized into curcumin
(500 mg), zinc (30 mg), zinc
and curcumin, and placebo
groups for 90 days

↓BMI
Improved fasting blood glucose, HbA1c, blood insulin, and
HOMA-IR

[186]

Quercetin
(3,3′,4′,5,7-

Pentahydroxyflavone)
Class: Falvonoid

A total of nine studies of
781 participants involved in
meta-analysis

fasting plasma glucose, HOMA-IR, HbA1c
↓fasting blood glucose in studies with a duration of
≥8 weeks
↓insulin concentrations in studies that enrolled individuals
aged <45 years

[187]

In conclusion, considering the significant attention and quantity of randomized con-
trolled trials investigating the influence of polyphenols on metabolic- or diabetes-related
outcomes, the results remain disputed. Inconsistent findings may be attributable to dis-
crepancies in terms of the sample dose, time frame, health status of individuals, whether
participants were taking other medications, and the small sample sizes frequently used. It
needs to be emphasized that outcomes are not always comparable with a treatment’s dose
or time-dependent impact. The data show that polyphenol therapies may help decrease
blood glucose and maybe improve insulin sensitivity, although more and better research is
needed. Natural polyphenols have a favourable safety profile and are found in relatively
high concentrations in the average human diet.

7. Conclusions

This review focused on the anti-diabetic properties of dietary phenolic compounds
and their mechanisms of action. Nevertheless, it is essential to note that the final anti-
diabetic activity of phenolic compounds is dependent on numerous factors, including their
concentration in food, absorption, metabolism, and bioavailability, indicating the need for
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research into the association of these factors with phenolic bioactivity to outline strategies
aimed at maximizing the impact on diabetes management. Therefore, given the importance
of diabetes and the rising number of people suffering from it, there is a clear need for novel
medicines that may lessen the detrimental effects of the condition while also ensuring the
safety and well-being of the community. In this regard, polyphenols might be a possible
option for controlling the course of this metabolic disease.

Presented in this review, numerous in vitro and in vivo studies have been selected
from copious, currently ongoing, or recently completed studies and trials. They all indicate
that a diet rich in polyphenolic compounds benefits glucose homeostasis through multiple
and complex mechanisms of action in various human body organs such as the intestine,
liver, muscle, adipocytes, and pancreatic β-cells. Polyphenol intake seems to be associated
with a lower T2DM development and progression rate. The clinical studies that have been
conducted have shown significant limitations and inconsistencies when considering dietary
polyphenol supplementation. However, applying these compounds in glucose and insulin
homeostasis management seems to be the right direction and a promising approach for
further studies and research.

Due to the poor bioavailability of polyphenols, progress in micro- and nanoencapsula-
tion methodologies of phenolic compounds could be applied as supportive supplements
for diabetes treatment. The encapsulation of phenolic compounds may additionally cover
the unpleasant flavour of some plant extracts, paving the way for the development of future
functional foods, nutraceuticals, or orally administered polyphenol-based diabetes drugs.
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polyphenols in the Polish arm of the HAPIEE study. Nutrition 2014, 30, 1398–1403. [CrossRef]

144. Manach, C.; Scalbert, A.; Morand, C.; Rémésy, C.; Jiménez, L. Polyphenols: Food sources and bioavailability. Am. J. Clin. Nutr.
2004, 79, 727–747. [CrossRef]

145. Peng, H.W.; Cheng, F.C.; Huang, Y.T.; Chen, C.F.; Tsai, T.H. Determination of naringenin and its glucuronide conjugate in rat
plasma and brain tissue by high-performance liquid chromatography. J. Chromatogr. B Biomed. Sci. Appl. 1998, 714, 369–374.
[CrossRef]

146. Suganuma, M.; Okabe, S.; Oniyama, M.; Tada, Y.; Ito, H.; Fujiki, H. Wide distribution of [3H](-)-epigallocatechin gallate, a cancer
preventive tea polyphenol, in mouse tissue. Carcinogenesis 1998, 19, 1771–1776. [CrossRef]

147. Abd El Mohsen, M.M.; Kuhnle, G.; Rechner, A.R.; Schroeter, H.; Rose, S.; Jenner, P.; Rice-Evans, C.A. Uptake and metabolism of
epicatechin and its access to the brain after oral ingestion. Free Radic. Biol. Med. 2002, 33, 1693–1702. [CrossRef] [PubMed]

148. El Mohsen, M.A.; Marks, J.; Kuhnle, G.; Moore, K.; Debnam, E.; Kaila Srai, S.; Rice-Evans, C.; Spencer, J.P. Absorption, tissue
distribution and excretion of pelargonidin and its metabolites following oral administration to rats. Br. J. Nutr. 2006, 95, 51–58.
[CrossRef]

159



Biomolecules 2023, 13, 1402

149. Talavéra, S.; Felgines, C.; Texier, O.; Besson, C.; Gil-Izquierdo, A.; Lamaison, J.L.; Rémésy, C. Anthocyanin metabolism in rats and
their distribution to digestive area, kidney, and brain. J. Agric. Food Chem. 2005, 53, 3902–3908. [CrossRef] [PubMed]

150. Schaffer, S.; Halliwell, B. Do polyphenols enter the brain and does it matter? Some theoretical and practical considerations. Genes
Nutr. 2012, 7, 99–109. [CrossRef]

151. Nie, Q.; Chen, H.; Hu, J.; Fan, S.; Nie, S. Dietary compounds and traditional Chinese medicine ameliorate type 2 diabetes by
modulating gut microbiota. Crit. Rev. Food Sci. Nutr. 2019, 59, 848–863. [CrossRef] [PubMed]

152. Fernández-Millán, E.; Ramos, S.; Alvarez, C.; Bravo, L.; Goya, L.; Martín, M. Microbial phenolic metabolites improve glucose-
stimulated insulin secretion and protect pancreatic beta cells against tert-butyl hydroperoxide-induced toxicity via ERKs and
PKC pathways. Food Chem. Toxicol. 2014, 66, 245–253. [CrossRef]

153. Spissu, Y.; Gil, K.A.; Dore, A.; Sanna, G.; Palmieri, G.; Sanna, A.; Cossu, M.; Belhadj, F.; Gharbi, B.; Pinna, M.B.; et al. Anti-
and Pro-Oxidant Activity of Polyphenols Extracts of Syrah and Chardonnay Grapevine Pomaces on Melanoma Cancer Cells.
Antioxidants 2022, 12, 80. [CrossRef]

154. De Araújo, F.F.; de Paulo Farias, D.; Neri-Numa, I.A.; Pastore, G.M. Polyphenols and their applications: An approach in food
chemistry and innovation potential. Food Chem. 2021, 338, 127535. [CrossRef]

155. De Paulo Farias, D.; Neri-Numa, I.A.; de Araújo, F.F.; Pastore, G.M. A critical review of some fruit trees from the Myrtaceae family
as promising sources for food applications with functional claims. Food Chem. 2020, 306, 125630. [CrossRef] [PubMed]

156. Granato, D.; Mocan, A.; Câmara, J.S. Is a higher ingestion of phenolic compounds the best dietary strategy? A scientific opinion
on the deleterious effects of polyphenols in vivo. Trends Food Sci. Technol. 2020, 98, 162–166. [CrossRef]

157. Moridani, M.Y.; Galati, G.; O’Brien, P.J. Comparative quantitative structure toxicity relationships for flavonoids evaluated in
isolated rat hepatocytes and HeLa tumor cells. Chem. -Biol. Interact. 2002, 139, 251–264. [CrossRef]

158. Chen, W.; Lin, Y.C.; Ma, X.Y.; Jiang, Z.Y.; Lan, S.P. High concentrations of genistein exhibit pro-oxidant effects in primary muscle
cells through mechanisms involving 5-lipoxygenase-mediated production of reactive oxygen species. Food Chem. Toxicol. 2014, 67,
72–79. [CrossRef] [PubMed]

159. Murakami, A. Dose-dependent functionality and toxicity of green tea polyphenols in experimental rodents. Arch. Biochem.
Biophys. 2014, 557, 3–10. [CrossRef] [PubMed]

160. Dobson, C.C.; Mottawea, W.; Rodrigue, A.; Buzati Pereira, B.L.; Hammami, R.; Power, K.A.; Bordenave, N. Impact of molecular
interactions with phenolic compounds on food polysaccharides functionality. Adv. Food Nutr. Res. 2019, 90, 135–181. [CrossRef]

161. de Paulo Farias, D.; de Araújo, F.F.; Neri-Numa, I.A.; Pastore, G.M. Antidiabetic potential of dietary polyphenols: A mechanistic
review. Food Res. Int. 2021, 145, 110383. [CrossRef] [PubMed]

162. Do, G.M.; Jung, U.J.; Park, H.J.; Kwon, E.Y.; Jeon, S.M.; McGregor, R.A.; Choi, M.S. Resveratrol ameliorates diabetes-related
metabolic changes via activation of AMP-activated protein kinase and its downstream targets in db/db mice. Mol. Nutr. Food Res.
2012, 56, 1282–1291. [CrossRef]

163. Lee, Y.E.; Kim, J.W.; Lee, E.M.; Ahn, Y.B.; Song, K.H.; Yoon, K.H.; Kim, H.W.; Park, C.W.; Li, G.; Liu, Z.; et al. Chronic resveratrol
treatment protects pancreatic islets against oxidative stress in db/db mice. PLoS ONE 2012, 7, e50412. [CrossRef]

164. Na, L.X.; Zhang, Y.L.; Li, Y.; Liu, L.Y.; Li, R.; Kong, T.; Sun, C.H. Curcumin improves insulin resistance in skeletal muscle of rats.
Nutr. Metab. Cardiovasc. Dis. 2011, 21, 526–533. [CrossRef]

165. Seo, K.I.; Choi, M.S.; Jung, U.J.; Kim, H.J.; Yeo, J.; Jeon, S.M.; Lee, M.K. Effect of curcumin supplementation on blood glucose,
plasma insulin, and glucose homeostasis related enzyme activities in diabetic db/db mice. Mol. Nutr. Food Res. 2008, 52, 995–1004.
[CrossRef] [PubMed]

166. He, H.J.; Wang, G.Y.; Gao, Y.; Ling, W.H.; Yu, Z.W.; Jin, T.R. Curcumin attenuates Nrf2 signaling defect, oxidative stress in muscle
and glucose intolerance in high fat diet-fed mice. World J. Diabetes 2012, 3, 94–104. [CrossRef]

167. Jiménez-Flores, L.M.; López-Briones, S.; Macías-Cervantes, M.H.; Ramírez-Emiliano, J.; Pérez-Vázquez, V. A PPARγ, NF-κB and
AMPK-dependent mechanism may be involved in the beneficial effects of curcumin in the diabetic db/db mice liver. Molecules
2014, 19, 8289–8302. [CrossRef] [PubMed]

168. Wu, L.Y.; Juan, C.C.; Ho, L.T.; Hsu, Y.P.; Hwang, L.S. Effect of green tea supplementation on insulin sensitivity in Sprague-Dawley
rats. J. Agric. Food Chem. 2004, 52, 643–648. [CrossRef]

169. Tsuneki, H.; Ishizuka, M.; Terasawa, M.; Wu, J.B.; Sasaoka, T.; Kimura, I. Effect of green tea on blood glucose levels and serum
proteomic patterns in diabetic (db/db) mice and on glucose metabolism in healthy humans. BMC Pharmacol. 2004, 4, 18.
[CrossRef] [PubMed]

170. Song, E.K.; Hur, H.; Han, M.K. Epigallocatechin gallate prevents autoimmune diabetes induced by multiple low doses of
streptozotocin in mice. Arch. Pharm. Res. 2003, 26, 559–563. [CrossRef]

171. Zhang, C.; Li, X.; Hu, X.; Xu, Q.; Zhang, Y.; Liu, H.; Diao, Y.; Zhang, X.; Li, L.; Yu, J.; et al. Epigallocatechin-3-gallate
prevents inflammation and diabetes -Induced glucose tolerance through inhibition of NLRP3 inflammasome activation. Int.
Immunopharmacol. 2021, 93, 107412. [CrossRef]

172. Roghani, M.; Baluchnejadmojarad, T. Hypoglycemic and hypolipidemic effect and antioxidant activity of chronic epigallocatechin-
gallate in streptozotocin-diabetic rats. Pathophysiology 2010, 17, 55–59. [CrossRef]

173. Tian, R.; Yang, W.; Xue, Q.; Gao, L.; Huo, J.; Ren, D.; Chen, X. Rutin ameliorates diabetic neuropathy by lowering plasma glucose
and decreasing oxidative stress via Nrf2 signaling pathway in rats. Eur. J. Pharmacol. 2016, 771, 84–92. [CrossRef]

160



Biomolecules 2023, 13, 1402

174. Kamalakkannan, N.; Prince, P.S. Antihyperglycaemic and antioxidant effect of rutin, a polyphenolic flavonoid, in streptozotocin-
induced diabetic wistar rats. Basic. Clin. Pharmacol. Toxicol. 2006, 98, 97–103. [CrossRef]

175. Eitah, H.E.; Maklad, Y.A.; Abdelkader, N.F.; Gamal El Din, A.A.; Badawi, M.A.; Kenawy, S.A. Modulating impacts of
quercetin/sitagliptin combination on streptozotocin-induced diabetes mellitus in rats. Toxicol. Appl. Pharmacol. 2019, 365,
30–40. [CrossRef]

176. Palma-Duran, S.A.; Vlassopoulos, A.; Lean, M.; Govan, L.; Combet, E. Nutritional intervention and impact of polyphenol on
glycohemoglobin (HbA1c) in non-diabetic and type 2 diabetic subjects: Systematic review and meta-analysis. Crit. Rev. Food Sci.
Nutr. 2017, 57, 975–986. [CrossRef] [PubMed]

177. Liu, K.; Zhou, R.; Wang, B.; Chen, K.; Shi, L.-Y.; Zhu, J.-D.; Mi, M.-T. Effect of green tea on glucose control and insulin sensitivity:
A meta-analysis of 17 randomized controlled trials. Am. J. Clin. Nutr. 2013, 98, 340–348. [CrossRef] [PubMed]

178. Zheng, X.-X.; Xu, Y.-L.; Li, S.-H.; Hui, R.; Wu, Y.-J.; Huang, X.-H. Effects of green tea catechins with or without caffeine on
glycemic control in adults: A meta-analysis of randomized controlled trials. Am. J. Clin. Nutr. 2013, 97, 750–762. [CrossRef]

179. Yu, J.; Song, P.; Perry, R.; Penfold, C.; Cooper, A.R. The Effectiveness of Green Tea or Green Tea Extract on Insulin Resistance and
Glycemic Control in Type 2 Diabetes Mellitus: A Meta-Analysis. Diabetes Metab. J. 2017, 41, 251–262. [CrossRef]

180. Rienks, J.; Barbaresko, J.; Oluwagbemigun, K.; Schmid, M.; Nöthlings, U. Polyphenol exposure and risk of type 2 diabetes:
Dose-response meta-analyses and systematic review of prospective cohort studies. Am. J. Clin. Nutr. 2018, 108, 49–61. [CrossRef]

181. Brasnyó, P.; Molnár, G.A.; Mohás, M.; Markó, L.; Laczy, B.; Cseh, J.; Mikolás, E.; Szijártó, I.A.; Mérei, A.; Halmai, R.; et al.
Resveratrol improves insulin sensitivity, reduces oxidative stress and activates the Akt pathway in type 2 diabetic patients. Br. J.
Nutr. 2011, 106, 383–389. [CrossRef] [PubMed]

182. Goh, K.P.; Lee, H.Y.; Lau, D.P.; Supaat, W.; Chan, Y.H.; Koh, A.F. Effects of resveratrol in patients with type 2 diabetes mellitus on
skeletal muscle SIRT1 expression and energy expenditure. Int. J. Sport Nutr. Exerc. Metab. 2014, 24, 2–13. [CrossRef]

183. Timmers, S.; Konings, E.; Bilet, L.; Houtkooper, R.H.; van de Weijer, T.; Goossens, G.H.; Hoeks, J.; van der Krieken, S.; Ryu, D.;
Kersten, S.; et al. Calorie restriction-like effects of 30 days of resveratrol supplementation on energy metabolism and metabolic
profile in obese humans. Cell Metab. 2011, 14, 612–622. [CrossRef]

184. Bo, S.; Ponzo, V.; Ciccone, G.; Evangelista, A.; Saba, F.; Goitre, I.; Procopio, M.; Pagano, G.F.; Cassader, M.; Gambino, R. Six
months of resveratrol supplementation has no measurable effect in type 2 diabetic patients. A randomized, double blind,
placebo-controlled trial. Pharmacol. Res. 2016, 111, 896–905. [CrossRef] [PubMed]

185. Thota, R.N.; Rosato, J.I.; Dias, C.B.; Burrows, T.L.; Martins, R.N.; Garg, M.L. Dietary Supplementation with Curcumin Reduce
Circulating Levels of Glycogen Synthase Kinase-3β and Islet Amyloid Polypeptide in Adults with High Risk of Type 2 Diabetes
and Alzheimer’s Disease. Nutrients 2020, 12, 1032. [CrossRef] [PubMed]

186. Karandish, M.; Mozaffari-Khosravi, H.; Mohammadi, S.M.; Cheraghian, B.; Azhdari, M. The effect of curcumin and zinc co-
supplementation on glycemic parameters in overweight or obese prediabetic subjects: A phase 2 randomized, placebo-controlled
trial with a multi-arm, parallel-group design. Phytother. Res. 2021, 35, 4377–4387. [CrossRef]

187. Ostadmohammadi, V.; Milajerdi, A.; Ayati, E.; Kolahdooz, F.; Asemi, Z. Effects of quercetin supplementation on glycemic control
among patients with metabolic syndrome and related disorders: A systematic review and meta-analysis of randomized controlled
trials. Phytother. Res. 2019, 33, 1330–1340. [CrossRef] [PubMed]

188. Chen, C.R.; Liao, Y.W.; Wang, L.; Kuo, Y.H.; Liu, H.J.; Shih, W.L.; Cheng, H.L.; Chang, C.I. Cucurbitane triterpenoids from
Momordica charantia and their cytoprotective activity in tert-butyl hydroperoxide-induced hepatotoxicity of HepG2 cells. Chem.
Pharm. Bull. 2010, 58, 1639–1642. [CrossRef]

189. Chen, J.; Tian, R.; Qiu, M.; Lu, L.; Zheng, Y.; Zhang, Z. Trinorcucurbitane and cucurbitane triterpenoids from the roots of
Momordica charantia. Phytochemistry 2008, 69, 1043–1048. [CrossRef]

190. Bennett, J.P., Jr.; Onyango, I.G. Energy, Entropy and Quantum Tunneling of Protons and Electrons in Brain Mitochondria: Relation
to Mitochondrial Impairment in Aging-Related Human Brain Diseases and Therapeutic Measures. Biomedicines 2021, 9, 225.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

161



Citation: Migni, A.; Mancuso, F.;

Baroni, T.; Di Sante, G.; Rende, M.;

Galli, F.; Bartolini, D. Melatonin as a

Repairing Agent in Cadmium- and

Free Fatty Acid-Induced Lipotoxicity.

Biomolecules 2023, 13, 1758. https://

doi.org/10.3390/biom13121758

Academic Editor: Chryssostomos

Chatgilialoglu

Received: 2 September 2023

Revised: 4 December 2023

Accepted: 5 December 2023

Published: 7 December 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biomolecules

Article

Melatonin as a Repairing Agent in Cadmium- and Free Fatty
Acid-Induced Lipotoxicity

Anna Migni 1, Francesca Mancuso 2, Tiziano Baroni 2, Gabriele Di Sante 2, Mario Rende 2, Francesco Galli 1,*,† and

Desirée Bartolini 1,*,†

1 Department of Pharmaceutical Sciences, University of Perugia, 06123 Perugia, Italy; annamigni4@gmail.com
2 Department of Medicine and Surgery, University of Perugia, 06123 Perugia, Italy;

francesca.mancuso@unipg.it (F.M.); tiziano.baroni@unipg.it (T.B.); gabriele.disante@unipg.it (G.D.S.);
mario.rende@unipg.it (M.R.)

* Correspondence: francesco.galli@unipg.it (F.G.); desiree.bartolini@unipg.it (D.B.); Tel.: +39-075585-7490 (F.G.);
Tel.: +39-075585-7445 (D.B.)

† These authors contributed equally to this work.

Abstract: (1) Background: Cadmium (Cd) is a potentially toxic element with a long half-life in the
human body (20–40 years). Cytotoxicity mechanisms of Cd include increased levels of oxidative stress
and apoptotic signaling, and recent studies have suggested that these aspects of Cd toxicity contribute
a role in the pathobiology of non-alcoholic fatty liver disease (NAFLD), a highly prevalent ailment
associated with hepatic lipotoxicity and an increased generation of reactive oxygen species (ROS).
In this study, Cd toxicity and its interplay with fatty acid (FA)-induced lipotoxicity have been studied
in intestinal epithelium and liver cells; the cytoprotective function of melatonin (MLT) has been
also evaluated. (2) Methods: human liver cells (HepaRG), primary murine hepatocytes and Caco-2
intestinal epithelial cells were exposed to CdCl2 before and after induction of lipotoxicity with oleic
acid (OA) and/or palmitic acid (PA), and in some experiments, FA was combined with MLT (50 nM)
treatment. (3) Results: CdCl2 toxicity was associated with ROS induction and reduced cell viability in
both the hepatic and intestinal cells. Cd and FA synergized to induce lipid droplet formation and ROS
production; the latter was higher for PA compared to OA in liver cells, resulting in a higher reduction
in cell viability, especially in HepaRG and primary hepatocytes, whereas CACO-2 cells showed higher
resistance to Cd/PA-induced lipotoxicity compared to liver cells. MLT showed significant protection
against Cd toxicity either considered alone or combined with FFA-induced lipotoxicity in primary
liver cells. (4) Conclusions: Cd and PA combine their pro-oxidant activity to induce lipotoxicity in
cellular populations of the gut–liver axis. MLT can be used to lessen the synergistic effect of Cd-PA
on cellular ROS formation.

Keywords: melatonin; cadmium; lipotoxicity

1. Introduction

Cadmium (Cd) is a potentially toxic element (PTE) widely distributed in the envi-
ronment due to anthropogenic activities (industrial processes, mining activities and the
combustion of fossil fuels) [1]. Its persistence due to its long half-life and bioaccumulation
in living organisms make it a significant public health concern [2]. Human exposure to
Cd occurs via ingestion, inhalation and dermal contact [3]. Understanding the sources
and exposure routes is crucial for evaluating the potential risks associated with Cd toxicity.
Cd exerts its toxic effects through multiple mechanisms. It disrupts cellular homeostasis
by interfering with essential biological processes, such as enzymatic activities, antioxidant
defense systems and DNA repair mechanisms [4–7]. Additionally, Cd can induce oxidative
stress, leading to the generation of reactive oxygen species (ROS) and subsequent damage
to cellular components [8,9]. Cell- and tissue-specific mechanisms of toxicity have been
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described in different experimental models, with the kidney as a main target of the chronic
effects of Cd toxicity and the liver of acute intoxication (reviewed in [10–12]).

In the liver cell, Cd exposure reduces cell viability, inducing ROS generation, lipid
metabolism abnormalities, lipotoxicity and inflammatory gene activation [13–21]. More-
over, fat accumulation in the liver, a condition that can present as either physiological
or pathological, increases the tissue-specific accumulation of Cd [22] and may interfere
with the stress response and detoxification mechanisms that protect the liver from Cd
toxicity (reviewed in [10]). Recent studies in rats demonstrated that Cd modifies the hepatic
lipidome inducing de novo lipogenesis and lipoprotein metabolism alterations compati-
ble with the insulin resistance phenotype of metabolic syndrome and non-alcoholic fatty
liver disease (NAFLD) [23]. Again, the chronic exposure to Cd in mice fed a high-fat diet
accelerates the development of non-alcoholic steatohepatitis (NASH) [21]. NASH is now a
main cause of liver transplantation in developed countries and approximately one-fourth
of the general population is at risk of developing this form of chronic liver disease [24].
NAFLD pathogenesis depends on a multiple-hit process in which lipotoxicity, an excess of
cellular ROS and the activation of inflammatory genes are the earliest instigators of damage
and activation of death programs of the liver cells, as well as of other cellular elements,
that may contribute to harm the liver health [16,17], including intestinal epithelial cells
that represent a natural barrier of the gastrointestinal tract and a system to preserve the
liver homeostasis and function. To our knowledge, the effects of lipotoxicity on intestinal
epithelial cells remains poorly characterized.

These premises support the hypothesis that Cd may synergize with free fatty acids
(FFA) to induce cellular lipotoxicity. The hypothesis was explored in this study using Hep-
aRG human liver cells and CACO-2 intestinal epithelial cells exposed to Cd, and FFA oleic
acid (OA) and palmitic acid (PA) in different combinations. Lipotoxicity was investigated,
assessing cellular lipid accumulation, cytotoxicity parameters, ROS production and the lev-
els of the inflammatory indicators’ interleukin-6 (IL-6) and LOX-5. Moreover, we tested the
study hypothesis using melatonin (MLT), a hormonal regulator of the circadian rhythm, en-
dowed with pharmacological properties as an antioxidant and cytoprotective agent [25–30].
Previous studies have demonstrated that MLT provides cytoprotective effects in different
models of Cd toxicity [31,32], and preliminary data from our group supported the efficacy
of this molecule as a repairing agent in liver cells during combinatorial treatments of Cd
and FFA [33], and the pharmacological utilization of MLT was demonstrated to prevent
lipotoxicity in experimental models of NAFLD as well as in randomized clinical trials
(see [34–36] and references therein).

2. Materials and Methods

2.1. Chemicals

Melatonin (M5250, Sigma-Aldrich, St. Louis, MI, USA), oleic Acid (BioReagent
from Sigma-Aldrich, St. Louis, MI, USA; product number: O1383), and palmitic Acid
(P0500, Sigma-Aldrich, St. Louis, MI, USA); cadmium chloride (CdCl2; 202908, Sigma-
Aldrich, St. Louis, MI, USA); PD 98059 (P215; Sigma-Aldrich, St. Louis, MI, USA);
2′,7′-Dichlorofluorescein (35848; Sigma-Aldrich, St. Louis, MI, USA); Oil Red O (O0625;
Sigma-Aldrich, St. Louis, MI, USA); MTT (M2003, Sigma-Aldrich, St. Louis, MI, USA);
hydrocortisone 21-hemisuccinate (H2882, Supelco, Munich, Germany); insulin (I6634;
Sigma-Aldrich); impermeable thiol-reactive AlexaFluor 488 C5 maleimide (AFM, Thermo
Fisher Scientific, Waltham, MA, USA).

2.2. Cell Cultures and Treatments
2.2.1. Cell Lines and Cell Culture Conditions

HepaRG cells (Thermo Scientific, MA, USA) were immortalized human cells with
metabolic and morphological similarities to primary hepatocytes. These cells were main-
tained in William’s E medium (Sigma-Aldrich) containing 1% GlutaMAX (Invitrogen,
Carlsbad, CA, USA), 10% fetal bovine serum (FBS, GIBCO, Life Technologies, Carlsbad,
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CA, USA), 5 μg/mL insulin (Sigma-Aldrich), and 50 μM hydrocortisone 21-hemisuccinate
(Supelco). Experiments were performed between cell passages 18–22.

For 2D differentiation, undifferentiated HepaRG were seeded in gelatin-coated plates
and cultured in complete William’s E medium for 48 h until complete fusion. Then, the
medium was supplemented with 1.7% (v/v) DMSO for a further 18 days to allow the
undifferentiated HepaRG to mature hepatocytes. We changed the medium every 3 days
and captured the optical microscope images to monitor the differentiation stage using a
EVOSTM XL Core imaging system for qualitative analysis (Thermo Fisher Scientific).

CACO-2 cells are colon carcinoma cells that grow in monolayers often used to mimic
the intestinal epithelial barrier. These were cultured in Dulbecco’s Modified Eagle Medium
(DMEM, Thermo Scientific) with the addition of 10% FBS, 1% non-essential ammino acids
(NEAA; Euroclone, Milan, Italy) and 1% GlutaMAX (Invitrogen, Carlsbad, CA, USA).

The cell lines were maintained in culture in 96-well plates with a density of 1 × 105

cell/well or in 6-well plates with a density of 2 × 105 cells/m−2 in an incubator at 37 ◦C
with a humidified atmosphere of 5% CO2.

2.2.2. Primary Hepatocyte Isolation and Culture

Hepatocytes were isolated from 4–6-month-old C57BL/6 J mice purchased from
Charles River Laboratories (Calco, Italy). The mice were housed in a pathogen-free facility
at the University of Perugia (Perugia, Italy) under controlled light and temperature condi-
tions and treated according to European Community guidelines. The experiments were
authorized by the Italian Ministry of Health (protocol number 605/2019-PR). Hepatocyte
isolation was performed by two-step perfusion using Liver Perfusion and Liver Digest
Media (Life Technologies, Pleasanton, CA, USA) followed by separation with 50% Percoll
(GE Healthcare Life Sciences, Pittsburgh, PA, USA) density gradient. Once the liver was
washed by perfusion, hepatocytes were dissociated by collagenase, separated from other
cells and cultured [37]. The purity of live hepatocytes was routinely monitored by trypan
blue exclusion (≥90%). Hepatocytes were cultured in HepatoZYME SFM medium (Gibco).
Experimental assays were performed 72 h after hepatocyte plating.

2.2.3. Cell Treatments

In a preliminary series of experiments, the toxicity of Cd was investigated in intestinal
and hepatic cells using Experimental Protocol 1 (EP1) of Figure 1. The cells were treated
from 4 to 96 h with different concentrations of CdCl2 (from 10 to 200 μM). These treatments
were performed in the presence or absence of the cytoprotective agent MLT (50 nM). In con-
trol experiments of EP1, the cells were treated with vehicles of Cd and/or MLT, namely,
0.001% (v/v) H2O or ethanol (EtOH), respectively. The possible interactive effect between
Cd toxicity and FFA-induced lipotoxicity hypothesized in this study was investigated using
the EP2 of Figure 1. CACO-2 and liver cells were plated in the 96-well black and transparent
color plates (1 × 105 cell/well), and then the cells were pre-treated for 24 h with different
concentrations of CdCl2 (20 μM and 50 μM for CACO-2 cells; 50 μM and 100 μM for liver
cells) and then treated for 48 h with the FFA oleic acid (OA, 200 μM) and/or palmitic acid
(PA, 200 μM), or in combination (OA + PA; 200 μM each), in the presence or absence of
MLT. OA was dissolved in DMSO and PA was prepared as reported in [38].

For MAPK-ERK1/2 signaling assay, HepaRG and CACO-2 cells were pre-treated for
1 h with ERK inhibitor (PD98059) 50 μM and then treated for 3 h with CdCl2 50 μM or
20 μM, respectively, in the presence or absence of MLT 50 nM.
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Figure 1. Experimental protocols (EP). The scheme shows the two-arm EP used in this study; namely,
EP1 was designed to assess CdCl2 cytotoxicity effects as studied by the cell viability test and the
activity of survival and stress MAPKs. EP2 was set to explore the hypothesis that Cd can interact with
FFA in inducing lipotoxicity and ROS generation in liver and intestinal cells. In EP2, the cells were
pre-treated with different concentrations of CdCl2 for 24 h and then treated for 48 h with 200 μM final
concentration of the FFA oleic acid (OA) or palmitic acid (PA) or a combination of both (OA + PA).
Effects of Cd and FFA were studied either in the presence or absence of the cytoprotective molecule
MLT (50 nM) and against control experiments run with the vehicles of these treatments. Further
details on experimental conditions are reported in the text.

2.3. Cell Viability Assay

Cell toxicity of CdCl2 and FFAs and the cytoprotective effect of MLT were determined
by MTT test (Sigma-Aldrich) in 96-well plates with a seeding density of 10,000 cells/cm2,
as reported in [39]. Briefly, after different times of incubation (3 to 72 h), the cell medium
was replaced with fresh medium containing the MTT solution (1:10 v/v) and the cells were
incubated for 2.5 h at 37 ◦C. An MTT solubilization solution (0.1 N HCl containing 10%
vol/vol Triton X-100 in anhydrous isopropanol) was used to dissolve the formazan crystals
formed during the incubation by the activity of mitochondrial dehydrogenases of viable
cells, and a microplate reader (DTX880 Multimode Detector, Beckman Coulter, Brea, CA,
USA) was used to measure the absorbance of the cell culture medium at 570 nm. The results
were expressed as percentage of the optical density (OD) observed in control cells.

2.4. Apoptosis Assay by Flow Cytometry

Each group of cells was treated with Trypsin-EDTA solution (Sigma-Aldrich) to create
a single-cell suspension, centrifuged (1500 rpm, 5 min) and washed twice with PBS solution,
resuspended with 500 μL of binding buffer, then mixed sequentially with 5 μL of FITC-
labeled Annexin V and 5 μL of PI stain, and incubated for 10 min at room temperature,
and then immediately, cell apoptosis was measured using BD Accuri C6 Plus System
(BD Biosciences, San Jose, CA, USA). An Annexin V-FITC/PI Apoptosis Kit was purchased
from Elabscience (Cat.No.: E-CK-A211).

2.5. Intracellular and Extracellular ROS Analysis

Intracellular ROS were measured by the oxidative conversion of the intracellular probe
2′,7′-dichlorofluorescein-diacetate (DCFH-DA; Sigma-Aldrich) to the fluorescent deriva-
tive 2′,7′-dichlorofluorescein (DCF). Briefly, the cells were treated with 50 μM dichloro-
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fluorescein diacetate (DCFH-DA) in PBS and incubated in the dark for 30 min at 37 ◦C to
allow the probe to enter the cell and react with cellular ROS after enzymatic hydrolysis by in-
tracellular esterases to its derivative dichloro-fluorescein (DCFH). This is a non-fluorescent
derivative that, other than losing the ability to cross the membrane, is reactive to cellular
ROS to produce a highly fluorescent form of the probe, i.e., the oxidized DCFH derivative.
After washing with PBS to remove the non-internalized DCFH-DA, the fluorescence of the
cells was recorded using a microplate reader set with excitation λ of 485 nm and emission λ

of 535 nm. The obtained fluorescence (FL) was normalized against the absorbance (Abs) of
the MTT test (FL/Abs), and the results were expressed as the percentage of the control cell
value (identified as CTL).

Extracellular H2O2 was determined using a colorimetric assay kit (Elabscience, Hous-
ton, TX, USA) adapted to a 96-well microplate reader. A total of 100 μL of Reagent 1 (buffer
solution of Elabscience kit) was pipetted in each well and incubated at 37 ◦C for 10 min.
Then, 10 μL of the cell supernatant or of the negative and positive control test (namely,
bi-distilled water and 60 mmol/L H2O2, respectively) were added, followed by 100 μL of
Reagent 2 (ammonium molybdate); the absorbance of the solution was recorded at 405 nm
as optical density units (OD) in a DTX880 Multimode Detector microplate reader (Beckman
Coulter). Hydrogen peroxide concentrations were calculated using the following formula:
[H2O2] (mmol/L) = (ΔA1/ΔA2) × c × f.

ΔA1: ODSample—ODBlank;
ΔA2: ODStandard—ODBlank;
c: H2O2 concentration of the standard sample = 60 mmol/L;
f: dilution factor of sample.

2.6. Oil Red O (ORO) Assay

Cellular lipids were measured by Oil Red O (ORO) staining according to the procedure
described in [38]. Briefly, CACO-2 and HepaRG cells were fixed with 10% neutral buffer
formalin (Leica) for 30 min; the fixed cells were thus washed twice with sterile bi-distilled
water and then incubated with 60% isopropanol for 5 min. The cells were stained with ORO
solution for 2–5 min and then washed four times with sterile bi-distilled water before stain-
ing with hematoxylin solution (Sigma-Aldrich, St. Louis, MI, USA) for 1 min. The stained
cells were washed again with sterile bi-distilled water and then were assessed by optical
microscopy using a EVOSTM XL Core imaging system for qualitative analysis (Thermo
Fisher). Furthermore, to quantify the cellular content of ORO, the cell pellet was incubated
for 10 min with 100 μL of isopropanol, and the absorbance of the extract was assessed at
510 nm using a multiplate reader monochromator (TECAN, Männedorf, Switzerland).

2.7. Analysis of Cell-Surface Thiols by Flow Cytometry

After treatments, HepaRG cells were recovered and washed with PBS twice, then incu-
bated with 10 μM AlexaFluor 488 C5 maleimide (AFM) probe in PBS for 30 min at 37 ◦C. After
having been washed again in PBS, the cells were analyzed by flow cytometry using BD Accuri
C6 Plus System (BD Biosciences, San Jose, CA, USA). Dead cells were gated out by staining
with Propidium Iodide (PI, Thermo Fisher Scientific, Waltham, MA, USA), and 1 × 104 living
cells was analyzed. The results were expressed as mean fluorescence of the AFM probe.

2.8. Total Protein Extraction and Quantification

The cells were plated in 6-well plates, and proteins were extracted with 100 μL of cell
lysis buffer (Cell Signaling Technology Inc., Danvers, MA, USA) and protease inhibitor
cocktail (Pierce, Thermo Fisher Scientific Inc., Waltham, MA, USA). The cell lysates were
maintained in ice for 40 min before centrifugation at 14,000 rpm for 20 min at 4 ◦C, and
the supernatants containing the total protein extract were collected and stored at –80 ◦C
before determination. Protein concentrations were measured by bicinchoninic acid assay
(BCA assay, Pierce, Thermo Fisher Scientific Inc., Waltham, MA, USA). A total of 200 μL of
a solution 1:50 (v/v) of reagent A (bicinchoninc acid, sodium bicarbonate, sodium tartrate

166



Biomolecules 2023, 13, 1758

and sodium carbonate in 0.1 N NaOH, 11.25 final pH) and reagent B (4% w/v of CuSO4·5
H2O in water) were pipetted in a 96-well plate together with 10 μL of a sample or bovine
serum albumin (BSA) at different concentration that was used as external standard for
assay calibration. After 30 min of incubation at 37 ◦C in the dark, the absorbance of the
samples and analytical standard was recorded at 570 nm using a microplate reader (DTX880
Multimode Detector, Beckman Coulter, Brea, CA, USA).

2.9. SDS-PAGE and Immunoblotting

Cell proteins (10–30μg) were separated by 10–12% sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS–PAGE) and then transferred to a nitrocellulose membrane (Mil-
lipore, Billerica, MA, USA) for immunoblot analysis. Membranes were blocked for 2 h
at room temperature with 5% skim milk (Sigma-Aldrich) in Tris-buffered saline and 0.1%
Tween20 (TBST) and then incubated overnight at 4 ◦C with the primary antibodies (Cell
Signaling Technology, Danvers, MA, USA) that included the following: phospho-p44/42
MAPK (ERK1/2) rabbit monoclonal antibody (mAb) (1:1000), pp42/44 MAPK (Erk1/2)
rabbit mAb (1:1000), phospho-SAPK/JNK rabbit mAb (1:1000), SAPK/JNK rabbit mAb
(1:1000), GAPDH rabbit mAb (1:1000), phospho-p38 rabbit mAb (1:1000), p38 rabbit mAb
(1:1000), Catalase rabbit mAb (1:1000), SOD-2 rabbit mAb (1:1000), 5-LOX rabbit mAb
(1:1000) and α-Tubulin rabbit mAb (1:1000). The day after the incubation, the membranes
were washed 3 times with TBST 0.1% and incubated with anti-rabbit or anti-mouse IgG
(1:2000) horseradish peroxidase-linked secondary antibodies (Cell Signaling Technology
Inc., Danvers, MA, USA). Protein bands were detected using an ECL Clarity Max (BioRad,
Hercules, CA, USA), and band quantification was performed with a Gel-Pro Analyzer.

2.10. IL-6 Analysis

IL-6 levels in cell culture media of liver cells were detected using a commercial IL-6
ELISA kit (cat. no. BMS603-2) from eBioscience (Thermo Fisher Scientific, Inc., MA, USA)
following the manufacturer’s instructions.

2.11. Statistical Analyses

Statistical comparisons were performed using one-way ANOVA test. Data were
expressed as mean ± SD of 3 independent experiments. The probability of error accepted
for significant differences was p < 0.05 (* or #), and highly significant differences were
identified for p < 0.01 (** or ##). Data analysis and graphical presentation were performed
with GraphPad Prism 9 (Version 9.0.2).

3. Results

3.1. CdCl2 Toxicity and Cytoprotective Effect of MLT

CdCl2 toxicity in the liver and intestinal cell models utilized in this study, namely,
primary murine hepatocytes, HepaRG cells before and after differentiation to hepatocyte-
like cells, and CACO-2 intestinal epithelial cells, were investigated using the treatment
protocol EP1 (Figure 1). MTT test data showed a concentration- and time-dependent toxicity
of CdCl2 in all of the cell models (Supplementary Figures S1 and S2), with a significant
reduction in cell viability levels after 24 h of treatment with Cd concentrations > 20 μM.
Cytofluorimetry data demonstrated that this toxicity effect of Cd, assessed at 48 h, is
associated with a concentration-dependent induction of apoptosis and necrotic cell death
in both the HepaRG and CACO-2 cell lines (Figures 2A and 2B, respectively). However, Cd
toxicity in CACO-2 cells was characterized by higher levels of late apoptosis and necrosis
compared to HepaRG cells (Figure 2). These cell death data indicate that CACO-2 cells are
more prone than HepaRG cells to Cd toxicity.
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Figure 2. Cell death levels in HepaRG (A) and CACO-2 (B) cells treated with CdCl2 and MLT.
Apoptosis assay was studied by flow cytometry analysis after 48 h of treatment with different
concentrations of CdCl2 (as shown in the chart) and 50 nM MLT using EP1 of Figure 1. Apoptosis
and necrosis levels were determined by staining the cells by annexin V-FITC and propidium iodide
(PI). Data were mean ± SD of three independent experiments. One-way ANOVA test: * p < 0,05;
** p < 0.001; *** p < 0.0001 (control vs. all treatments) and (CdCl2 vs. CdCl2 + MLT).

MLT produced a significant cytoprotective effect, improving cell viability data of both
the differentiated and undifferentiated form of HepaRG cells (Supplementary Figure S1A–D
and Supplementary Figure S2, respectively), as well as in CACO-2 cells (Supplementary
Figure S1E–H) exposed to CdCl2 toxicity. Cell viability was also improved in primary
murine hepatocytes, in which MLT exploited a protective effect both during co-treatment
(Supplementary Figure S1I–L) and after treatment with Cd (Supplementary Figure S1M,N).
Apoptosis and necrosis data confirmed that this cytoprotective activity of MLT depends on
a significant reduction in cell death levels in both the two cell lines (Figure 2).

The expression and activity of the survival protein kinase MAPK-ERK1/2 and the
stress-activated protein kinases (SAPKs) p38 and JNK were investigated in HepaRG cells
exposed to Cd toxicity, since these control cell survival and death pathways during the ex-
posure to cellular stressors also mediating the MLT cytoprotective function [40]. Cd toxicity
in HepaRG cells was associated with a significant increase in phosphorylation levels of all
protein kinases, namely, MAPK-ERK1/2 (Figure 3A), JNK (Figure 3B) and p38 (Figure 3C),
indicating the role of these kinases in the Cd toxicity and its effects on the balance between
survival and death pathways of the liver cell.
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Figure 3. Protein kinase activity and redox parameters of HepaRG cells treated with CdCl2 and
MLT. (A) MAPK-ERK1-2, (B) SAPK/JNK and (C) p38-MAPK activity was studied by immunoblot
assessing phosphorylation and the native form of the proteins. (D) Cell-surface thiols and (E) cellular
ROS were assessed by FACS-scan analysis. HepaRG cells were exposed for 3 h to CdCl2 (50 and
100 μM) and MLT (50 nM) that were studied as both separate treatments and in co-treatment mode
(EP1). One-way ANOVA test: * p < 0.05; ** p < 0.01; *** p < 0.001 (control vs. all treatments). # p < 0.05;
## p < 0.01 (CdCl2 vs. CdCl2 + MLT).

MLT was confirmed to behave as a potent ERK1/2 agonist [41] by the stimulation of
both the protein expression and phosphorylation of MAPK in HepaRG cells (Figure 3A),
which is a specific effect as demonstrated by the utilization of the pharmacological inhibitor
PD98059 (Supplementary Figure S3). However, during Cd exposure, MLT counteracted
MAPK-ERK1/2 and SAPKs (p38 and JNK) activation of this liver cell line (Figure 3A–C),
also restoring stress response parameters affected by the activity of these kinases, including
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the redox indicators cellular surface thiols and ROS (Figures 3D and 3E, respectively), the
antioxidant enzymes catalase (CAT) and superoxide dismutase 2 (SOD2) (Supplementary
Figure S4A–D), and the inflammatory enzyme 5-LOX (Supplementary Figure S5). The MLT
activation effect on the antioxidant enzymes CAT and SOD2 was also confirmed in intestinal
cells (Supplementary Figure S4C,D).

3.2. Effect of CdCl2 and FFA Treatments on Cellular Lipid Accumulation

The effects of Cd and FFA on lipid levels of the different cell models were studied
using the lipid probe ORO in EP2 of Figure 1.

In undifferentiated HepaRG cells, both Cd and FFA, when investigated as separate
and independent treatments, were found to induce lipid accumulation in droplets (see light
microscopy images of Figure 4A and spectrophotometric data of Figure 4B). This lipid accumu-
lation was associated with a marked reduction in the cell mass revealed by light microscopy
images (Figure 4A), demonstrating induction of lipotoxicity by these treatments that was
concentration-dependent with respect to CdCl2 in this human liver cell line. When CdCl2 and
FFA treatments were combined, these synergized to exacerbate their lipid accumulation and
cell mass reduction effects with PA, which was confirmed to induce a stronger interaction
with CdCl2 compared to OA. Rather, the latter FFA species appeared to mitigate the lipid
accumulation effect of PA in the OA + PA treatment (Figure 4B) but not its lipotoxicity effect,
as assessed by the number of cells remaining in the light microscopy fields of Figure 4A.

 

Figure 4. Effect of CdCl2 and FFAs on cellular lipid accumulation in undifferentiated human liver
HepaRG cells. Cell treatments were performed with the Experimental Protocol EP2 described in
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detail in Figure 1 and in the section “Methods”. Briefly, the cells were studied after a 24 h pre-treatment
with CdCl2 and 48 h treatment with FFAs (200 μM final concentration each). (A) Hematoxylin and
Oil Red O (ORO) were used to stain liver cells and lipid droplets, respectively (40× magnification).
(B) Quantification of cellular lipids by spectrophotometric determination of ORO absorbance at
510 nm. The FFAs used for the treatments were oleic acid (OA), palmitic acid (PA) and their
combination (OA + PA). One-way ANOVA test: * p < 0.05; ** p < 0.01; *** p < 0.001 (control test vs. all
treatments); # p < 0.05; ## p < 0.01 (FFAs vs. all treatments).

The concentration-dependent effect of Cd on neutral lipid accumulation was also
confirmed in primary mouse hepatocytes studied by spectrophotometric analysis of cellular
ORO (Figure 5).

Figure 5. Effect CdCl2, FFA and MLT on cellular lipids (A–D) and cell viability levels of primary
murine hepatocytes. Cellular lipids were assessed by ORO staining and spectrophotometric analysis
at 510 nm of cellular extracts, as described in detail in the section “Materials and Methods”. (A) Lipids
were assessed after 24 h pre-treatment with CdCl2 and 48 h treatment with different FFAs (200 μM
final concentration each), namely, OA (B), PA (C) and OA + PA tested alone or in combination with the
cytoprotective agent MLT (50 nM) (D). One-way ANOVA test: * p < 0.05; ** p < 0.01, *** p < 0.001 (control
test vs. all treatments); # p < 0.05 (FFAs vs. FFAs/MLT). Cell viability was measured by MTT assay as
described in detail in the section “Materials and Methods” (E). The cells were pre-treated for 24 h with
increasing concentrations of CdCl2 and then treated with FFAs (200 μM each) for 48 h in the presence
or absence of the cytoprotective agent MLT (50 nm) (E). One-way ANOVA test: * p < 0.05; ** p < 0.01
(CdCl2 + OA + PA vs. all treatments); # p < 0.05 (CdCl2 + OA + PA vs. CdCl2 + OA + PA + MLT).

Light microscopy images and spectrophotometric data of CACO-2 cells (Figure 6)
demonstrate that this cell line is less susceptible to the lipid accumulation effects of Cd and
FFA compared to liver cells (Figures 4 and 5).

3.3. Cell Death Levels in Cd- and FFA-Induced Lipotoxicity, and MLT Cytoprotective Effect

Cell viability (Supplementary Figure S6) and cell death data (Figure 7) demonstrated
the higher toxicity of PA compared to OA in both the HepaRG and CACO-2 cell lines; rather,
OA appears to protect these cells form PA toxicity in combinatorial treatments (i.e., OA + PA).
When combined with Cd exposure in the EP2 of Figure 1, FFA increased their toxicity with
a higher reduction in viability and increased cell death levels in both the two cell lines,
suggesting synergizing effects of Cd and FFA in inducing lipotoxicity; cell viability data
confirmed this synergy of effects also in primary murine hepatocytes (Figure 5E).
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Figure 6. Effect of CdCl2 and FFAs on the accumulation of cellular lipids in CACO-2 intestinal
epithelial cells. Cell treatments were as described in the legend of Figure 7 (Experimental Protocol
EP2, Figure 1). (A) Hematoxylin and Oil Red O (ORO) were used to stain liver cells and lipid
droplets, respectively (40× magnification). (B) Quantification of cellular lipids by spectrophotometric
determination of ORO absorbance at 510 nm. The FFAs used for the treatments were oleic acid
(OA), palmitic acid (PA) and a combination of the two (OA + PA). One-way ANOVA test: ** p < 0.01;
*** p < 0.001 (control test vs. all treatments). n.d. (non-detectable).

MLT lessened the cell death induction effect of the different combinations of Cd and
FFA in HepaRG and CACO-2 cells (Figure 7A–D), whereas the cell viability reduction effect
was not significantly affected (Supplementary Figure S6), indicating different sensitivity
of these cell toxicity assays. However, MLT was found to protect the mouse primary
hepatocytes from the cell viability reduction effect of Cd exposure combined with OA + PA
treatment (Figure 5E), and this effect of MLT was in good agreement with that of lipid
accumulation of these liver cells (Figure 5D).

3.4. Intracellular and Extracellular ROS

An increased production of cellular ROS is considered a causal indicator of the cy-
totoxicity process of both the Cd exposure and FFA-induced lipotoxicity. When ROS
were studied in HepaRG cells (Figure 8A), the exposure to Cd or FFA increased their
levels, with PA generating the most potent ROS generating response; important enough
was the observation that Cd synergized with FFA to induce this oxygen activation effect
in these cells, which is consistent with other indicators of lipotoxicity shown earlier in
Sections 3.2 and 3.3. FFA synergized their ROS production effect with Cd also in CACO-2
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intestinal cells (Figure 8B), and MLT was very effective in reducing this combined effect of
Cd and FFA treatment in both of the two cell lines (Figures 8A and 8B, respectively).

Figure 7. Effect of CdCl2, FFA and MLT on cell death levels of human liver HepaRG cells and
CACO-2 intestinal epithelial cells. Apoptosis and necrosis levels were studied in HepaRG (A,B) and
CACO-2 (C,D) cells exposed to different treatments, as described in EP2 (Figure 1). Apoptosis and
necrosis were measured by FACS-scan using Annexin-V and Propidium Iodide probes as described in
the methods section. One-way ANOVA test: * p < 0.05; ** p < 0.01; *** p < 0.001 (control vs. all treatments).
# p < 0.05; (CdCl2 vs. all treatments); # p < 0.05 (CdCl2 and/or FFAs vs. CdCl2 and/or FFAs + MLT).

In primary murine hepatocytes, Cd partially synergized with OA + PA to induce
cellular oxygen activation (Figure 8C) and H2O2 efflux (Figure 8D), and MLT significantly
reduced these effects.
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Figure 8. Cellular ROS levels in liver and intestinal cells treated with CdCl2, FFAs and the cytopro-
tective agent MLT. Cellular ROS were measured in HepaRG (A), CACO-2 (B) and primary murine
hepatocytes (C); extracellular levels of H2O2 (D) were also determined in primary murine hepato-
cytes only. Cd, FFA and MLT treatments of HepaRG and CACO-2 cells were performed according
to EP2 (Figure 1), whereas primary murine hepatocytes were pre-treated for 24 h with increasing
concentrations of CdCl2 and then treated for 48 h with FFAs (200 μM final concentration each) in the
presence or absence of the cytoprotective agent MLT (50 nm). One-way ANOVA test: (A,B) * p < 0.05;
** p < 0.01; *** p < 0.001 (control vs. all treatments). # p < 0.05 (CdCl2 vs. all treatments); # p < 0.05;
## p < 0.01 (CdCl2 and/or FFAs vs. CdCl2 and/or FFAs +MLT); (C,D) # p < 0.05; ## p < 0.01 (CdCl2
vs. CdCl2 + MLT and OA + PA vs. CdCl2 + OA + PA).

3.5. Effect of CdCl2 and MLT on IL-6 Secretion Levels of HepaRG Cells and Primary
Murine Hepatocytes

A dose-dependent induction effect of CdCl2 was observed for IL-6 secretion in both
HepaRG cells and primary murine hepatocytes, which was further enhanced by the combi-
nation of OA + PA treatment (Figure 9). MLT significantly reduced the effect of Cd and
FFA on the levels of this pro-inflammatory cytokine in murine primary hepatocytes.
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Figure 9. Levels of IL-6 in the culture medium of HepaRG cells (A) and primary murine hepatocytes
(B) treated with CdCl2, FFAs and MLT. The experimental protocol for cell treatments was EP2 of
Figure 1. IL-6 (pg/mL) levels were measured by ELISA method in cell culture media. Data were
mean ± SD of 3 independent experiments. One way ANOVA test: * p < 0.05, ** p < 0.01 control (or DMSO)
versus all treatments; # p < 0.05 CdCl2 versus CdCl2 + MLT or OA + PA versus CdCl2 + OA + PA.

4. Discussion

Cellular toxicity mechanisms of Cd include the induction of mitochondrial damage
and increased ROS production, defects of antioxidant defenses, activation of inflamma-
tory genes and cell death programs [4,42]. Another mechanism recently identified for
this PTE is the induction of cellular lipotoxicity, a specific process of lipid accumulation
deriving from an increased cellular flux of FFA and activation of lipid biosynthesis and
redistribution processes. This results in a lipid excess stored in lipid droplets, a functionally
specialized vesicular system of lysosomal origin that characterizes the “fatty” phenotype
of some tissues, especially the liver [40]. These cellular effects of Cd exposure are associ-
ated with the induction of lipid metabolism alterations and oxidative stress, which have
been documented in in vitro studies on human and animal liver cells [13–21] as well as
in vivo in animal models of chronic exposure to Cd [21,23]. Alterations of the cellular
lipidome recently characterized in mouse liver and human hepatocarcinoma cells demon-
strate that Cd toxicity induces specific changes in membrane phospholipids, especially in
phosphatidylcholine synthesis and remodeling, also increasing the relative abundance of
arachidonic acid residues in complex lipids [43], which is a characteristic lipidomic hallmark
of inflammation and a potential therapeutic target of human fatty liver disease [44].

These pieces of evidence stimulated us to explore the hypothesis that Cd may synergize
with other factors to induce lipotoxicity; these include FFA that have a major pathogenic
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role in NAFLD (reviewed in [40,44]). In this in vitro study, we utilized OA and PA since
their supplementation to human liver cells, performed at different concentrations and times
of exposure [38,45], has consistently been demonstrated to induce lipotoxicity and all of the
other hepatocellular, molecular and metabolic features of NAFLD. This experimental model
has been utilized to explore both lipotoxicity mechanisms and the efficacy of pharmaco-
logical therapies and nutraceuticals at the pre-clinical level [46,47]. We also studied Cd
and FFA toxicity in CACO-2 intestinal epithelial cells since, to our knowledge, the effects
of lipotoxicity on the gut epithelium remain poorly characterized, although potentially
relevant for the liver health [40].

Our results confirm that Cd and FFA synergize their lipotoxicity effects in liver cells,
including mouse primary hepatocytes and the human pre-hepatocyte cell line HepaRG
that was studied either before or after differentiation to mature liver cells. These effects
were confirmed for all of the lipotoxicity hallmarks investigated in this study (shown
from Figure 4 onward), including lipid droplet formation, ROS production, antioxidant
enzyme expression, inflammatory parameters such as 5-LOX expression and IL-6 secretion,
a reduction in cell viability, induction of cell death by apoptosis and necrosis, and a loss of
cellular elements as assessed through direct microscopy observation.

CACO-2 intestinal epithelial cells also develop cues of lipotoxicity when exposed to
Cd or to a combination of Cd and FFA, even if the levels of cellular lipid accumulation were
lower compared to those observed in the liver cells (Figure 5).

Furthermore, we utilized MLT to explore whether the synergistic effects of Cd and
FFA as lipotoxicity inducers can be prevented in the liver cell. This molecule was selected
because it is a cytoprotective agent with proven efficacy in lessening Cd toxicity effects in
different experimental models ([31,32] and references therein); moreover, it is effective in
preventing liver damage in experimental models of fatty liver disease as well as in clinical
trials on NAFLD patients ([34–36] and references therein).

As an important finding in the present study, MLT was found to protect both HepaRG
and primary hepatocytes from the pro-oxidant and pro-inflammatory (Figure 7, Figure 9
and Supplementary Figure S6) effect of both individual and combined treatments with Cd
and FFA, significantly reducing cytotoxicity in HepaRG and CACO-2 cells (Figure 6 and
Supplementary Figure S6) and primary murine hepatocyte (Figure 5E). These results con-
firm the homeostatic properties of this molecule in Cd toxicity, highlighting its pleiotropic
activity as a cytoprotective agent in cellular models of Cd-induced lipotoxicity, which is
a main finding of this study. Herein, we demonstrate that MLT controls the effects of Cd
exposure via MAPKs modulation (Figure 3). Cd is known to activate ERK and STAT3, and
these are key players of the cellular stress responses [10,48–50] that can be modulated by
MLT. This hormonal substance is a potent MAPK-ERK1/2 agonist, with a key role in cell
cycle regulation and death signaling during the stress response to ROS and inflammatory
factors [41]. In this respect, it is worth noting the inhibitory effect of a pharmacological dose
of MLT (50 nM) on the induction response to Cd exposure of SAPKs and MAPK-ERK of
liver cells (Figure 3 and Supplementary Figure S3); this provides a mechanistic explanation
to the antioxidant and anti-inflammatory activity of MLT, as well as to its cytoprotective
effect on liver cells exposed to Cd and FFA-induced lipotoxicity.

The use of “supraphysiological” concentrations of Cd and melatonin could be inter-
preted as a limit of this in vitro study; however, these concentrations are commonly utilized
in vitro to obtain significant responses in liver cells and their relevance is discussed consid-
ering in vivo data. In accordance with this, MLT was found to improve hepatometabolic
indices of NAFLD in obese mice fed a high-fat diet via MAPK-JNK/P38 signaling modula-
tion [36], and reduced levels of pro-inflammatory cytokines (as TNFα, Il-6 and Il-1β) and
an inducible form of the NO-generating enzyme iNos in the liver of mice exposed to Cd
toxicity [51], which appears to support our mechanistic interpretation.
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5. Conclusions

Here, we demonstrate that Cd can synergize with FFA to induce lipotoxicity effects in
the liver and intestinal epithelial, which is a potentially relevant pathogenic mechanism
of fatty liver disease [45]. Mechanistic aspects of such a toxicological interaction include
the stimulation of pro-oxidant and inflammatory pathways that can be mitigated by MLT.
The cytoprotective properties of this molecule are worth investigating at the pre-clinical
and clinical level for an application protocol of hepatoprotection and therapy of hepatic
lipotoxicity in Cd exposure.
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CACO-2 (B) cells treated for 4 h with CdCl2 and/or MLT; Figure S6. Effect of CdCl2, FFA and MLT
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Abstract: Numerous chemical probes have been used to measure or image oxidative, nitrosative and
related stress induced by free radicals in biology and biochemistry. In many instances, the chemical
pathways involved are reasonably well understood. However, the rate constants for key reactions
involved are often not yet characterized, and thus it is difficult to ensure the measurements reflect the
flux of oxidant/radical species and are not influenced by competing factors. Key questions frequently
unanswered are whether the reagents are used under ‘saturating’ conditions, how specific probes are
for particular radicals or oxidants and the extent of the involvement of competing reactions (e.g., with
thiols, ascorbate and other antioxidants). The commonest-used probe for ‘reactive oxygen species’ in
biology actually generates superoxide radicals in producing the measured product in aerobic systems.
This review emphasizes the need to understand reaction pathways and in particular to quantify the
kinetic parameters of key reactions, as well as measure the intracellular levels and localization of
probes, if such reagents are to be used with confidence.

Keywords: free radicals; oxidative stress; reactive oxygen species; ROS; superoxide radicals;
nitrosative stress; fluorescent probes; luminescent probes; rate constants; pulse radiolysis

1. Introduction

While most papers in this Special Issue focus on modified endogenous biological
molecules as markers of oxidative, nitrosative or other changes initiated by free radicals,
such damage has also been routinely assessed using exogenous, xenobiotic molecular
probes. Thus, as described below, a reduced fluorescein dye has been widely used to detect
the production of (usually unspecified) ‘reactive oxygen species’ in biological material or
biomolecular models—astonishingly, in over 6000 studies to date—despite the obvious
shortcomings discussed below. Hence, it is important not to take a too narrow or literal
viewpoint in considering ‘biomarkers’ of oxidative stress and radical damage.

There will often be competing pathways in the production of endogenous biomarkers
of oxidative or other radical damage, with the yield of biomarker reflecting not only the
production of radical reactants but also the concentrations and availability of potentially
protective substances such as thiols, ascorbate or phenolic antioxidants (for example). Sim-
ilarly, the ‘signal’ reflecting chemical change in exogenous markers or probes, whether
measured concentrations or image intensity (e.g., in fluorescence readers or microscopy),
may reflect not only the extent of the production of radicals or oxidants but also the involve-
ment of competing reactions. The outcome of such competing processes will be defined
by the Law of Mass Action, and so the important characteristics will be the product of
concentration and rate constant for all the competing reactions. Hence, whether damage
is assessed by endogenous biomarkers or by added chemical probes, chemical kinetics is
central to an informed assessment of the damage pathways, and the availability of rate
constants for specific reactions involving free radicals (in particular) and potential biomolec-
ular targets (or reasonable models for them) is central to an informed discussion about
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competing pathways in free-radical biology. Of course, the intracellular concentrations of
reactants or probes are equally important, and cellular heterogeneity is a daunting chal-
lenge to the accurate chemical modelling of biological pathways, as discussed elsewhere in
the context of radiation damage [1]. As an example, ‘molecular crowding’ can modulate
reaction rates (or effective rate constants), as illustrated recently [2]. As a first step, though,
analyzing potential competing reactions by simple homogenous competition kinetics is
far better than nothing, even if, ultimately, more sophisticated approaches are desirable,
such as applying Monte Carlo numerical simulation methods to a heterogenous model of
cellular compartments.

This review aims to illustrate the importance of kinetic factors in using chemical probes
for radical-initiated damage, although the concepts apply equally to discussing the pro-
duction of endogenous biomarkers. It will also help readers to access sources of pertinent
kinetic information in both contexts. Kinetic information (rate constants) can be estimated
by measuring the final product yields analyzed by competition kinetics in model systems
where a reference reaction has been characterized separately, but the direct observation of
reactive intermediates—radical or product—is usually the most reliable. This involves the
production of sufficient radicals in a time significantly shorter than the reaction timescale to
follow the reactions and enable detection, e.g., by kinetic spectrophotometry. The technique
of flash photolysis, introduced around 1950, made this possible for photochemically initi-
ated reactions. The analogous technique of pulse radiolysis, introduced a decade later, is
much more relevant for free-radical reactions, since ionizing radiation generates free radical
pathways which, in the case of water as a solvent, can be easily manipulated to monitor
reactions of specific radicals of biological interest. Hence, radiation chemistry has provided,
as a ‘spinoff’, much kinetic information concerning reactions involving free radicals and
biomolecules. It is not necessary to understand the complexity of radiation damage to
appreciate the application of the specialized techniques to general redox chemistry [3].

It is not intended here to give an extensive overview of the chemistry and/or method-
ology of markers and/or probes for ‘reactive oxygen species’ or oxidative damage, which
has recently been reviewed with specific recommendations [4]. The present author re-
viewed the chemistry of fluorescent and luminescent probes for oxidative and nitrosative
stress in some detail [5], and numerous more recent reviews in this area updated and
expanded the earlier survey [6–49]. Rather, the intention here is to illustrate the importance
of understanding the reaction pathways involved in the use of these probes and, especially,
the importance of kinetics in controlling these pathways.

We first have to consider the terms used in labelling these probes; following this,
a discussion of the chemistry of some of the most commonly used probes serves as a
‘template’ or ‘worked example’ against which other probes can be assessed. Finally, the
questions which all users of chemical probes should ask themselves before commencing on
a study are briefly summarized.

2. ‘Oxidative Stress’ and ‘Reactive Oxygen Species’ (‘ROS’): Their Definitions (or
Lack of)

If we are to discuss sensibly probes for chemical species, then we need to be clear about
the molecules involved. While the term ‘oxidative stress’ is reasonably well understood and
quite well defined [50–53], the related but not synonymous term ‘reactive oxygen species’
and its acronym ‘ROS’ are mere ‘catch-all’ phrases lacking usefulness because of their vague,
all-encompassing nature. Indeed, experts in free-radical biology are increasingly warning
about the indiscriminate use of ‘ROS’. Thus, it was recommended: ‘The use of ROS or RNS
should be . . . only when it is clearly stated that the species is unknown or one of several
implicated molecules without certainty’ [54]; it was commented: ‘The ubiquitous use of
these terms seems to provide a screen to hide the detailed chemistry of these species’ [55].
Another group of experts noted: ‘Reactive oxygen species’ (ROS) is a generic term that
defines a wide variety of oxidant molecules with vastly different properties and biological
functions . . . The generic term ROS should not be used to describe specific molecular
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agents’ [43]. The first recommendation of an expert review group [4] was ‘ . . . wherever
possible, the actual chemical species involved in a biological process should be stated, and
consideration given to whether the observed effect is compatible with its reactivity, lifespan,
products generated and fate in vivo’.

The difficulty in beginning to assess the reactions of vague ‘ROS’ in kinetic terms is ap-
parent if we compare the rate constants for reactions of the common biological antioxidant,
the thiol, glutathione (GSH), with specific radical or molecular oxidants, all containing
oxygen, at physiological pH. Thus, the rate constants (units of M−1 s−1) for reactions of
GSH with different ‘ROS’ span over ten orders of magnitude, with the rate constants for •OH
(~1 × 1010 [56]), HOCl (~1 × 108 [57]), NO2

• (~2 × 107 [58]) and CO3
•− (~5 × 106 [59])

being several orders of magnitude higher than those for reactions of O2
•− (~2 × 102 [60])

and H2O2 (~9 × 10−1 [61]).
In the context of chemical probes for oxidizing radicals derived from biomolecules, it

should also be noted that radicals centered on sulfur (thiyl radicals, RS•, and not normally
viewed as ‘reactive oxygen species’) can oxidize targets directly: the mid-point reduction
potential of the couple GS•,H+/GSH is ~0.90 V at pH ~7 [62], only ~0.04 V lower than
that of the tyrosine phenoxyl radical, TyrO•,H+/TyrOH [63]. Thiols are often viewed as
protective antioxidants, but they do have the potential to elevate ‘ROS’/oxidative stress
following the chemical ‘repair’ of diverse radical sites via the sequence of reactions [64,65]:

radical damage + RSH → ‘repaired’ (or modified) damage + RS•

RS• + RS− � (RSSR)•−

(RSSR)•− + O2 → RSSR + O2
•−.

However, ascorbate (AscH−) can disrupt this pathway by intercepting thiyl radicals [66]:

RS• + AscH− → RSH + Asc•−,

but it is important to note that many in vitro cell culture models lack ascorbate and so
are poor models for tissues. The potential reaction pathways of thiyl radicals in cells are
multiple and complex [67–69] and include the catalysis of the cis/trans isomerization of
unsaturated lipids [70–73]. Since thiyl radicals can form reactive thiylperoxyl (RSOO•)
and sulphonyl radicals in the presence of oxygen [74,75], thiol radical chemistry should be
included in any discussion of ‘ROS’.

It has also long been recognized that ‘ROS’ should not be viewed in isolation, in
particular, reactive nitrogen-based oxidants include peroxynitrous acid/peroxynitrite
(ONOOH/ONOO−, from the reaction between •NO and O2

•−), which in turn can source
•OH and •NO2 as well as carbonate radicals (CO3

•−) [76,77]. CO3
•− and NO2

• are fairly
powerful oxidants: the reduction potentials of the couples CO3

•−/CO3
2− and •NO2/NO2

−
are ~1.57 and 1.04 V, respectively [78], higher than the midpoint potentials at pH 7 of the
radical/reductant couples of tyrosine, glutathione or ascorbate [3]. Hence, the spectrum of
radical oxidants potentially reactive towards chemical probes is quite wide—and of course
the non-radical oxidants H2O2 and HOCl cannot be ignored, particularly since H2O2 can
form oxidizing intermediates in peroxidase chemistry or upon reaction with cytochrome c,
as noted below. Overall, then, a whole battery of oxidants are potentially reactive towards
some chemical probes for ‘ROS’ or oxidative stress, presenting a major challenge to the
informed use of probes.

3. Dichlorodihydrofluorescein (DCFH2): By Far, the Most Widely Used—And
Certainly the Most Abused—Probe for ‘ROS’ or Cellular Oxidative Stress

It is sensible—and instructive—to illustrate the importance of mapping reaction path-
ways of molecular probes and to characterize them kinetically by discussing the chemistry
of the most widely used probe for oxidative events associated with free radicals in biology,
not least because the reactivity of this probe has been kinetically characterized quite well.
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However, as discussed below, there remain many gaps in our knowledge, and the results
of any study using this or similar probes must continue to be viewed with skepticism.

Assays based on the fluorescence of a probe or its product are both sensitive and facili-
tate imaging. Fluorescein is perhaps the archetypical fluorophore, and its reduced form (di-
hydrofluorescein) is a non-fluorescent or ‘leuco’ dye. The variant 2′,7′-dichlorodihydrofluo-
rescein (DCFH2, Figure 1, 1) is the most commonly used probe for vague ‘ROS’ or general ox-
idative damage in biology associated with free radicals, with the fluorescent product dichlo-
rofluorescein (DCF) measured; an appropriate PubMed search revealed almost 7000 ‘hits’
in May 2023 for papers referencing these dyes. Even accounting for the papers which
simply mention or review the use of DCFH2 or related probes, it seems likely that well over
6000 studies have utilized such probes. Despite well-known shortcomings, which have been
repeatedly stressed by numerous authors, e.g., [5,6,8,9,13,19,23,24,27,30,54,55,79–89], these
probes continue to be widely recommended and used in many investigations, e.g., [90–95],
including a recent study that attracted quite widespread press coverage [96].

 

Figure 1. Structures of the probes discussed: 1, dichlorodihydrofluorescein (DCFH2); 2, lucigenin;
3, hydroethidine (HE); 4, Amplex Red; 5, ‘MitoNeoD’.

There are three basic problems with this and similar ‘leuco’ dyes such as the chloromethyl
analogue and other variants promoted by manufacturers; while DCFH2 is the best char-
acterized, it seems likely that all exhibit many of the problems discussed below. First,
oxidation may reflect the level of the catalyst rather than that of the oxidant; second, the
rate of oxidation by radicals varies widely, and radicals other than ‘ROS’ react rapidly with
the probe; and third, the radical intermediate produced during oxidation—either directly
by radicals or by a catalyst activated by H2O2—reacts rapidly with oxygen to generate
superoxide radicals.

Consider first oxidation by non-radical species, of which H2O2 is the most studied.
For a start, the direct reaction between H2O2 and DCFH2 is very slow, and the reaction
is most unlikely to compete with the destruction of H2O2 by cellular peroxidases, per-
oxiredoxins, etc.: oxidation by H2O2 requires a catalyst, as shown in early studies with
DCFH2 or analogues where horseradish peroxidase (HRP) or hematin was used [97], and
the signal measured, therefore, may reflect the level of catalyst rather than (or as well as)
the level of H2O2 generation. Fluorescent probes for catalytic iron(II) were developed [34].
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Another potent catalyst is cytochrome c [98], very important because it is released from
the mitochondria during apoptosis. Further, diverse hydroperoxides can substitute for
H2O2 in the catalyzed oxidation of DCFH2 [79]. The peroxidase- or cytochrome c-catalyzed
oxidation is also subject to interference by antioxidants, including uric acid, ascorbate and
α-tocopherol [79], as well as NADH and thiols [99]. Overall, then, associating fluorescence
with changes in H2O2 production rather than with the levels of catalyst or antioxidants is
difficult, and confusion with both apoptotic pathways and hydroperoxide formation rather
than H2O2 is quite possible.

Other non-radical oxidants have been investigated in this context: hypochlorite re-
acts inefficiently with DCFH2 [100]; peroxynitrite (ONOO−) is much more efficient, but
kinetic studies [101] showed this probably reflects radical oxidation involving NO2

•, •OH
and/or CO3

•− radicals, decomposition products of peroxynitrite under physiological
conditions [76,77].

The rates of oxidation of DCFH2 by radical oxidants vary widely: superoxide has
very low reactivity, while •OH radicals react at the diffusion-controlled limit (rate constant
k ~1.3 × 1010 M−1 s−1; intermediate reactivity is seen with NO2

• (k ~1.3 × 107 M−1 s−1) and
CO3

•− (k ~2.6 × 108 M−1 s−1, pH 8.2)) [102]. (Unless otherwise indicated, the rate constants
here refer to physiological pH; the pH value can be important, since DCFH2 dissociates
with pKa values estimated as ~7.9 and 9.2 [102], and oxidants may show pH-dependent
reactivity. NO2

•, for example, may oxidize a phenolate species considerably faster than the
corresponding phenol [103,104].) Sulfur-centered radicals (RS•, thiyl) oxidize DCFH2 with
rate constants of ~3.7 × 107 (GSH) or 1.7 × 107 (cysteine) M−1 s−1 [85]; since such radicals
are commonly produced in diverse radical ‘repair’ reactions (e.g., the donation of H to
carbon-centered radicals, as noted above), the lack of specificity of DCFH2 towards oxygen-
based radicals is obvious. Note, however, that the involvement of thiols in probe chemistry
is more complex than the direct oxidation of DCFH2 by thiyl radicals: the oxidized probe
DCF has a phenolic moiety and is a substrate for peroxidases, the resulting phenoxyl radical
DCF(–O•) oxidizing GSH (as well as NADH and ascorbate), generating superoxide radicals
via further reactions [81]:

DCF + oxidant → DCF(-O•)

DCF(-O•) + GSH (or NADH) → DCF + GS• (or NAD•)

GS• + GSH � (GSSG)•−

(GSSG)•− + O2 → GSSG + O2
•−

NAD• + O2 → NAD+ + O2
•−.

The oxidized probe also reacts rapidly with some radicals, e.g., the rate constant for the
reaction of CO3

•− radicals with DCF is almost identical to that for the reaction of DCFH2;
however, DCF is much less reactive towards NO2

• than is DCFH2 [105].
By the rule of spin conservation, the oxidation of DCFH2 to the fluorescent product

DCF by radicals must produce a radical intermediate, DCFH•. Further, the catalyzed oxida-
tion of DCFH2 also proceeds via this radical intermediate. In landmark studies [80,81,83],
it was shown that this radical also reacts with oxygen to produce superoxide:

DCFH• + O2 → DCF + O2
•− (+ H+)

leading the authors to describe such probes for oxidative stress as a ‘self-fulfilling
prophesy’ [83]. A direct observation of the reaction of DCFH• with O2 showed
k ~5.3 × 108 M−1 s−1 [102]. The rate of the possible competing reaction:
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2 DCFH• → DCFH2 + DCF

is pH-dependent around physiological pH because of prototropic equilibria, but the ef-
fective rate constant is 2k ~2.8 × 108 M−1 s−1 at pH 7.4. Since the two rate constants are
of the same order, and it is easily calculated that in most biological systems, the concen-
tration of O2 far exceeds that of DCFH• at a steady state, superoxide formation seems an
inevitable consequence of DCFH2 oxidation, whether by (catalyzed) peroxides or directly
by radicals [102].

The extent of DCFH2 oxidation by both H2O2 (or hydroperoxides) and radicals will
reflect competition kinetics (the Law of Mass Action), since there are obviously competing
pathways for the species to react, but this presents an immediate difficulty: the reaction
pathways reflect the products of rate constant and concentration, but hardly any users
of these probes have measured the intracellular concentration of DCFH2. Usually, the
diacetate derivative is used, relying on cellular esterases to cleave the diacetate and relying
on the resulting negative charge on the dissociated carboxylic acid to trap the probe
intracellularly. In the author’s Laboratory, L K Folkes measured ~300 μM DCFH2 as the
average intracellular concentration after incubating hamster fibroblasts in cell suspension
(5 × 106/mL) at pH 7.4 with DCFH2 diacetate (10 μM) for 15 min at 37 ◦C [102].

There will be intracellular concentration gradients typical of a weak acid, as well
as lipid/water partitioning of both probe and product [106]; this study reported DCFH2
was ‘totally partitioned into the octanol’ using octanol/water 1:1 at pH 6, while DCF
had a partition coefficient of 2:1 (the octanol:/water partition coefficient of DCFH2 at an
unspecified pH was quoted elsewhere as 2.62 [107], but it will be pH-dependent because of
prototropic equilibria [102]). There may also be leakage of product into the extracellular
medium [108]. Further, the nature of the culture medium must be considered, including
the presence of catalytic metals, antioxidants, pH indicators, etc. [109,110].

Considering, as an example, competing reactions between CO3
•− and either DCFH2

or GSH present together, the rate constant for the reaction of CO3
•− and GSH is

~5.3 × 106 M−1 s−1 at pH ~7 [59], i.e., ~50–fold lower than that for the reaction between
CO3

•− and DCFH2, but the intracellular concentration of GSH is typically around 10-fold
higher than that of DCFH2 if the concentration of the latter is similar to that in the mea-
surements with hamster cells described above. (Ascorbate reacts with CO3

•− ~260 × faster
than does GSH [111].) Nominally, just considering the one competing reaction with GSH,
the probe will ‘capture’ a good fraction—but not all—CO3

•− radicals, but since other free
thiols are present along with other targets for CO3

•− radicals (protein thiols, tyrosine
residues, etc., and ascorbate in tissues), it seems likely that the probe is often not being
used in ‘saturating’ conditions, making quantitation difficult. This is more clear-cut if
we consider competing reactions of NO2

• radicals. The rate constants for the oxidation
of GSH or cysteine at pH 7.4 by NO2

• are ~2 or 5 × 107 M−1 s−1, respectively [58], i.e.,
both higher than that for the reaction of NO2

• with DCFH2 (~1.3 × 107 M−1 s−1). Hence,
~0.3 mM DCFH2 will ‘pick up’ only a very small fraction of any NO2

• generated. The
total ‘scavenging capacity (Σk[scavenger]) for •OH radicals in mammalian cells has been
estimated as ~8 × 108 s−1, compared with the corresponding value for •OH reacting with
0.3 mM DCFH2, i.e., ~4 × 106 s−1; so, clearly it is most unlikely that DCFH2 (and indeed
most probes at realistic intracellular concentrations) can intercept a significant fraction of
•OH radicals.

Kinetic competition may also be exhibited between the activated peroxidase intermedi-
ate (such as HRP Compound I) reacting with either the probe or endogenous antioxidants;
so, for a full understanding of probe chemistry, quite extensive studies must be undertaken.
These are likely to involve several sophisticated techniques; in this case, electron para-
magnetic resonance spectroscopy to identify reaction intermediates, stopped-flow rapid
mixing to measure the rates of non-radical reactions, flash photolysis to monitor reactions
of excited states (see below), high-performance liquid chromatography to measure intracel-
lular uptake, preferably in specific organelles, and (especially) pulse radiolysis to generate
specific ‘ROS’ in known amounts and monitor their reactions in real time.
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Even leaving aside the obvious contraindication of the generation of one specific
‘ROS’ (superoxide radical) via the obligate involvement of an oxygen-reactive radical in the
formation of the fluorescent product, without measurements of both the rate constants of
the reactions of putative reactants with a probe and the estimates of the intracellular (or
better, intra-organelle or localized) concentrations of the probe, it is obvious that users are
working in the dark in seeking to quantify reactive oxidants using such probes. Actually,
users had best work in the dark, because a further complication is that visible light can
generate an excited state of DCF, quenched by cellular reductants such as GSH or NADH
(and doubtless other reactants such as ascorbate) to generate DCFH• and hence O2

•− [112].
Photooxidation of Amplex® Red has also been reported, once again involving the production
of superoxide radicals [113].

4. Some Kinetic Studies of Other Chemical Probes for Oxidants and
Biological Radicals

DCFH2 is not the only ‘ROS’ probe to be a ‘self-fulfilling prophesy’. As discussed in
more detail previously [5], the bis-N-methyl acridinium salt, lucigenin (LC2+, Figure 1, 2),
is reduced to a radical LC•+, probably by flavoprotein reductases, and exhibits chemilumi-
nescence on reaction of this radical intermediate with superoxide radicals via an unstable
intermediate producing an excited state of N-methylacridone [114]. However, the obligate
radical intermediate LC•+ reacts with oxygen to generate superoxide [115,116] with a rate
constant of ~3 × 106 M−1 s−1:

LC•+ + O2 � LC2+ + O2
•−

and since the reduction potential of the LC2+/LC•+ couple is –0.28 V vs. NHE, the equilib-
rium constant of the reaction is ~50; the reverse reaction producing LC•+ from superoxide
must have a rate constant of ~6 × 104 M−1 s−1 and is unlikely to compete with the re-
action of O2

•− with superoxide dismutase in experiments involving loading LC2+ into
mammalian cells [117]. Again, despite such an obvious contraindication, the probe is still
being used: thus, in a recent study ‘ . . . superoxide production in the brain, heart tissue,
and aorta was measured using lucigenin-enhanced chemiluminescence’ [118].

Even if repeated warnings about the shortcomings of commonly used probes continue
to be ignored, some groups have exhibited a clear understanding of the problems; the collab-
oration between the Institute of Applied Radiation Chemistry at Łodz University of Technol-
ogy and the Medical College of Wisconsin has been particularly fruitful (e.g., [9,27,30,39]),
and considerable progress is being made in the kinetic characterization of some probes.
Some examples are outlined very briefly below. Nonetheless, it is not at all encouraging that,
while a widely consulted Handbook of Fluorescent Probes (see: https://www.thermofisher.
com/uk/en/home/global/forms/mp-handbook-download-request-form-2014.html, ac-
cessed on 27 May 2023) has a 27-page chapter devoted to ‘Probes for Reactive Oxygen
Species, Including Nitric Oxide’, the terms ‘rate’ or ‘rate constant’ are both conspicu-
ously absent.

Progress is also illustrated by a discussion of the extent of intercepting oxidants using
the more recently introduced boronate probes for nucleophilic oxidants, which has been
the subject of intense activity [36], and the reactivity of probes for hypochlorous acid [44].
Earlier, a much clearer understanding of the reactions involved in the use of hydroethidine
as a probe for superoxide radicals emerged after a series of careful studies [119,120], and
the insightful review by Zielonka and Kalyanaraman [30] is an essential reading for users
of luminescent probes for cellular oxidizing and nitrating species.

In particular, the generation of specific radicals by pulse radiolysis was used to estimate
key rate constants involved in the detection of superoxide radicals by dihydroethidium
(hydroethidine, HE, Figure 1, 3), which superficially is similar to that of lucigenin in that
the oxidized probe reacts with superoxide to form a detectable product. The oxidation
of hydroethidine by O2

•− has a rate constant around 2 × 106 M−1 s−1; the rate constant
for the reaction of (HE)•+ with O2

•− to form the measured product, 2-hydroxyethidium,
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is orders of magnitude higher; so, the first reaction may be rate-limiting, depending on
the concentrations of HE and (HE)•+—at least in systems where only O2

•− is the oxidant:
obviously, other oxidants can achieve the first step, as directly observed using radiolytically
produced radicals [120].

‘Amplex® Red’, a dihydroxyphenoxazine (Figure 1, 4), has been quite widely used to
assay hydrogen peroxide, peroxidase-catalyzed oxidation yielding the fluorescent dye re-
sorufin. However, other oxidants, including biological oxidants, are also reactive: stopped-
flow kinetic spectrophotometry was used to demonstrate that peroxynitrite-derived oxi-
dants, but not peroxynitrite, also oxidized the probe, and pulse radiolysis quantified the
reactivity towards carbonate radicals, although at pH 10.3 (where the reactivity might be
higher than at pH 7.4 because of prototropic properties that the authors demonstrated [121]).
Intermediates formed during the conversion of Amplex® Red into resorufin were charac-
terized. An earlier study [10] discussed possible chain reactions.

The reactivity towards superoxide of a new mitochondria-targeted probe, the phenan-
thridine derivative ‘MitoNeoD’ (Figure 1, 5), was also characterized using pulse radiolysis,
with a rate constant for the reaction of the probe with O2

•− of ~1.4 × 107 M−1 s−1 mea-
sured [122]. The details of this study are outside the scope of the present paper but are well
worth studying as they demonstrate the depth of understanding now being applied in the
development of new probes.

5. Some Compilations of Rate Constants for Reactions of Free Radicals Relevant
to Biology

While there are very few rate constants measured for reactions of radicals with the
specific chemical probes of the general type discussed here, there are useful, if dated,
compilations of expertly evaluated rate constants for reactions of •OH and H• [123,124],
HO2

•/O2
•− [125], peroxyl radicals [126], inorganic radicals including CO3

•−, •NO2 and
ClO2

• [103], phenoxyl radicals [127] and aliphatic carbon-centered radicals [128]. It may
be possible to estimate the likely rate constants in a few instances by comparison with the
simpler chemical models that have been studied, and these compilations are invaluable
in considering the chemical kinetics of possible competing reactions with endogenous
reactants. However, the publication dates should be noted; further, while the former
database of the University of Notre Dame Radiation Chemistry Data Center (which hosted
the production of these compilations) has been transferred to the website of the National
Institute of Standards and Technology (see: https://kinetics.nist.gov/solution/, accessed
on 23 May 2023), it too suffers from not being updated and has strict syntax. It should
be noted that PubMed will often miss relevant studies of a purely chemical nature. The
majority of the rate constants involving reactions of interest involving free radicals have
been obtained using radiation–chemical methods, and the inclusion of the term ‘pulse
radiolysis’ as a search term may help filter literature searches for relevant kinetic data
in both PubMed and Chemical Abstracts (SciFinder®). However, in recent years several
pulse radiolysis facilities in Europe have closed down, and this is a barrier to the future
application of the technique in this area.

6. Key Points to Consider When Using Chemical Probes in Free-Radical Biology

Biochemists familiar with enzyme-catalyzed reactions will take for granted that an
assay for an enzyme will involve conditions such that the catalyst is rate-limiting, rather
than the concentration of the substrate(s) (or vice versa if a substrate is to be assayed using
an enzyme-catalyzed assay): saturating conditions characterized by Michaelis–Menten
kinetics. Yet, in attempting to assay ‘ROS’ and other biological oxidants, the necessary
parameters to evaluate whether a probe is used under saturating conditions or to estimate
the fraction of the oxidant that is being detected—the products of rate constants and
concentrations for reactions of both probe and competing reactants—have often been
ignored or are simply not available.
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The applications of chemical probes vary widely, and the criteria for using them in
cell-free systems may be very different from those for cellular models and especially tissues.
However, it may be useful to reiterate briefly the main questions that researchers should
ask before using a probe, based on earlier discussion [5,13,30]:

• Where is the probe located, and what is its concentration? Consider, if appropriate,
whether there are likely to be extracellular–intracellular concentration gradients or
inter-organelle or other local variations in the concentration of the probe (driven by,
e.g., lipid/water partitioning, trans-membrane pH differentials or binding to macro-
molecules). Measure, or at least estimate, the probe concentration(s) in the region(s)
of interest.

• What are the species likely to react with the probe? Consider all the putative species being
generated and their reactivities towards the probe, as estimated by the product of
rate constant and concentration, preferably under relevant conditions (pH; solvent
polarity; ideally, also temperature, although competing reactions may exhibit broadly
similar temperature effects).

• What are the reaction pathways involved in the generation of the final product being measured?
Identify reaction intermediates if possible, noting that spin conservation is likely to
dictate the obligate formation of intermediate free radicals from radical oxidants.

• Is a catalyst involved in the reaction(s)? Consider whether the concentration of the
catalyst may be rate-limiting and whether the presence of the catalyst results from
the treatment being assessed, e.g., the release of cytochrome c from mitochondria as a
result of apoptosis initiated by the oxidative challenge.

• What are possible competing reactions, firstly involving kinetic competition between the probe
and cellular antioxidants for the species of interest (e.g., oxidizing radicals or molecules)? The
Law of Mass Action will dictate the extent of the competition involving reactions of
the species being assessed with endogenous reactants, especially with antioxidants:
thiols, ascorbate, urate, NADH, α-tocopherol, etc., and other redox-active reagents
(including oxygen, which can also modulate thiol radical chemistry).

• Do the intermediates in probe chemistry react with endogenous molecules in competition with
pathways leading to the final, measured product? Again, the Law of Mass Action is central
to an analysis, and quantifying the redox properties of reactive intermediates will help
suggest possible reactants. The archetypical example is the reaction with oxygen of
the obligate intermediate radical obtained on oxidation of reduced fluorescein dyes—
oxidation either by radical species or by intermediates formed in the catalyzed reaction
with hydrogen peroxide—to generate superoxide radicals.

• Are there any potential effects of the cell culture medium (if used)? Consider comparing the
results in full medium (proteins, amino acids, redox- or light-sensitive pH indicator,
metals, ascorbate, etc.) with those from cells suspended/plated in as pure phosphate-
buffered saline as can be obtained.

• Could there be artefacts arising from the photochemical properties of the probes and products?
Visible light (including ambient room light or instrumental light sources) may initiate
photochemical reactions; photochemically induced excited states may be much more
reactive towards cellular reductants than the probes themselves. Consider whether the
product build-up is sufficient to initiate inner-filter effects by absorbing a significant
fraction of the incident light, e.g., in fluorescence plate readers.

• How far is the measured product likely to diffuse from the site of interest or ‘leak’ from
cells? This will be time-dependent and, within a specific organelle, can be estimated
from the likely diffusion coefficient and the Einstein–Smoluchowski equation, but
trans-membrane transport should also be considered.

• Does the probe itself affect cellular function? Probe and/or product may bind to macro-
molecules or change the mitochondrial membrane potential or may initiate apoptosis
and lead to potential catalysts released during the experiment (e.g., cytochrome c in
apoptosis).
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7. Conclusions

To design, synthesize and use with confidence a chemical probe for reactants of interest
in free-radical biology is a daunting prospect, requiring skills spanning disciplines, and
techniques and instrumentation unlikely to be found in a single laboratory. The chemical
obstacles to the use of the commonest probe for ‘ROS’ have been discussed previously (and
repeatedly) but were summarized here with emphasis on kinetic factors, as a pointer to
some of the properties which must be considered in the rational use of probes.

Some readers may find the discussion above of the language of free-radical biology
and the advice to avoid the term ‘ROS’ wherever possible to be unrealistic, pedantic and
repetitive. Yet, in the view of the present author, the language is a major part of the
problem. The term ‘reactive oxygen species’ may have arisen in the early days of free-
radical biology, when the emphasis was on Fenton chemistry and the term simply avoided
distinguishing between free hydroxyl radicals as a product of iron/hydrogen peroxide
chemistry, or whether an iron-oxo species was the reactant. The index to the second (1989)
edition of a standard text discussing free radicals in biology and medicine does not include
‘reactive oxygen’ or ‘ROS’ [129]. Now, though, the term and its acronym retrieved over
327,000 ‘hits’ in PubMed at the time of writing, and it would seem impossible to avoid this
vague term. One is reminded of the old computer adage, ‘GIGO’: ‘garbage in, garbage
out’; in the context of chemical probes for ‘ROS’, the vagueness of the input term almost
guarantees a vague output in the use of the probes. As a group of experts recently noted [4],
‘Multiple roles of reactive oxygen species (ROS) . . . have led researchers unfamiliar with the
complexities of ROS and their reactions to employ commercial kits and probes to measure
ROS and oxidative damage inappropriately, treating ROS (a generic abbreviation) as if it
were a discrete molecular entity’.

In the present article, the author has again stressed the pitfalls in the use of the
commonest probe for ‘ROS’ to illustrate what can go wrong if a careful study of the
literature is outweighed by the convenience of purchasing and using a commercial reagent
where the manufacturer has glossed over the problems. This was followed by a brief
mention of some recent studies which show that leading workers in the field do have a clear
grasp of the problems to be addressed. Kinetic measurements in which specific chemical
entities are generated and their reactions followed directly to quantify reactivity are central
to the successful application of chemical probes for oxidants and radicals in biology, but the
rate constants are only part of the story; the local concentrations of the probe and possible
endogenous reactants at specific sites in the cell are equally important. It is hoped the list
above of questions that users should first consider in the use of chemical probes may, at
the very least, help scientists to be aware of the uncertainties which arise if these factors
are ignored.
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Abstract: In this study, the effect of gamma irradiation (10 kGy) on proteins extracted from ani-
mal hide, scales, and wool was evidenced by calorimetric (μDSC) and spectroscopic (IR, circular
dichroism, and EPR) methods. Keratin was obtained from sheep wool, collagen and bovine gelatin
from bovine hide, and fish gelatin from fish scales. The μDSC experiments evidenced that gamma
irradiation influences the thermal stability of these proteins differently. The thermal stability of
keratin decreases, while a resistance to thermal denaturation was noticed for collagen and gelatins
after gamma irradiation. The analysis of the IR spectra demonstrated that gamma irradiation de-
termines changes in the vibrational modes of the amide groups that are associated with protein
denaturation, most meaningfully in the case of keratin. As evidenced by circular dichroism for all
proteins considered, exposure to gamma radiation produces changes in the secondary structure that
are more significant than those produced by UV irradiation. Riboflavin has different effects on the
secondary structure of the investigated proteins, a stabilizing effect for keratin and fish gelatin and a
destabilizing effect for bovine gelatin, observed in both irradiated and non-irradiated samples. The
EPR spectroscopy evidences the presence, in the gamma-irradiated samples, of free radicals centered
on oxygen, and the increase in their EPR signals over time due to the presence of riboflavin.

Keywords: keratin; collagen; bovine gelatin; fish gelatin; riboflavin; μDSC; circular dichroism
spectroscopy; EPR spectroscopy; IR spectroscopy

1. Introduction

Gamma irradiation at low to medium doses of 5–10 kGy is a known microbial control
method and safety measure in food and cosmetic industries [1], as well as a method largely
used in medical treatments [2], in particular for cancer therapy. There are studies that
indicate this procedure increases the production of extracellular matrix (ECM) that contains
large amounts of collagen. The presence of collagen confers resistance to radiation, which
has an effect on the reduction in cell mortality in some tumors [3]. On the other hand,
gamma irradiation causes the fragmentation of the α chains of collagen in tissues such as
bones, determining the loss of connectivity in collagen networks and, by consequence, bone
fractures [2]. Gamma irradiation also determines the radiolysis of water, which further
generates free radicals. These radicals, by interaction with the components of the ECM,
including proteins such as collagen, gelatin and keratin, can initiate a series of chemical
processes such as deamination, decarboxylation, reduction in the number of disulfide
bonds, oxidation of sulfhydryl groups, and hydrolysis of peptide bonds [4].

Nevertheless, the gamma sterilization method has some advantages that lend it to
use for large-scale applications, including the low cost, the small increase in temperature
of the irradiated materials, and no production of toxic residues [5]. The negative impact
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on a system or material can be limited by controlling the dose of gamma radiation, or by
introducing other compounds that can inhibit the action of free radicals in the system.

In the case of proteins extracted from the ECM, the extraction procedure itself can
modify the native structure of these proteins. In addition, the extracts can be modified
by grafting other molecules, depending on their envisaged applications. Thus, gamma-
irradiated collagen can find application in tissue engineering [6], or can be used as a
component of interpenetrated networks along other biocompatible polymers to find ap-
plication in wound dressing [7]. In fact, combining polysaccharides with proteins from
the ECM represents a common procedure to obtain new medical devices [8]. Recently,
the characteristics of a collagen/chitosan membrane obtained by the casting method, and
the effect of lemon grass oil as an antimicrobial agent, were reported [9]. In similar stud-
ies, keratin hydrolysates were physico-chemically characterized and tested for cellular
proliferation [10].

In this study, we aimed to find evidence of structural changes induced by gamma
irradiation or UVA irradiation in the presence of riboflavin in different samples of known
protein constituents of the ECM extracted from bovine hide, fish scales, and sheep wool. The
physico-chemical methods involved were differential scanning microcalorimetry (μDSC),
IR spectroscopy, circular dichroism (CD), and electron paramagnetic resonance (EPR)
spectroscopy. Riboflavin was used in this investigation, considering our previous study
regarding its role in generating collagen crosslinking [11]. This process has already found
application in the treatment of eye diseases, such as keratoconus and keratitis of different
etiologies, as well as vein or dentine diseases [12–14].

2. Materials and Methods

2.1. Materials

Spin traps 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) and N-tert-butyl-α-phenylnitrone
(PBN) were purchased from Aldrich (St. Louis, MO, USA). Riboflavin was purchased from
Carl Roth (Karlsruhe, Germany).

2.2. Extraction Procedures

The extraction procedures utilized to obtain the proteins used in this study were
as follows.

Keratin hydrolysate was obtained by alkaline–enzymatic hydrolysis in two steps. In
the first step, the alkaline hydrolysate was obtained at 80 ◦C by a previously described
method [10]. Briefly, sheep wool was washed and degreased using NH4OH 4% w/w,
Na2CO3 1% w/w, and Boron SE 0.6% w/w for 2 h at 40 ◦C, then washed up to neutral
pH and cut into small pieces using a grinding machine (La Minerva, Minerva Omega,
Bologna, Italy). Wool was mixed with NaOH 2.5% w/w solution in a stainless steel vessel
equipped with automatic temperature control and mechanically stirred for 4 h at 80 ◦C. The
obtained hydrolysate was used in the second step for the enzymatic hydrolysis using 1%
w/w of the enzyme Valkerase (BioResource International, Durham, NC, USA). The keratin
hydrolysate was centrifuged for 15 min at 6000 rpm (Eppendorf 5804, Wien, Austria) and
then lyophilized by freeze drying using a DELTA 2-24 LSC freeze dryer (Osterode am
Harz, Germany).

Bovine collagen was obtained from bovine delimed hide. Bovine hide was cut into
small pieces and washed several times with deionized water. The collagen was extracted at
neutral pH in a water bath at 90 ◦C for 6 h. The obtained product was filtered and dried in
an oven at 60 ◦C.

Bovine gelatin was obtained by acid hydrolysis of bovine delimed hide mixed with
a certain amount of distilled water, heated at 90 ◦C for 5 h. The pH was set at 5.5 using
a solution of 1 M acetic acid, and was controlled and adjusted every hour. The obtained
gelatin was filtered and dried in an oven at 60 ◦C.

Fish gelatin was obtained from fish scales following a method described by Akagun-
duz et al. [15]. Briefly, shredded fish scales were washed with NaCl 5% w/v and NaOH 4%
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w/v to remove non-collagen proteins. After the alkali treatment, scales were treated with
n-butanol (10 mL/100 mL) three times for 30 min to remove fat. Scales were washed with
distilled water between steps. In order to partially remove the mineral content, scales were
treated for 16 h with a solution containing EDTA and, thereafter, with acetic acid 99% for
3 h. The extraction was made in distilled water at 60 ◦C for 12 h. The obtained gelatin was
filtered and dried in an oven at 60 ◦C.

2.3. Instrumentation and Sample Preparation

Solutions of bovine collagen, bovine gelatin, and fish gelatin were prepared by dis-
solving the protein to a 0.25 mg/mL concentration in 0.18 M or 15.7 M acetic acid, in the
absence or presence of riboflavin 0.01% (0.1 mg/mL). Keratin was dissolved in water to
obtain a 0.46 mg/mL solution.

The physico-chemical characterization through IR, circular dichroism, and EPR spec-
troscopies, as well as μDSC, was performed for samples prior to and after irradiation with
UVA light or gamma radiation. A dose of 10 kGy over an irradiation time of 5 h, in air,
was used.

2.3.1. Infrared Spectroscopy

The IR spectra of dried samples obtained by the evaporation of protein solutions prior
to and after exposure to radiation were recorded on a Nicolet i-S10 FTIR spectrophotometer
(Thermo Scientific, Waltham, MA, USA). For secondary structure estimation, the FTIR
spectra in the amide I (1600–1700 cm−1) spectral region were deconvoluted to the min-
imum number of Gaussian components. The negative maxima in the fourth derivative
of the FTIR spectra were used as deconvolution input parameters, as indicated in the
literature [16,17]. Band positions and widths were constrained within reasonable limits.
Correlation coefficients and standard errors were >0.99 and <0.002, respectively. In order
to assess the relative contribution of each secondary structure component, the area of the
corresponding band was divided into the sum of areas of all the components considered.

2.3.2. Circular Dichroism (CD) Spectroscopy

The CD spectra of protein solutions were recorded on a J-815 spectrometer (JASCO
International Co., Ltd., Tokyo, Japan) equipped with a Peltier-type temperature controller.
Measurements were conducted at three temperatures in the range of 298–308 K, which
is the range of the endothermic signal obtained by μDSC. The CD spectra were recorded
using a 0.5 mm path length cuvette, between 190 nm and 260 nm, with standard sensitivity
and at a scan rate of 50 nm/min. The other parameters were set as follows: band width
1 nm, response 4 s, and data pitch 1 nm. Each CD spectrum represents the average of
three individual scans. The CD spectrum of the baseline (water or acetic acid 0.18 M) was
subtracted. The effect of gamma irradiation on the secondary structure was investigated
for the protein samples containing riboflavin. After gamma irradiation, no CD signal was
detected for riboflavin; therefore, the CD spectrum of riboflavin was only subtracted for
the samples recorded prior to irradiation.

2.3.3. Differential Scanning Microcalorimetry (μDSC)

The thermal stability of protein solutions was measured using the μDSC7 evo calorime-
ter (Setaram, Caluire, France). Two Hastelloy cells, the sample cell containing 100 μL of
sample and the reference cell filled with the same volume of solvent, were heated from
278 K to 363 K using a scan rate of 1 K min−1. Data collection and processing were per-
formed with the Calisto v.1077 software supplied by the instrument manufacturer, using
a linear baseline. The temperature of denaturation (Tpeak) and the denaturation enthalpy
change (ΔH) of the samples were determined. The influence of gamma irradiation on the
samples containing riboflavin was studied.

197



Biomolecules 2023, 13, 774

2.3.4. Electron Paramagnetic Resonance (EPR) Spectroscopy

The EPR spectra of spin adducts were recorded on a JEOL FA 100 spectrometer (Tokyo,
Japan) equipped with a cylindrical-type resonator TE011, with a frequency modulation of
100 kHz, microwave power of 0.998 mW, sweep time of 60 s, modulation amplitude of 1 G,
time constant of 0.1 s, modulation width of 1 G, and a magnetic field scan range of 100 G.
The hyperfine coupling constants of the spin adducts were obtained from simulation of the
experimental spectra using the Winsim software [18,19].

2.3.5. UVA and Gamma Irradiation

UVA light exposure of protein samples was performed with a mercury arc lamp (500 W,
LOT-Quantum Design, Darmstadt, Germany) at 370 nm for 30 min. The gamma irradiation
process was performed with an irradiator M-38 GAMMATOR (Isomedix, Parsippany, NJ,
USA) using a 137Cs source, in air, at room temperature, at a dose rate of 2 kGy/h.

3. Results and Discussions

3.1. IR Spectroscopy

The investigation of the protein samples by IR spectroscopy was performed in order to
identify the characteristic signals of the main functional groups by referring to the literature
data [20–23] (see Figure 1, Table 1 and Tables S1–S3 in the Supplementary Materials file),
and to estimate the secondary structural content of the protein samples, prior to and after
irradiation. We aimed to assess the extent of conformational changes that are induced in
the protein structure by gamma irradiation with a dose of 10 kGy. This information can
be retrieved by correlating the positions and intensities of characteristic amide vibrational
modes to specific secondary structure elements of the polypeptide chain (α-helix, β-sheet,
β-turn, random coil).

First, we discuss the results regarding keratin. The amide A band of the three keratin
samples under investigation (keratin, keratin/riboflavin, and keratin/riboflavin/gamma-
irradiated) has a maximum at 3275 cm−1. It arises from N-H and O-H stretching vibrations
of the polypeptide chain, and its broad feature was previously considered an indication for
the presence of twisted β-sheet structures formed via hydrogen bonding [24].

The amide I spectral region (1600–1700 cm−1) comprises C=O stretching (~80%), N-H
bending, and C-N stretching (20%) vibrations of the polypeptide chain that are correlated to
the backbone conformation [21]. This signal is intense and can be used to obtain an estimate
of the secondary structural content of the protein. The main amide I peak is observed at
1639 cm−1 and 1642 cm−1 for the keratin and keratin/riboflavin samples, and at 1644 cm−1

for the keratin/riboflavin/gamma-irradiated sample.
The amide II spectral region (1500–1600 cm−1) contains contributions from N-H in-

plane bending and C-N stretching vibrations (1540–1560 cm−1), as well as from C-N and
C-C stretching (1520–1540 cm−1). It is less sensitive to conformational changes as compared
to the amide I vibrational mode, and is mostly indicative of the protonation state of the
peptide unit [25].

The amide III band (1220–1330 cm−1) is associated with C-N stretching, N-H bending
(~30% each), C-C stretching (~20%), and C-H bending (~10%) vibrations [21]. Despite
having low intensity, the amide III mode is sensitive to the nature of the side chains and to
hydrogen bonding [25,26], and it can sometimes be used, complementary to the amide I
mode, for conformational analysis.

As stated above, the amide I band (1639 cm−1) of keratin slightly shifts to larger
wavenumbers in the presence of riboflavin (1642 cm−1), and more so after exposure to
gamma radiation (1644 cm−1). When the IR spectra were normalized (using the 1399 cm−1

C-H bending band as a reference) in order to better observe any differences in band
intensity, position, or shape, we noted a decrease in the intensity of the amide A band after
irradiation. This may indicate some degree of degradation of the amide group (primary
structure alteration) [9,27]. The most poignant spectral change caused by irradiation
is the change in the intensity ratio of the amide I and amide II bands from 0.82 in the
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keratin/riboflavin sample to 1 in the keratin/riboflavin/irradiated sample. This change
evidences the disruption of the intrinsic hydrogen bonding structure of the protein due to
conformational changes (secondary structure alteration). An increase in the amide I/amide
II intensity ratio was shown to correlate to an increase in the contribution of ordered
structures [9]. In our case, the opposite trend is observed; therefore, we expect irradiation
to cause an increase in the random coil contribution at the expense of β and α ordered
structures. This can be confirmed by a quantitative assessment of the secondary structure.

 

Figure 1. The IR spectra of (A) dried keratin, (B) collagen, (C) bovine gelatin and (D) fish gelatin samples.
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Table 1. Assignment of the main IR bands of keratin.

Sample
Wavenumber

(cm−1)
Assignment

keratin

3275, 3060
2963, 2935
1639 (s)
1544 (s)
1448 (w), 1399
1350 (w), 1242 (w)
1136 (s)

O-H, N-H stretching (amide A and B)
C-H stretching (asymmetric, symmetric)
C=O stretching/N-H bending (amide I)
C-N stretching/N-H bending (amide II)
C-H bending
C-N stretching/N-H bending (amide III)
S-O stretching, symmetric (-SO2-S-, cystine dioxide)

keratin/riboflavin

3275, 3072
2963, 2935
1642 (s)
1540 (s)
1455 (w), 1398
1347 (w), 1250
1135 (s)

N-H stretching (amide A and B)
C-H stretching (asymmetric, symmetric)
C=O stretching/N-H bending (amide I)
C-N stretching/N-H bending (amide II)
C-H bending
C-N stretching/N-H bending (amide III)
S-O stretching, symmetric (-SO2-S-, cystine dioxide)

keratin/riboflavin/gamma

3275, 3068
2971, 2934
1644 (s)
1542 (s)
1394
1251
1133 (s)

N-H stretching (amide A and B)
C-H stretching (asymmetric, symmetric)
C=O stretching/N-H bending (amide I)
C-N stretching/N-H bending (amide II)
C-H bending
C-N stretching/N-H bending (amide III)
S-O stretching, symmetric (-SO2-S-, cystine dioxide)

Abbreviations: s—strong, w—weak.

For secondary structure estimation, we focused on the amide I region. In this spectral
domain, the secondary structure components of a protein absorb at different positions, as fol-
lows: β-sheet (1610–1635 cm−1), random coil (1635–1645 cm−1), α-helix (1645–1665 cm−1),
β-turn (1662–1682 cm−1), and β-sheet antiparallel (1682–1689 cm−1) [24,28,29]. It is known
that some spectral features appearing as faint in the IR spectrum can become more promi-
nent in the second [30] or fourth [16,17] derivative of the spectrum. For this reason, in order
to have a more precise initial estimate of the component bands (in terms of number and
position), the negative maxima in the fourth derivative of the IR spectrum of keratin were
used. As such, the amide I band was fit with four Gaussian components (initially set at
1607, 1635, 1653, and 1685 cm−1). The bands resolved after deconvolution are presented
in Figure 2 and their relative contributions are listed in Table 2, together with their assign-
ment. We note that the presence of riboflavin and the exposure to gamma radiation do
not determine significant shifts in the position of these bands, but change their relative
contributions substantially. The effect of irradiation is the increase in unordered random
coil structures at the expense of β-sheet ordered structures.

In addition to the vibrational modes observed for keratin, the collagen (Figure 1B),
bovine gelatin (Figure 1C), and fish gelatin (Figure 1D) samples exhibited bands in the
spectral region of 1000–1100 cm−1 that have been interpreted considering the glycation of
collagen, and thus ascribed to C-O stretching vibrations of carbohydrates [31]. The main
spectral changes induced by gamma irradiation of these samples occur in the spectral re-
gions attributed to C-H stretching and C-H bending vibrations. Thus, irradiation produces
a strong increase in the intensity of the C-H asymmetric and symmetric stretching bands,
accompanied by a strong decrease in the C-H bending mode at ~1405 cm−1. For collagen
and bovine gelatins, a shift of the amide II band from ~1547 cm−1 in the native samples
to ~1540 cm−1 in the samples containing riboflavin and in the irradiated samples is also
observed. Some authors explain such a shift to lower wavenumbers by the fibrillogenesis
of collagen [31].

200



Biomolecules 2023, 13, 774

Figure 2. Deconvolution of the amide I region of the IR spectra of keratin samples: (A) keratin,
(B) keratin/riboflavin, (C) keratin/riboflavin/gamma-irradiated; for clarity, band components not
belonging to the region of interest are depicted in grey.

Table 2. Secondary structural content of keratin samples.

Sample Band Assignment ν (cm−1) % Area

keratin

β-sheet
random coil
α-helix
β-turn

1606
1637
1666
1679

19
42
28
11

keratin/riboflavin

β-sheet
random coil
α-helix
β-turn

1606
1637
1667
1682

22
35
30
13

keratin/riboflavin/gamma

β-sheet
random coil
α-helix
β-turn

1603
1636
1666
1686

9
49
23
19
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For deconvoluting the spectra of collagen and gelatins, four Gaussian components
were initially set at 1615, 1638, 1651, and 1685 cm−1, as predicted by the fourth derivative
of the IR spectra. The bands resolved after deconvolution are presented in Figures S1–S3,
and their relative contributions are listed in Tables S4–S6. The secondary structural content
of bovine gelatin was estimated at 13% β-sheet, 48% random coil, 26% α-helix, and 13% β-
turn. No significant changes in these values were observed upon interaction with riboflavin
or after gamma irradiation (Table S5). For fish gelatin, the predicted secondary structural
content of 16% β-sheet, 47% random coil, 25% α-helix, and 12% β-turn was not altered
significantly upon interaction with riboflavin or by gamma irradiation (Table S6). The
secondary structural contents of both bovine and fish gelatins evidence a higher degree of
denaturation as compared to bovine collagen.

3.2. Circular Dichroism (CD) Spectroscopy

The secondary structures of the protein samples were further analyzed using CD
spectroscopy. Below, the changes induced by temperature, the presence of riboflavin, and
irradiation with UV or gamma radiation are described.

The CD spectra of aqueous keratin solutions in the absence and presence of riboflavin,
prior to and after exposure to UV radiation, at three temperatures, are presented in Figure 3.
It is known from the literature [32] that the α-helical CD spectrum of α-keratin shows two
negative minima at 222 nm and 208 nm, and a positive maximum at 190 nm. The CD
spectra presented in Figure 3 display a single broad negative peak at ~200 nm, indicating a
low content of α-helix conformation in the case of our keratin sample. This observation is
in agreement with the helical content of only ~28% estimated from IR data.

Figure 3. The CD spectra of keratin (line) and UV-irradiated keratin (dotted line) aqueous solutions
measured at different temperatures.

Both the increase in temperature and the exposure to UV radiation determine a
decrease in the CD signal of keratin, pointing to changes in the protein secondary structure
associated with protein denaturation. More intense CD signals were obtained for keratin
samples in the presence of riboflavin, indicating a stabilizing effect of riboflavin on the
protein structure as a result of interaction (Figure 4A). This observation can be correlated to
the slight increase in the content of ordered structures at the expense of the random coils,
which decrease from 42% in keratin to 35% in keratin/riboflavin (Table 1).
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Figure 4. The CD spectra of (A) keratin (line) and keratin/riboflavin (dotted line), (B) ker-
atin/riboflavin (line) and keratin/riboflavin/UV-irradiated (dotted line) aqueous solutions measured
at different temperatures.

UV irradiation determines a 13% decrease in the intensity of the CD signal of the ker-
atin/riboflavin sample, pointing to protein denaturation (Figure 4B). Gamma irradiation of
the keratin/riboflavin aqueous solution has an even larger denaturation effect, manifesting
in an approximately 50% decrease in the ellipticity value at all temperatures (Figure 5). This
correlates to the increase in random coil content at the expense of the β-sheet and α-helix
conformations that was observed by IR spectroscopy.

The CD spectrum of native collagen presents a positive maximum peak at 220 nm and
a negative minimum peak at around 198 nm, characteristic for the triple-helix conforma-
tion [33]. Gelatin is a protein obtained by breaking the triple-helix structure of collagen [34].
It is known that the positive peak at 220–230 nm characteristic to the triple-helix confor-
mation disappears completely as a result of collagen denaturation [35,36]. For bovine and
fish gelatin solutions, the CD spectra (Figure 6) present only a minimum peak at ~199 nm,
which can be assigned to the unordered structure of the protein, while the maximum at
222 nm is not observed, which points to denatured collagen structures [37], in accordance
with the IR data. The temperature increase determines conformational changes associated
with the denaturation of both gelatins.
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Figure 5. The CD spectra of keratin/riboflavin (line) and keratin/riboflavin/gamma-irradiated
(dotted line) aqueous solutions measured at different temperatures.

 

 

Figure 6. The CD spectra of gelatin (line) and gelatin/riboflavin (dotted line) solutions in acetic acid
0.18 M at different temperatures: (A) bovine gelatin and (B) fish gelatin.
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In the presence of riboflavin, the CD signal presents different trends: the negative ellip-
ticity decreases for bovine gelatin, suggesting denaturation, while the CD signal increases
for fish gelatin. Thus, riboflavin presents a two-fold action: (i) it induces a stabilizing effect
on the fish gelatin structure and (ii) increases the denaturation of bovine gelatin.

Exposure to gamma radiation generates a further denaturation of gelatin/riboflavin
samples, without changing the shape of the CD spectra (Figure 7). The same effect is
observed for the collagen/riboflavin solution (Figure S4).

Figure 7. The CD spectra of gelatin/riboflavin (line) and gelatin/riboflavin/gamma-irradiated
(dotted line) solutions in acetic acid 0.18 M at different temperatures: (A) bovine gelatin and
(B) fish gelatin.

3.3. Differential Scanning Microcalorimetry (μDSC)

The thermal stability of keratin, gelatin, and collagen solutions was investigated
using μDSC, and the parameters of denaturation (peak temperature and denaturation
enthalpy change) are presented in Table 3. The μDSC signal of all samples presented a
broad endothermic peak attributed to the helix to random coil state transition [36,38,39].
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Table 3. Peak temperature (Tpeak) and denaturation enthalpy change (ΔH) obtained from μDSC
measurements.

Sample
Tpeak

(K)
ΔH
(J/g)

keratin 303.87 2.69
keratin/UV-irradiated 305.50 2.15
keratin/riboflavin 301.68 0.76
keratin/riboflavin/gamma-irradiated 303.44 0.26

collagen/riboflavin 299.09 0.55
collagen/riboflavin/gamma-irradiated 299.59 0.79
bovine gelatin/riboflavin 298.96 0.32
bovine gelatin/riboflavin/gamma-irradiated 301.32 0.66
fish gelatin/riboflavin 299.56 0.35
fish gelatin/riboflavin/gamma-irradiated 299.49 0.43

Note: keratin samples were prepared in water; collagen and gelatin samples were prepared in acetic acid 0.18 M.

The μDSC measurements for the aqueous solution of keratin (Figure 8) indicate a
higher thermal stability of keratin after UV irradiation, while the denaturation enthalpy
change slightly decreases as a result of the conformational changes observed in the CD
spectra. The presence of riboflavin decreases the thermal stability of keratin in water,
while gamma irradiation increases the thermal stability of the keratin/riboflavin sample.
Although the Tpeak value increases for the keratin/riboflavin gamma-irradiated sample,
the denaturation enthalpy change is significantly reduced. This is a result of the keratin
unfolding observed in the CD spectra, which causes the exposure of the hydrophobic
domains to the aqueous solution.

 

Figure 8. Effect of gamma and UV irradiation on keratin thermal denaturation in water.

A conclusion on the influence of the presence and concentration of acetic acid on the
thermal denaturation of keratin can be drawn by comparing the data in Tables 3 and S7.
When keratin was dissolved in acetic acid 15.7 M, significant decreases in the Tpeak and
denaturation enthalpy change values were observed, indicating a destabilization effect, in-
duced by the high concentration of co-solvent. Gamma irradiation of the keratin/riboflavin
sample prepared in concentrated acetic acid solution did not change the value of Tpeak,

206



Biomolecules 2023, 13, 774

but the denaturation enthalpy change slightly decreased, revealing a somewhat higher
exposure of hydrophobic regions of protein to the solvent.

The influence of gamma irradiation on the thermal stability of gelatin/riboflavin
samples in acetic acid 0.18 M is presented in Figure 9. The endothermic peak observed
for gelatin corresponds to the helix-to-coil transition, as a result of the dissociation of
the triple helices upon heating [40]. An increase in the thermal stability of the bovine
gelatin/riboflavin sample was observed after irradiation, while no significant change was
recorded in the μDSC profile of the fish gelatin/riboflavin sample. These results are in
agreement with the IR data that showed no spectral changes for the fish gelatin/riboflavin
sample as a result of irradiation.

 

Figure 9. The μDSC signal for the thermal denaturation of bovine and fish gelatin solutions in acetic
acid 0.18 M.

Gamma irradiation of bovine gelatin in acetic acid 15.7 M in the presence of riboflavin
decreases the thermal stability of the protein (Tpeak decreases from 302.64 K to 301.45 K, see
Table S7), while the same system in acetic acid 0.18 M is more stable to heat after gamma
irradiation (Tpeak increases from 298.96 K to 301.32 K, Table 3). An important change in
thermal stability was observed mainly for fish gelatin: when using a higher concentration
of acetic acid, the value of Tpeak increases from 299.49 K to 303.14 K, pointing to a stabilizing
effect. An important decrease in the denaturation enthalpy change value was obtained for
the fish gelatin/riboflavin sample in acetic acid 15.7 M after gamma irradiation. Gamma
irradiation induces a slight increase in the thermal stability of the collagen/riboflavin
sample (Figure S5).

3.4. EPR Spectroscopy

Two spin trapping agents, DMPO and PBN, have been used in this study to evidence
free radical species that can form in protein/riboflavin systems after gamma irradiation.
No EPR signal was recorded for the irradiated solutions in the absence of spin trapping
agents. The spin trap was added to the protein solution containing riboflavin immediately
after irradiation. The samples were then immersed in liquid nitrogen and the EPR spectra
were recorded after 1 h, and again after 2 h. It is worthy of note that the samples were kept
on the lab bench between the two measurements, and thus exposed to daylight.

The EPR spectra of the spin adducts of DMPO and PBN are presented in Figures 10 and 11,
respectively, and their parameters are provided in Table S8. For all protein samples, it can
be observed that the intensity of the EPR signal increases over time, and this is due to the
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presence of riboflavin that generates HO• radicals. The parameters of the •DMPO-OH
adducts are similar, with hyperfine coupling constants aN~14.8 G and aH~13.9 G.

Figure 10. The EPR spectra of DMPO adducts formed after gamma irradiation (10 kGy) in solutions
of keratin, collagen, bovine gelatin, and fish gelatin, in the presence of riboflavin. Spectra recorded
after 1 h (dark colors) and after 2 h (light colors) from irradiation.

Figure 11. The EPR spectra of PBN adducts formed after gamma irradiation (10 kGy) in solutions of
keratin, collagen, bovine gelatin, and fish gelatin, in the presence of riboflavin. Spectra recorded after
1 h (dark colors) and after 2 h (light colors) from irradiation.

The PBN adducts evidence six-line signals, their parameters after one hour from
irradiation being aN ~14.6 G and aH ~2.6 G. The literature data on carbon-centered radicals
formed in aqueous media [41] and in protein samples after gamma irradiation [42] report
aN values > 15.5–16 G and aH values > 3 aN for PBN adducts. For PBN adducts formed
with oxygen-centered radicals, the literature data indicate lower aN (<15 G) and aH (<3 G)
values [41]. These latter values are closer to those obtained for our systems, which indicates,
rather than the presence of carbon-centered radicals, the presence of free radicals centered
on oxygen. Nevertheless, the slight increase in time of the aN and aH values of the PBN
adducts (aN~14.8 G, aH~2.9 G after two hours from irradiation) may be an indication of
the formation of carbon-centered radicals. They could arise from successive reactions of
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the HO• radicals with the protein chains or with the acetic acid present in solution. As in
the case of the DMPO adducts, the intensity of the signal of PBN adducts increases over
time. In the case of the keratin sample, radical formation was not observed using PBN as
the spin trap. This can also be correlated with the lower intensity signal of the •DMPO-OH
adduct evidenced for the keratin sample.

Exposure of the protein/riboflavin samples to a higher dose of gamma radiation (20 kGy)
determined the decomposition of riboflavin in the samples containing collagen or gelatin. The
presence of •DMPO-OH spin adducts was only observed for the keratin sample.

4. Conclusions

To summarize, the analysis of changes in protein secondary structures induced by
gamma irradiation and the presence of riboflavin revealed the influence of the protein
source. The μDSC, IR spectroscopy, and CD spectroscopy evidenced that gamma irradi-
ation and riboflavin influence the secondary structure of the ECM-type protein extracts.
Riboflavin facilitates the release of free radicals that further interact with the protein chains.
However, the exposure to gamma radiation influences the stability and integrity of the
molecules. The proteins with higher degrees of ordered structures are more stable against
gamma radiation and temperature. Due to their hydrophilic character, collagen and gelatin,
when combined with riboflavin, present more stable secondary structures when exposed
to gamma radiation as compared to keratin, which has a hydrophobic character. Further
studies may involve similar compounds with riboflavin or investigating the effects of
antioxidant compounds on the protein structures exposed to gamma irradiation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biom13050774/s1: Figure S1: Deconvolution of the amide I region
of the IR spectra of (A) collagen and (B) collagen/riboflavin/irradiated; for clarity, band compo-
nents not belonging to the region of interest are depicted in grey; Figure S2: Deconvolution of the
amide I region of the IR spectra of (A) bovine gelatin, (B) bovine gelatin/riboflavin and (C) bovine
gelatin/riboflavin/gamma-irradiated; for clarity, band components not belonging to the region of
interest are depicted in grey; Figure S3: Deconvolution of the amide I region of the IR spectra of (A)
fish gelatin, (B) fish gelatin/riboflavin, (C) fish gelatin/riboflavin/gamma-irradiated; for clarity, band
components not belonging to the region of interest are depicted in grey; Figure S4: The CD spectra
of collagen/riboflavin (line) and collagen/riboflavin/gamma-irradiated (dotted line) solutions in
acetic acid 0.18 M at different temperatures; Figure S5: The μDSC signal for the thermal denaturation
of collagen/riboflavin solution in acetic acid 0.18 M, prior to and after gamma irradiation; Table S1:
Assignment of the main IR bands of collagen; Table S2: Assignment of the main IR bands of bovine
gelatin; Table S3: Assignment of the main IR bands of fish gelatin; Table S4: Secondary structural
content of collagen samples; Table S5: Secondary structural content of bovine gelatin samples; Table
S6: Secondary structural content of fish gelatin samples; Table S7: Peak temperature and denaturation
enthalpy change obtained from μDSC measurements for solutions prepared in acetic acid 15.7 M;
Table S8: Parameters of the DMPO and PBN spin adducts formed in protein/riboflavin solutions
after exposure to gamma radiation.
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Abstract: Oxidation represents a major pathway for the chemical degradation of pharmaceutical
formulations. Few specific details are available on the mechanisms that trigger oxidation reactions
in these formulations, specifically with respect to the formation of free radicals. Hence, these
mechanisms must be formulated based on information on impurities and stress factors resulting
from manufacturing, transportation and storage. In more detail, this article focusses on autoxidation,
metal-catalyzed oxidation, photo-degradation and radicals generated from cavitation as a result of
mechanical stress. Emphasis is placed on probable rather than theoretically possible pathways.
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1. Introduction

The advent of biotechnology has enabled the production of recombinant proteins for
therapeutic applications. A recent review of the globally highest-selling drugs in 2019
showed that out of ten drug products, seven were proteins [1]. Despite the therapeutic and
commercial success of protein therapeutics, the development of stable protein formulations
can present challenges [2–7]. Proteins are subject to physical and chemical degradation,
potentially compromising the efficacy and safety of drug products. The physical degrada-
tion of proteins is often associated with processes such as surface adsorption, aggregation,
particle formation and precipitation, while chemical degradation describes the covalent
modification of amino acids. Frequently, the physical and chemical degradation of proteins
are connected, where, for example, chemical modifications may trigger aggregation or
conformational transitions of proteins may facilitate the accrual of chemical modifications.

Oxidation represents a major pathway for the chemical degradation of proteins, which
can be carried out by a range of reactive oxygen and nitrogen species, including free
radicals [8,9]. The field of redox biology presents many examples of proteins that are subject
to oxidative modification in vivo under conditions of oxidative stress. These oxidative
modifications may either result in no change in activity, or promote loss or gain of function,
depending on the nature of the modifications and the specific proteins. Whether some
of these oxidative modifications may be useful as clinical biomarkers will depend on the
type, stability and location of the modifications and the pathologies of concern [10–12].
For example, commonly measured protein oxidation products such as protein carbonyls,
methionine sulfoxide (MetSO) and some tyrosine-derivatives were poor biomarkers in the
biological fluids of rats for either carbon tetrachloride (CCl4)- or ozone-induced oxidative
stress [13,14]. In contrast, some lipid-derived oxidation products, such as malondialdehyde
(MDA) or isoprostanes, appeared to be viable biomarkers for CCl4-induced oxidative stress
in rats [13].

Many of the protein oxidation products that have been characterized in vivo can also
form as a result of oxidative processes in therapeutic protein formulations in vitro [15].
In addition, these oxidation processes can generate a range of oxidation products from
excipients, e.g., from amino acids, especially histidine (His) [16–19], and surfactants [18–24],
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and likely also carbohydrates. Some of these oxidation products in vitro may correlate with
important characteristics of their respective drug products, and are referred to as critical
quality attributes (CQAs). For example, oxidation products may have consequences for the
shelf-life, bioavailability or immunogenicity of drug products.

The exact nature and sources of oxidants in protein formulations are generally less
well defined. For comparison, the biological mechanisms of oxidant production frequently
rely on relatively well-characterized enzymes such as xanthine oxidase [25], nitric oxide
synthase [26], myeloperoxidase [27] or NADPH oxidase [28]. In contrast, oxidation re-
actions in therapeutic protein formulations in vitro rely predominantly on adventitious
processes promoted by, e.g., mechanical stress, impurities and/or exposure to elevated
temperature, light or ionizing radiation. Details on the primary processes that lead to free
radical formation and oxidation in pharmaceutical formulations would be highly valuable
for the development of mitigation strategies. It is possible to outline the mechanisms of
free radical generation in pharmaceutical formulations based on information on impurities
and known stress factors that are relevant to pharmaceutical manufacturing, transportation
and storage. This is the purpose of this article.

2. Composition of Pharmaceutical Formulations of Therapeutic Proteins

The pharmaceutical formulations of therapeutic proteins display a range of com-
positions for liquid, frozen and lyophilized forms. Relevant to the potential formation
mechanisms of radicals is the fact that these formulations can generally contain several
classes of compounds in addition to the protein, such as buffers, surfactants, amino acids,
cryoprotectants, chelators and additional tonicifiers [1,29]. Besides the intended functions
in the formulations, each of these respective components may play a role in free radical
generation through its chemical properties and/or impurities, which may be introduced
via chemical synthesis, purification and/or storage.

3. Pathways of Free Radical Formation That Are Relevant to
Pharmaceutical Formulations

The following sections will discuss specific pathways of free radical generation with
respect to the potential role of impurities and stress factors.

3.1. Autoxidation

Miller et al. define true autoxidation “as the spontaneous oxidation in air of a substance
not requiring catalysts” [30]. Hence, autoxidation can be represented by the general
reaction (1), where D− and O2

•− represent an electron donor and superoxide, respectively,
and k1 and k−1 are the rate constants for forward and reverse electron transfer.

D− + O2 � D• + O2
•− (1)

A plot of log k1 vs. log K1 (where K1 represents the equilibrium constant for redox
equilibrium 1) yields a curve that can be fitted to the Marcus equation, where D− represents
a series of phenolates, indophenolates and other electron donors [31]. This relationship
allows us to make an estimate of the sensitivity of amino acid side chains towards autoxi-
dation on the basis of their reduction potentials. Such an estimate suggests that at most
cysteine in its deprotonated form, with Eo

2 ≈ 0.75 V for redox equilibrium 2 [32,33], would
be susceptible to autoxidation at pH values generally selected for protein formulations.

RS• + e− � RS− (2)

This would limit autoxidation processes to proteins that contain free cysteine residues.
Monoclonal antibodies do not contain free cysteine residues, except for small quantities of
incompletely folded proteins, implying that autoxidation should be a negligible problem
for pharmaceutical formulations containing monoclonal antibodies.
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A second target for potential autoxidation would be surfactants [34], especially polysor-
bate 80, which contains oleic, linoleic and linolenic acid [35,36]. It is possible that autoxida-
tion contributes to the generation of polysorbate radicals [37] and polysorbate oxidation
products, including peroxides, in neat polysorbate [38]. However, it is equally likely that
oxidation in neat polysorbate is triggered by the homolytic decomposition of reactive
fatty acid:oxygen copolymers of the general structure 1 (Figure 1, where residues Rn, n
= 1–6, depict moieties of fatty acids that have undergone successive peroxyl radical and
oxygen addition to double bonds) [39,40], containing α,β-diperoxide repeats analogous
to styrene:oxygen copolymers [41]. Such fatty acid:oxygen copolymers may be generated
during polysorbate synthesis and storage.

Figure 1. General structure of fatty acid:oxygen copolymers (Residues Rn, n = 1–6, depict moieties of
fatty acids that have undergone successive peroxyl radical and oxygen addition to double bonds).

Morita and Tokita reported that fatty acid:oxygen copolymers are stronger initiators
of lipid peroxidation in model experiments compared to simple hydroperoxides [39]. How-
ever, the fact that Bensaid et al. [42] observed that iron levels as low as 20 ppb accelerated
polysorbate oxidation in aqueous formulations suggests that, at least in pharmaceutical
formulations, metal-catalyzed reactions of hydroperoxides may be kinetically more sig-
nificant for the formation of free radicals compared to metal-independent decomposition
reactions of fatty acid:oxygen copolymers or autoxidation. This is also consistent with
data showing the accelerated decomposition of polysorbate when in contact with stainless
steel surfaces [19,43]. It is, therefore, unlikely that true autoxidation processes contribute
significantly to free radical formation in pharmaceutical formulations.

3.2. Fenton and Fenton-like Reactions between Metals and Peroxides

Fenton and Fenton-like reactions represent important pathways for free radical gen-
eration. Peroxides can be introduced into formulations through excipients [44], primarily
surfactants [38,44,45], and/or as a result of sterilization procedures [46]. Before presenting
a detailed discussion of the potential radical-generating reactions of metals and peroxides
in pharmaceutical formulations, we need to evaluate which metals and which reactions are
most relevant to pharmaceutical formulations. The International Council for Harmoniza-
tion (ICH) Q3D(R2) guidelines define three classes of elemental impurities based on “their
toxicity (PDE) and likelihood of occurrence in the drug product” [47] (PDE = permitted
daily exposure). Several elemental impurities in these classes are redox-active and/or
catalyze oxidation reactions, such as Co, Ni and V (in class 2A); Ir, Os, Rh and Ru (in
class 2B); and Cr, Cu and Mo (in class 3). The ICH Q3D(R2) guidelines list additional
elemental impurities “for which PDE values have not been established due to their low
inherent toxicity and/or differences in regional regulations” [47]. Of these, Fe, Mn and W
are redox-active and/or catalyze oxidation reactions (as, perhaps, does Al [48]; here, AlIII

does not change its oxidation state but promotes the disproportionation reaction of two
complexed H2O2 molecules). A representative quantitative analysis of the elemental impu-
rities listed in class 1 and 2A in several formulation components predicts that their levels in
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therapeutic protein drug products will be significantly below the PDE [49]. These elemental
impurities will likely present no toxicological problems; however, even at levels below the
PDE, some of these elemental impurities may promote radical formation and/or catalyze
oxidation reactions. Therefore, we need to narrow down a selection of metals for further
consideration in this article via other means. Class 2B elements “have a reduced probability
of occurence in drug product” [47] and will, therefore, not be considered further. Lloyd
et al. reported DNA oxidation in the presence of H2O2 for Cr(III), Fe(II), V(III) and Cu(II),
indicating Fenton or Fenton-like reactivities of these metals [50]. However, no efficient DNA
oxidation was observed for Co(II) and Ni(II) in the presence of H2O2 [50]. Anipsitakis and
Dionysiou surveyed the formation of radicals from the reaction of three oxidants, including
hydrogen peroxide (H2O2), potassium persulfate (K2S2O8) and potassium peroxomono-
sulfate (KHSO5), with nine metals, including Fe(II), Fe(III), Co(II), Ru(III), Ag(I), Ce(III),
V(III), Mn(II) and Ni(II) [51]. Of these, only Fe(II), Fe(III) and Ru(III) generated significant
levels of hydroxyl radicals (HO•) upon reaction with H2O2 [51]. The other metals formed
significant yields of inorganic radicals (SO4

•−) only upon reaction with K2S2O8 and/or
KHSO5, oxidants that are likely not present in pharmaceutical formulations. In contrast,
Stadtman et al. advocate for the formation of “caged” HO• radicals during the reaction of
Mn(II) with H2O2, available for the oxidation of substrates [52–54]. The data are consistent
with respect to Co(II) and Ni(II), which we do not need to consider further as a source of
radicals in pharmaceutical formulations. We will also not further consider any reactions
of Mo(IV) as it functions as a co-catalyst in Fe-dependent Fenton reactions [55,56], for
example, reducing Fe(III) to Fe(II) [55]. The formation and detection of HO• radicals during
reactions of V(III) and Mn(II) with H2O2 may depend on the experimental conditions; in a
first approximation, the redox reactions of V(III) and Mn(II) with H2O2 would be rather
comparable to the reactions of the Fe(II)/Fe(III) redox couple with H2O2. Hence, a more
detailed description of the reaction mechanisms of Fe(II) and Fe(III) would serve as a model
for analogous reactions of V(III) and Mn(II), and also of Cr(III) and Cu(II). Therefore, the
following will entirely focus on processes of Fe-dependent radical generation through the
Fenton reaction that are relevant to pharmaceutical formulations.

Reactions of Ferrous and Ferric Iron

In pharmaceutical formulations of therapeutic proteins, iron impurities can come from
multiple sources, including the cell culture medium, manufacturing equipment, containers,
proteins and excipients. Iron levels as high as 1–9 μM have been reported for some protein
formulations [57,58].

In general, it can be assumed that iron impurities in pharmaceutical formulations will
be present as ferric iron, FeIII, coordinated with iron-binding ligands, L [59]. These ligands
can originate from the protein as well as excipients such as amino acids and carbohydrates.
Based on the formulation composition, it is likely that FeIII may be present in a variety of
mixed ligand complexes, i.e., that complexes of FeIII show some heterogeneity. FeIII reacts
with H2O2 according to equilibrium 3 [60,61].

LxFeIII + H2O2 � LxFeIII(−O2H) + H+ (3)

Rate constants of k3 = 69 M−1s−1 and k−3 = 0.11 s−1 have been reported for equilibrium
3 in acidic aqueous solution with pH 2.0 (where L = H2O) [61]. Based on the standard
reduction potentials for the couples FeIII/FeII (0.77 V vs. NHE) [62] and HO2/HO2

−
(0.79 V), the reduction of FeIII by HO2

− is feasible [63], so equilibrium 4 is reasonable,
where the resulting hydroperoxyl radical is characterized by pKa = 4.8 for equilibrium 5 [64].
The superoxide radical anion (O2

•−) can subsequently reduce an additional equivalent of
LxFeIII (reaction 6) [62,65].

LxFeIII(−O2H) � LxFeII + HOO• (4)
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HOO• � H+ + O2
•− (5)

LxFeIII + O2
•− � LxFeII + O2 (6)

However, it has been pointed out that, specifically, the reduction potential for the
couple FeIII/FeII is very sensitive to pH [59] and the nature and concentration of the
ligands [62,63], so the potential reduction of LxFeIII to LxFeII by HO2

− must be carefully
discussed with respect to these parameters. Specifically, for Lx = EDTA, the reduction
potential of FeIII/FeII decreases to 0.12 V [62], suggesting that the reduction of (EDTA)FeIII

by HO2
− may not be a major pathway of FeII formation [63] (for Lx = DTPA, the reduction

potential decreases even further to 0.03 V [66]). However, this prediction must be compared
to experimental results that show that the reaction of H2O2 with (EDTA)FeIII yields an
oxidant that converts the dipeptide Met-Met (Met = methionine) to products that are
also generated via the exposure of Met-Met to a Fenton system, (EDTA)FeII/H2O2 [67],
suggesting the formation of free or complexed hydroxyl radicals (HO•) or higher-valent
iron-oxo species such as FeIV=O [61]. In this respect, the results of Bensaid et al. [42] are
important, which show that the levels of iron impurities (20 ppb vs. <2 ppb) in formulations
containing a monoclonal antibody, His, sucrose and polysorbate 80 control polysorbate
oxidation, which correlates with the oxidation of Met255 on the monoclonal antibody. In
these formulations, it is likely that HO• and/or LxFeIV=O are generated via the reaction
of LxFeIII with hydrogen peroxide (reactions 3, 4, 7 and 8) and RO• and/or LxFeIV=O via
the reaction of LxFeII with organic hydroperoxide impurities (reactions 10 and 11). Here,
LxFeIV=O (Eo′

pH 7.0 ≈ 1.00 V) is the less powerful and more selective oxidant compared to
HO• (Eo′

pH 7.0 = 2.18 V) [68].

LxFeII + H2O2 → LxFeIII + HO• + HO− (7)

LxFeII + H2O2 → LxFeIV=O + H2O (8)

LxFeIII(−O2R) � LxFeII + ROO• (9)

LxFeII + HOOR → LxFeIII + RO• + HO− (10)

LxFeII + HOOR → LxFeIV=O + ROH (11)

In this regard, the initial reaction (reaction 3) of LxFeIII with H2O2 may become
important, as its product, LxFeIII(−O2H), reacts significantly more efficiently with LxFeII

(k12 = 7.7 × 105 M−1s−1; L = H2O, pH 1.0) compared to H2O2 (k ≈ 50 M−1s−1) [61].

LxFeIII(−O2H) + LxFeII → LxFeIII + [LxFeIII + HO•]/LxFeIV=O (12)

Ultimately, the resulting oxidizing species, HO• and/or LxFeIV=O, will have the
opportunity to react with formulation constituents such as protein and excipients, generat-
ing a plethora of oxidation products and secondary oxidizing species including peroxyl
radicals, alkoxyl radicals and peroxides. The initial oxidation reactions of HO• and/or
LxFeIV=O may occur preferentially with the ligands L, coordinating either FeII or FeIII [61].
Peroxyl and alkoxyl radicals, as well as peroxides, will be generated via the reaction of
HO• and/or LxFeIV=O with the organic constituents of the formulation. An alternative
oxidant, the carbonate radical anion (•CO3

−), may be generated if the formulation contains
low amounts of bicarbonate (introduced through atmospheric CO2), which can generate
LxFeII(CO3) [69]. In such complexes, the initial oxidants, HO• and/or Lx(CO3)FeIV=O,
may oxidize the Fe-bound carbonate to •CO3

− [69,70], which itself is a powerful yet more
selective oxidant.
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An important question is that of whether metal chelators can prevent the formation of
oxidizing species during the reaction of peroxides with LxFeIII and LxFeII. Walling et al. [71]
demonstrated the oxidation of a variety of organic substrates by (EDTA)FeIII/H2O2, provid-
ing evidence that oxidation reactions prevail in the presence of EDTA. Likewise, Graf et al.
showed that EDTA did not prevent the oxidation of dimethylsulfoxide (DMSO) (ultimately
to formaldehyde) induced by LxFeIII and hypoxanthine/xanthine oxidase [72]. However,
DTPA prevented the oxidation of DMSO, providing evidence that the chelator structure
plays an important role in the efficiency of preventing substrate oxidation. These findings
can, in part, be rationalized by the complex geometries of (EDTA)FeII and (EDTA)FeIII,
where crystal structures demonstrate a distortion from octahedral geometry, resulting in
the availability of a seventh binding site for a reaction to take place [73,74]. In aqueous
solution, this seventh binding site generally coordinates with water [73,74], also indicated
by a dissociable proton of (EDTA)FeIII(H2O) with pKa ≈ 7.6 [75,76]. The bound water can
be replaced by H2O2 [65,71,77] and, in case of (EDTA)FeII, also by molecular oxygen [78].
In fact, (EDTA)FeII efficiently reacts with H2O2, with k > 3 × 103 M−1s−1 [79,80].

3.3. Photochemical Generation of Radicals

Depending on the manufacturing environment and clinical use, protein formulations
can be exposed to UVA and/or visible light [81], and an increasing number of studies
show visible- or ambient-light-induced degradation of therapeutic proteins [58,82–92].
In particular, visible light photo-degradation is not easily rationalized with the known
absorption characteristics of individual amino acids. This presents a challenge for the mech-
anistic analysis of processes leading to photo-degradation under visible light exposure,
which is addressed in a recent review [93]. It is generally possible that photo-sensitizers
are generated from the oxidative degradation of proteins and/or excipients, i.e., protein
di-tyrosine from Tyr [94], 6a-hydroxy-2-oxo-octahydropyrollo[2,3-d]imidazole-5-carboxylic
acid from His [17], advanced glycation end-products (AGEs) from the breakdown of
carbohydrates [95], and cross-links between amino acids and lipid peroxidation prod-
ucts [96]. In addition, certain constituents or impurities present in cell culture media that
co-purify with the protein may act as photo-sensitizers, e.g., riboflavin [97–99] or pterin
derivatives [100–102]. These photo-sensitizers can generate radicals in pharmaceutical
formulations via a type I process, which represents an electron transfer reaction by a photo-
sensitizer, subsequent to which a radical intermediate reacts with oxygen [103] (in contrast,
a type II process entails the generation of singlet oxygen, 1O2 [103]).

Tryptophan residues can form cation-π complexes [104–106], which absorb visible
light [107,108]. In such complexes, the electron density is shared between the Trp π-system
and the cation, resulting in spectroscopic properties reminiscent of Trp• radicals [108].
Hence, Trp cation-π complexes may serve as chromophores suitable for the initiation of
photo-degradation by visible light, a possibility that should be tested experimentally.

In view of the discussion of FeIII-dependent oxidation reactions in pharmaceutical
formulations (see Section 3.2 above), the possibility of photo-Fenton reactions as a source of
free radicals is a viable option. Pharmaceutical buffers (e.g., acetate, succinate, citrate) and
amino acids contain carboxylate groups, where FeIII-carboxylate complexes are character-
ized by broad absorption bands in the UVA and visible regions. Under light exposure, these
FeIII-carboxylate complexes can undergo ligand-to-metal-charge transfer (LMCT), reducing
FeIII to FeII, and oxidizing the carboxylate ligand, which subsequently decarboxylates
reactions (13) and (14) [109–113].

RCO2
−-FeIII → RCO2

•-FeII (13)

RCO2
•-FeII → R• + CO2 + FeII (14)

The resulting carbon-centered radical R• will add oxygen to yield a peroxyl radical,
ROO•, unless R• is •CO2

− (see below), while FeII reduces O2 to O2
•− [65] and H2O2 [114].

With respect to the necessary concentrations of FeIII, basal levels of FeIII in 10 mM citrate
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buffer, pH 6.0, were sufficient to promote the photo-oxidation of Met-enkephalin during
near-UV photo-irradiation with a light dose of 25.2 Whm−2 [115], i.e., ca. 1/8 of the
light dose required according the ICH Q1B guidelines for photostability studies [116]. In
these experiments, various lots of citrate were tested, and the photo-oxidation yields from
Met-enkephalin correlated with the basal FeIII levels [115]. An important detail is the
formation of •CO2

− during the photo-irradiation of citrate-FeIII with either near-UV or
visible light, detected via spin-trapping with DMPO [115,117]. The •CO2

− radical is a
powerful reductant (Eo(CO2/•CO2

−) ≈ 1.93 ± 0.22 V vs. NHE [118]) that reduces FeIII to
FeII [119], O2 to O2

•− [119,120] and disulfide (RSSR) to a thiyl radical (RS•) and thiolate
(RS−) [121–123].

Mechanistic studies suggest that the formation of •CO2
− from citrate involves LMCT

from the (deprotonated) citrate hydroxyl group rather than the citrate carboxyl groups,
generating an intermediary alkoxyl radical (RO•), which undergoes α-β cleavage of the
central carboxylate group (Scheme 1; reactions 15 and 16) [117]. In reaction 15, the ini-
tial citrate-FeIII complex is drawn with reference to the crystal structure of mononuclear
(citrate)2FeIII [124], which shows that the hydroxyl group is deprotonated.

Scheme 1. Formation mechanism of •CO2
− from citrate-FeIII [117].

A similar mechanism was recently observed for a monoclonal antibody (IgG1) in the
presence of FeIII and His buffer. In this case, photo-induced LMCT from a deprotonated Thr
residue, Thr259, led to an intermediary Thr side chain alkoxyl radical (Scheme 2, reaction 17),
which underwent α-β cleavage, triggering side chain cleavage (Scheme 2, reaction 18) and,
ultimately, backbone fragmentation [92].
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Scheme 2. LMCT mechanism leading to site-specific oxidation of a monoclonal antibody [92].
Photolytic generation of an alkoxyl radical at Thr259 of IgG1 [92].

3.4. Generation of Radicals via Mechanical Stress

Protein formulations are exposed to various types of mechanical stress during manu-
facturing and transportation. Under certain circumstances, high shear stresses [125,126],
mixing, pumping, filling [127–129] and mechanical shock [130–132] may lead to cavita-
tion [133], a process that can cause the formation of HO• radicals and even O atoms [134].
Hence, mechanical stresses have the potential to trigger the formation of highly oxidizing
radicals, which can subsequently react with formulation constituents.

4. Protein Formulations Containing Additional Excipients

4.1. Formulations Containing Antimicrobial Preservatives

In order to ensure sterility, multidose formulations contain antimicrobial preservatives
(APs) such as, e.g., phenol, m-cresol, benzyl alcohol, thimerosal or chlorobutanol [135,136]
(for a summary of antimicrobial preservative-containing peptide and protein formulations
listed in the Physicians’ Desk Reference, PDR, see [135]). Some of the common antimicrobial
preservatives are susceptible to oxidative degradation, potentially generating radicals in
pharmaceutical formulations.

The exposure of benzyl alcohol to air leads to the slow formation of benzaldehyde, Ph-
CHO [136]. Benzaldehyde spontaneously oxidizes to benzoic acid [137]. The latter pathway
involves the formation of an intermediary benzoylperoxyl radical, Ph-C(O)OO• (reactions
19 and 20), where In• represents an initiating radical [137]. However, the presence of benzyl
alcohol can suppress benzoic acid formation via the reaction of the benzoylperoxyl radical
with benzylalcohol to generate peroxybenzoic acid, Ph-C(O)OOH, and an α-hydroxybenzyl
radical, Ph-C•H-OH (reaction 21) [137]. The reaction of the α-hydroxybenzyl radical with
molecular oxygen will ultimately generate benzaldehyde and superoxide (reaction 22).

Ph-CHO + In• → InH + Ph-•C(O) (19)

Ph-•C(O) + O2 → Ph-C(O)OO• (20)

Ph-C(O)OO• + Ph-CH2OH → Ph-C(O)OOH + Ph-C•H-OH (21)

Ph-C•H-OH + O2 → Ph-CHO + H+/O2
•− (22)

Therefore, formulations containing benzyl alcohol bear a potential risk for the forma-
tion of oxygen-centered radicals (peroxyl radicals, superoxide) and peroxides (peroxyben-
zoic acid).

The potential exposure of phenol and m-cresol to hydroxyl radicals (such as those
generated by Fenton-type reactions; see Section 3.2 above) will lead to hydroxylation,
preferentially in the ortho- or para-position with regard to the existing hydroxy sub-
stituent(s) [138–140]. Such hydroxylation reactions generate catechol derivatives, which
can further promote Fenton-type reactions through redox cycling [141,142]. During redox
cycling, a catechol derivative reduces LxFeIII to LxFeII, generating a semiquinone radical
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(Scheme 3; equilibrium 23), which can further reduce O2 to O2
•− (equilibrium 24), generat-

ing a quinone derivative. The latter can comproportionate with a catechol to regenerate
semiquinone derivatives (equilibrium 25) [142]. The dismutation of O2

•− will generate
H2O2, which will regenerate LxFeIII through a reaction with LxFeII, generating HO• radicals
(see Section 3.2).

Scheme 3. Redox cycling of catechol.

4.2. Formulations Containing Zn(II)

Specifically, insulin formulations, e.g., Humulin R® or Humalog®, contain Zn(II),
generally in the form of ZnO (see package inserts for Humulin N® and Humalog®), which
releases Zn2+ [143]. ZnO confers antimicrobial activity [143], but the released Zn2+ ions
also support the formation of a native insulin hexamer [144]. Both Humulin N® and
Humalog® also contain m-cresol and phenol, which are susceptible to hydroxylation and,
subsequently, redox cycling (see Section 4.1). It was demonstrated that Zn2+ increased total
phenol oxidation (monitored as total organic carbon, TOC) during the Fenton oxidation of
phenols, which has been rationalized by a more persistent semiquinone radical as a result
of Zn2+ complexation, generating more HO• radicals [142]. Hence, the combination of
phenols and Zn2+ may increase the susceptibility of a formulation to Fenton oxidation.

An alternative mechanism by which ZnO, specifically, may promote oxidation reac-
tions is photo-degradation. ZnO is a semiconductor with a band gap of 3.2–3.7 eV [145],
which would require light with wavelengths of λ = 387–335 nm to excite an electron from
the valence band to the conduction band. Generally, the conduction band electron can
reduce adsorbed O2 to O2

•−, while the remaining positive hole, h+, in the valence band
can oxidize adsorbed H2O/HO− to the HO• radical [145,146]. ZnO was tested as a photo-
catalyst under light exposure with λ > 300 nm on a coated glass plate [147], showing
greater activity than WO3, an activity comparable to that of brookite (TiO2), but an activity
lower than that of anatase (TiO2). However, ZnO was more active than anatase in the
photocatalytic degradation of humic acid in aqueous solution with pH 7.88 [148].

5. IV Enzyme Formulations for Enzyme Replacement Therapy

A review of IV formulations for enzyme replacement therapy [149,150] reveals that
these formulations generally do not contain unusual excipients (for example, see package
inserts for Aldurazyme®, Elaprase®, Vimizim®, Naglazyme®, Mepsevii®, VPRIVTM or
NexviazymeTM). However, inspection of the active sites of the some of the relevant enzymes
shows the presence of Cys residues, e.g., in N-acetylgalactosamine-6-sulfatase [151] and
iduronate-2-sulfatase [152]. These Cys residues are post-translationally modified to Cα-
formylglycine (FGly) and, therefore, are not amenable to Cys oxidation.
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6. Conclusions

Based on information on impurities and stress factors that affect pharmaceutical for-
mulations, a series of mechanisms are formulated that could be responsible for free radical
formation in pharmaceutical formulations. The focus of this article is on highly probable
reactions; additional pathways may be possible in isolated cases when pharmaceutical
formulations contain high levels of specific impurities that are not generally present. With
respect to the design of stress tests for pharmaceutical formulations, highly probable reac-
tions should be kept in mind. For example, it may be questionable whether the addition
of FeII to a pharmaceutical formulation may generate information about the kinetics of
iron-dependent oxidation degradation reactions under storage conditions, as iron impuri-
ties will likely be present as FeIII. However, the addition of FeII may lead to mechanistic
information that can be used to predict certain degradation pathways in cases whereby FeIII

is converted to FeII, for example, through reaction with H2O2 or hydroperoxides. A limita-
tion of mechanistic investigations of radical-induced oxidation reactions in pharmaceutical
formulations will always be that the precise quantity and nature of the radicals specifically
generated under storage conditions are usually unknown. Even the monounsaturated
oleic acid, the main component of polysorbate 80 fatty acid esters [35,36], can generate a
number of different peroxyl radicals [40]. It is unknown to what extent the nature of these
different peroxyl radicals would affect the kinetics of chain propagation within polysorbate
80 micelles. This question may be addressed through the quantification of specific reaction
products that are representative of individual oxidation pathways, a task that may require
the modification or improvement of analytical methodology, potentially supported by
artificial intelligence.
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