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Preface

In the realm of human health, the intricate interplay between oxidative stress and disease has

become an area of paramount importance. From the cellular level to systemic manifestations, the

repercussions of oxidative stress are profound and multifaceted. This Reprint delves into the intricate

mechanisms underlying oxidative stress in human diseases, offering a comprehensive exploration of

its role as a critical player in pathophysiology and exploring the potential of natural antioxidants in

mitigating such pathological conditions.

We extend our gratitude to the authors of the Articles and Reviews whose expertise and

dedication have enriched this Reprint, and we hope that it serves as a valuable resource for

researchers, clinicians, and students alike, fostering deeper understanding and innovative approaches

in the ongoing battle against human diseases fueled by oxidative stress.

Soliman Khatib and Dana Atrahimovich Blatt

Editors
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Abstract: Flavonoids, a class of polyphenols, consumed daily in our diet, are associated with
a reduced risk for oxidative stress (OS)-related chronic diseases, such as cardiovascular disease,
neurodegenerative diseases, cancer, and inflammation. The involvement of flavonoids with OS-
related chronic diseases have been traditionally attributed to their antioxidant activity. However,
evidence from recent studies indicate that flavonoids’ beneficial impact may be assigned to their
interaction with cellular macromolecules, rather than exerting a direct antioxidant effect. This
review provides an overview of the recent evolving research on interactions between the flavonoids
and lipoproteins, proteins, chromatin, DNA, and cell-signaling molecules that are involved in
the OS-related chronic diseases; it focuses on the mechanisms by which flavonoids attenuate the
development of the aforementioned chronic diseases via direct and indirect effects on gene expression
and cellular functions. The current review summarizes data from the literature and from our recent
research and then compares specific flavonoids’ interactions with their targets, focusing on flavonoid
structure–activity relationships. In addition, the various methods of evaluating flavonoid–protein
and flavonoid–DNA interactions are presented. Our aim is to shed light on flavonoids action in
the body, beyond their well-established, direct antioxidant activity, and to provide insights into the
mechanisms by which these small molecules, consumed daily, influence cellular functions.

Keywords: flavonoid; antioxidant; oxidative stress; inflammation; Alzheimer; atherosclerosis; cancer

1. Introduction

Flavonoids are a class of polyphenols in plants that are widely consumed in our
diet. They have a general C6–C3–C6 structural backbone, in which the two C6 units
(Ring A and Ring B) are of a phenolic nature. Flavonoids can be divided into different
subgroups, such as: flavones, flavonols, flavanones, flavanonols, flavan-3-ols, and
anthocyanins (Figure 1). Whereas, in most flavonoids, ring B is attached at the C2
position of ring C, in some, such as isoflavones and isoflavans, ring B is connected at
the C3 position [1].

Dietary flavonoids are natural products that are widely distributed in the plant king-
dom. Many foods and beverages, such as fruits, vegetables, legumes, whole grains, choco-
late, spices, tea, and wine, are rich sources of flavonoids [1]. Over decades, researchers
and food manufacturers have become increasingly interested in flavonoids, due to their
antioxidant properties, their great abundance in our diet, and their suggested role in the
prevention of various diseases that are associated with OS, such as cancer, cardiovascular,
and neurodegenerative diseases [2–5]. Recent literature provides growing evidence of
flavonoids’ effects being mediated by mechanisms other than the classical antioxidant
activity driven by their chemical property of donating an electron or chelating transition

Antioxidants 2021, 10, 423. https://doi.org/10.3390/antiox10030423 https://www.mdpi.com/journal/antioxidants1
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metals [6,7]. Exploring their fundamental modes of action could provide new insights into
the mechanisms by which flavonoids influence biological functions.
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2. Biological Activities of Flavonoids
2.1. Flavonoids as Antioxidants

With respect to their antioxidant activity, flavonoids are believed to prevent
diseases that are related to OS via the direct scavenging of reactive oxygen species
(ROS) through the donation of a hydrogen atom, activation of antioxidant enzymes,
metal (such as iron and copper)-chelating activity, and alleviation of oxidative stress
that is caused by nitric oxide (NO) [1,8–11]. Antioxidant activity, though, cannot be the
sole explanation for the in vivo cellular effects of flavonoids’, since antioxidant activity
is expressed at flavonoid concentrations that are above 10 µM, but their concentration
in the circulation does not exceed 2 µM [12]. Dietary flavonoids are poorly absorbed
from the intestine, highly metabolized, or rapidly eliminated. During the course of
absorption, flavonoids are conjugated in the small intestine and later in the liver.
This process mainly includes methylation, sulfation, and glucuronidation. This is a
metabolic detoxification process that is common to many xenobiotics that restricts their
potential toxic effects and facilitates their biliary and urinary elimination by increasing
their hydrophilicity [13].

Recent studies have suggested that the biological effects of flavonoids may be medi-
ated by different mechanisms that have not yet been fully explored. The present review
focuses on flavonoids’ mode of action through their interaction with macromolecules, such
as lipoproteins, cell and serum proteins, and DNA and RNA (Figure 2).
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2.2. Flavonoid Interactions with Macromolecules
2.2.1. Flavonoid–Protein Interactions

Molecular interactions of proteins and nucleic acids with low-molecular-weight com-
pounds are an area of fundamental interest [14]. At low concentrations, molecules, such
as ions, metabolites, and osmolytes, may affect proteins, such as enzymes, receptors, an-
tibodies, and transcription factors [15]. The effect may be at the structural, functional,
or conformational levels [7]. Dietary flavonoids are a good example of small molecules
that mediate cellular effects, which are central to intracellular signaling cascades [16].
The effects of flavonoid–enzyme complexes formed by flavonoids’ interaction with, for
example, hydrolases, oxidases, and kinases, on the enzyme’s structure and activity have
been widely explored. Investigations have suggested that flavonoids selectively interact
with different components of protein kinases and alter their phosphorylation state, thus
regulating multiple cell-signaling pathways [17]. Similarly, flavonoids have been found
to act as ligands for nuclear receptors, causing their proliferation or activation and modu-
lating energy homeostasis. Apigenin and kaempferol directly suppressed the interaction
between estrogen-related receptor γ (ERRγ) and its coactivator peroxisome proliferators-
activated receptor γ coactivator-1α (PGC-1α). In contrast, luteolin suppressed PGC-1α
activity through promoting the degradation of PGC-1α, leading to suppressed ERRγ activ-
ity in HeLa cells [7,18]. Flavonoids, such as glabridin and glabrene, can also interact with,
and modulate, the endogenous activities of estrogen receptors in human endothelial and
smooth muscle cells, thereby may slow and even prevent cardiovascular diseases and the
development of breast and ovarian cancers in post-menopausal women [19]. In addition,
the flavonoids’ ability to interact with serum albumin and other serum proteins has also
been investigated [20,21]. The reversible or irreversible protein–flavonoid interactions
depend on pH, temperature, and the protein and flavonoid concentrations [22]. Although
the biological fate of protein–flavonoid complexes in vivo is still unknown, flavonoids
were found to affect various human diseases that were related to OS, such as cancer, and
cardiovascular and neurodegenerative diseases [23–25].
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Methods for Characterizing Flavonoid–Protein Interactions

Several studies have been performed to characterize the interactions between dietary
flavonoids and proteins, mainly serum and food-related proteins, for example, serum albu-
mins and β-casein [26–30]. Flavonoid–protein interactions mainly occur by noncovalent
bonding that is derived from hydrophobic, van der Waals, hydrogen bridge-binding, and
ionic interactions, which can change protein conformations and enzyme activities [31].
Noncovalent interactions between flavonoids and proteins are weak and reversible. Studies
have also provided information on the covalent reactions between flavonoids and proteins.
Flavonoids can easily oxidize and covalently react with the amino and thiol side chains of a
protein by irreversible binding [32]. Numerous methods, mostly spectroscopic, have been
developed to characterize the noncovalent interactions between flavonoids and proteins
(Table 1) [33–36].

Table 1. Methods used to characterize flavonoids-macromolecules interactions.

Macromolecule Method Type of Interaction Reference

Flavonoids-Proteins interactions

UV-visible spectroscopy
Covalent complex formation or

Protein conformational
changes

[37]

Circular dichroism spectroscopy
(CD)

Proteins conformations and secondary
structure changes [38]

Fourier transform infrared
spectroscopy (FTIR)

Proteins conformations and secondary
structure changes [38]

isothermal titration calorimetry (ITC) Thermodynamic properties of the binding
interaction between flavonoids and proteins [39]

Taylor dispersion surface plasmon
resonance (SPR) Binding affinities of non-covalent interactions [40]

Tryptophan (Trp)-fluorescence
quenching assay

Determines interactions between flavonoids
and proteins, quantitative analysis of binding

affinities and thermodynamic parameters
[21,41,42]

docking calculations Computational models to predict the fit of the
evaluated ligand within the protein, [43]

Flavonoids-DNA interactions

electrochemical and SPR
techniques, linear dichroism,
absorption, fluorescence and
nuclear magnetic resonance

spectroscopies

Noncovalent interactions between flavonoids
and DNA [44–46]

Electrospray ionization mass
spectrometry (ESI-MS) Binding of flavonoids with DNA duplexes [47]

Chemical affinity capture coupled
with massively parallel DNA

sequencing (Chem-seq)

Extracts and sequences DNA regions and
captures chromatin regions bound to

flavonoids.
[48–50]

UV-visible spectroscopy is used to predict flavonoid–protein interactions and provide
information on the nature of those interactions. Protein absorption at 280 nm is related to
the aromatic amino acids tryptophan, tyrosine, and phenylalanine, which may be further
stimulated upon interaction with flavonoids [37]. Circular dichroism spectroscopy is used for
quantitative analysis of the conformational changes, α-helix and β-sheet changes, in pro-
teins due to noncovalent interactions with small molecules, such as flavonoids [38]. Fourier
transform infrared spectroscopy is also used to determine the changes in proteins’ secondary
structure as a result of flavonoid interactions. This method allows for interpreting the
secondary structure from the shape of the amide I band, located around 1650–1660 cm [38].

Thermodynamic properties of the binding interaction between flavonoids and proteins
can be studied using isothermal titration calorimetry, a method that is based on measuring
the heat that evolved during the molecular association [39]. Vichali et al. evaluated
the binding interactions between four flavonoids (kaempferol, luteolin, quercetin, and
resveratrol) and human serum albumin and glutathione S-transferase Pi isoform 1 using
Taylor dispersion surface plasmon resonance (SPR)—a highly sensitive, label-free technique

4
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to study the noncovalent interactions of biomolecules, especially between proteins, and
between proteins and small molecules [40].

Tryptophan (Trp)-fluorescence quenching assay is another sensitive, selective, and widely
used method for determining interactions between flavonoids and proteins [21,41,42]. The
excitation of proteins at 280–290 nm induces the emission of fluorescence in the range
of 340–350 nm due to the presence of Trp. fluorescence quenching in this range can be
attributed to flavonoid binding. While using this method, the quenching mechanism—static
(complex formation between polyphenol and protein) or dynamic (collision of fluorophore
with the quencher)—can be determined using the Stern–Volmer equation and calculating
the Stern–Volmer constant and quenching rate constant. For static quenching, the binding
constant and number of binding sites in the protein molecule can be calculated, and then
thermodynamic properties can be characterized. Finally, docking calculations can be used to
predict the fit of the evaluated ligand within the protein, where the shape is complementary
to the binding site. Computational modeling complements the experimental data on
flavonoid–protein binding and it allows for large-scale screening for different protein
targets selected from the structures that are available in the Protein Data Bank (PDB) [43].

2.2.2. Flavonoid Interactions with DNA and Chromatin

There is a great deal of evidence in the scientific literature of genome regulation by
flavonoids via gene-expression and chromosomal alterations [24,51], although the precise
mechanism of action remains unclear [48,52]. Flavonoids, such as quercetin and EGCG,
have been shown to penetrate cell membranes and accumulate in the nucleus of human
intestinal and hepatic cells [53,54]. The structure of quercetin allows for hydrophobic-
nature-type intercalation of its most hydrophobic segment into the interior of the DNA
helix [55]. Quercetin intercalates with DNA and RNA duplexes and preferentially binds to
triplex and tetraplex DNA in human prostate cancer cells (DU 145) [53]. Although the same
number of OH groups, which are mainly involved in the hydrogen-transfer mechanism,
are present in kaempferol and luteolin, the latter exhibits slightly higher affinity to DNA.
This might be due to the presence of OH at its 3′ position. Structure–activity relationships
in flavonoid–DNA interactions have indeed been widely detected. It is proposed that
flavonoids’ affinity for DNA increases along the same sequence as that exhibited by their
biological activity [44]. Upon DNA treatment with EGCG or quercetin, various effects,
including DNA damage, in human peripheral lymphocytes, were noted [56,57]. Studies
show that EGCG inhibits the activities of various chromatin proteins, such as cAMP-
response element-binding protein, DNA polymerase, DNA methyltransferase, and DNA
topoisomerase in human lungs and colorectal adenoma cells and in mice liver, lungs, and
kidney [6,24]. These reactions are likely affected by EGCG binding to the DNA and RNA,
or to the proteins that are attached to nucleic acids in various types of interaction.

While the interactions of flavonoids, such as resveratrol, quercetin, EGCG, and genis-
tein, with DNA are known, the precise location of the flavonoid-binding sites on the DNA,
the mode of interaction, and its function in the genome are not fully understood.

Methods for Characterizing Flavonoid–DNA Interactions

Covalent binding of small molecules to DNA was first observed in the early 1980s [58].
After the covalent binding of [14C]quercetin to DNA was determined, it was argued that
flavonoids have conflicting biochemical activities (mutagenic effect on the one hand, and
anticarcinogenic effect on the other) [44]. In addition to covalent binding, flavonoids
can interact with DNA by intercalation, groove-binding, and backbone-binding. Several
methods have been used to elucidate the noncovalent interactions between flavonoids
and DNA, including electrochemical and SPR techniques, linear dichroism, absorption,
fluorescence, and nuclear magnetic resonance spectroscopies [44–46]. The binding of
10 aglycones and flavonoid glycosides with DNA duplexes was investigated while using
electrospray ionization mass spectrometry (ESI-MS) [47]. ESI-MS analysis and SPR showed
that exactly three molecules of EGCG bind to poly(dT) 18 mer single-stranded DNA
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oligomers via one hydroxyl group of the trihydroxyphenyl group in EGCG. Upon binding,
the EGCG protected double-stranded DNA oligomers from melting to single-stranded
DNA [59].

Today, computational simulation and spectroscopy are mainly adopted to explore
biophysical information (e.g., interaction mode) on the interactions between flavonoids
and DNA [60]. Experiments that were performed in recent years have suggested specific
consensus DNA-binding sites for flavonoids. Quercetin, for example, binds to the dode-
camer duplex sequence CGCGAATTCGCG, the unbound structure of which was solved
many years ago (PDB ID: 1BNA) [61]. Currently, organism’s complete genome can be
revealed using next-generation sequencing (NGS) technologies, such as Illumina or Sanger
massively parallel sequencing machines. Moreover, following specialized protocols, it is
possible to extract the DNA in specific regions or with specific functions and then use NGS
to obtain the DNA sequence. Chem-seq (chemical affinity capture coupled with massively
parallel DNA sequencing) is a new NGS application, which recently used to extract and
sequence DNA regions that were bound to small molecules. This method allows for cap-
turing chromatin regions bound to small molecules with no prior information, i.e., with an
unbiased, nonspecific marker [49]. The latest studies have already illustrated the ability to
isolate known drug–chromatin interactions using Chem-seq [49,50]. Atrahimovich et al.
used the Chem-seq technique to characterize the interactions between quercetin and cellu-
lar DNA and demonstrated its subsequent effect on downstream transcription [48]. The
results show that quercetin binds to monocytes’ chromatin and modulates the expression
of genes that are involved in the cell cycle and cell development [48]. Using Chem-seq ap-
plication, flavonoids interactions with DNA and chromatin may be determined to study its
significance. This ability could be extremely important to medicine and human health, and
beneficial to the design of appropriate dietary interventions and drugs for cancer treatment.

3. Flavonoids Attenuate Human Diseases via Direct Interactions with Proteins,
Lipoproteins and DNA
3.1. Flavonoids Interactions with Key Proteins Involved in Inflammation

Inflammation characterizes the protective response of the immune system, involving
the production of various proinflammatory cytokines and chemokines, which enhance
the production of interferon-γ, proteases, NO, and ROS [62]. Cytokines also induce
the expression of cyclooxygenase-2 (COX-2), an enzyme that catalyzes the production of
prostaglandins (PGs), which are key mediators of inflammation [63]. Xanthine oxidase (XO)
is another critical source of ROS that contributes to inflammation. Inflammatory conditions
lead to increased XO levels and, thus, to increased ROS generation and peroxynitrite
formation. Peroxynitrite is a powerful reactive nitrogen species (RNS) accompanied by OS,
which is produced by the reaction of NO and superoxide radical [64].

Several mechanisms of action have been proposed to explain flavonoids’ anti-inflammatory
activity in vivo, such as antioxidant activity and the modulation of the production of
proinflammatory cytokines and gene expression [11]. Interestingly, flavonoids affect the
inflammatory process not only by reducing the expression of cytokines and other re-
lated inflammatory markers, but also by interacting with proteins that are related to
inflammation. Flavonoids have been shown to modulate the activity of arachidonic acid
(AA)-metabolizing enzymes, such as phospholipase A2 (PLA2), COX, and lipoxygenase
(LOX), and the NO-producing enzyme nitric oxide synthase (NOS). The inhibition of these
enzymes by flavonoids reduces the production of AA, PG, leukotriene, and NO, which are
crucial mediators of inflammation. Thus, flavonoid inhibition of these enzymes is definitely
one of the important cellular mechanisms of anti-inflammation [65].

Quercetin was the first discovered flavonoid inhibitor of PLA2, from human neu-
trophils. Quercetin was shown to selectively inhibit group II secretory PLA2 [66]. Likewise,
rutin selectively inhibited human PLA2-II from synovial fluid, while it was a weak inhibitor
of human PLA2-I from pancreatic juice. When different flavonoids were compared for their
ability to inhibit PLA2, small changes in the structure appeared to influence both overall
PLA2 inhibition and group II selectivity. The position of the hydroxyl groups was found to
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be one important aspect of the C-ring-2, 3-double bond. The hydroxyl groups in the 3’ and
4’ positions on the B-ring seemed to be important for the selective inhibition of PLA2-II,
whereas the 5-hydroxyl group on the A-ring, the unsaturation, and the 4-oxy on the C-ring
seemed to be important for the overall ability of flavonoids to inhibit PLA2 activity [67];
the inhibition of PLA2 was very much dependent on hydroxyl groups position on rings A,
B, and C, while hydroxyl groups in positions 5, 6, and 7 on the A-ring were assumed to be
necessary for binding to PLA2s. Thus, quercetin, kaempferol, and galangin showed high
inhibitory activity on PLA2, while naringin demonstrated a lower inhibitory activity [68].

COX produces PGs and thromboxanes and exists in at least two different isoforms,
COX-1 and COX-2. COX-1 is a constitutive enzyme that is present in almost every cell
type. While, COX-2 is an inducible enzyme that is highly expressed in the inflammation-
related cell types, including macrophages and mast cells [69]. Because it produces PGs,
COX-2 is closely associated with acute as well as chronic types of inflammatory dis-
orders. Some flavonoids, such as luteolin, 3’,4’-dihyroxyflavone, galangin and morin,
catechin, and epi-catechin, have been found to inhibit the rat renal medulla COX with IC50
of 100–130 µM [70]. In human thrombin-aggregated platelets, certain flavonoids, such as
chrysin and apigenin, were revealed to be COX inhibitors with IC50 of 13 and 18 µM,
while myricetin and quercetin at 10 µM exerts a strong inhibition of LOX. In particular, the
reduction of the C-2, 3-double bond and glycosylation reduced the flavonoids inhibitory
activities [71]. In-silico analysis demonstrated that quercetin could partially inhibit the
COX-2 enzyme by binding to subunit A, which has peroxidase activity and serves as a ROS
source [72].

D’mello et al. modeled the COX-2-inhibitory activity of some flavonoids [73], who
used docking studies to determine which flavonoids act as COX-2 inhibitors. It was found
that flavonoids have different types of binding patterns, which are similar to synthetic
nonsteroidal anti-inflammatory drugs (NSAIDs). Myricetin and luteolin had catechol
moiety with 3′, 4′-dihydroxy groups on the B-ring, and baicalein had the catechol-moiety on
the A-ring, both being oriented toward the hydrophobic pocket of the enzyme and formed
H-bonds with Tyr20, Tyr385, and Ser530. However, myricetin cannot act as a selective COX-
2 inhibitor because it was inaccessible toward Arg513, an important residue for the selective
inhibition of COX2. The importance of the catechol moiety was further confirmed by its
similarity to the existing COX inhibitors [73]. Moreover, the effect of flavonoids on iNOS has
been intensively studied. Several flavonoids, including apigenin, luteolin, and quercetin,
were found to inhibit NO production in the macrophage cell line (RAW 264.7) that was
treated with LPS/cytokine. However, they reduced NO production via downregulation
of iNOS induction and not via the inhibition of iNOS by direct interaction [74]. The only
exception was echinoisosophoranone, which significantly inhibited iNOS at sufficient
concentrations [75]. While they may inhibit endothelial NOS or neuronal NOS, flavonoids
are not efficient iNOS inhibitors. Interestingly, flavonoids have been found to be promising
potent inhibitors of XO activity in humans. For example, quercetin and its glycosides
displayed significant inhibitory activity against XO, thereby affecting ROS formation and
the inflammation that is promoted by OS [76,77].

Generally, flavonoids may be mainly involved in the inflammation process via in-
hibition and regulation of enzymes that modulate pro-inflammatory cytokines or small
molecules, such as ROS and RNS.

3.2. Flavonoids Interactions with Key Proteins in Alzheimer’s Disease (AD)

AD is a widespread neurodegenerative disease, which is characterized by neurofibril-
lary tangles, senile plaques, and synaptic loss, eventually resulting in neuronal death [78,79].
AD is a form of dementia, which is characterized by progressive memory loss, a decline
in language skills, and other cognitive impairments, and it most commonly affects the
elderly [80]. AD’s etiology is unclear; however, a variety of factors are considered in the
pathophysiology of the disease, such as the formation of amyloid β-protein (Aβ) plaques,
low levels of acetylcholine, oxidative stress, and abnormal posttranslational modifications
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of tau protein [81,82]. The sequential cleavage of amyloid precursor protein forms ag-
gregates of Aβ peptides of 39–43 amino acids, which stick to the neurons as insoluble
amyloid plaques. Aβ is generated from the amyloid precursor protein by β-site amyloid
precursor protein cleaving enzyme-1 (BACE-1, β-secretase) and γ-secretases [83,84]. Thus,
the inhibition of BACE-1 is assumed to play an important role in the prevention of AD [85].

The neurotransmitter acetylcholine plays an important role in the process of learning
and memory in the hippocampus. Two enzymes, acetylcholinesterase (AChE) and butyryl-
cholinesterase (BChE), are involved in the hydrolysis of acetylcholine, lowering its level
during the development of AD. Therefore, the inhibition of AChE and BChE is a highly
desirable strategy for the treatment of AD [86–88]. The clinically approved drugs tacrine,
donepezil, galantamine, and rivastigmine improved short-term memory and cognitive
levels via inhibition of AChE. The disadvantages of these drugs and their gradual side
effects, such as peripheral side effects, hepatotoxicity, and gastrointestinal tract disorders,
have encouraged researchers to develop more effective AChE inhibitors [89–91].

Flavonoids are promising natural products with neuroprotective potential, which
either prevent the onset or slow the progression of age-related neurodegenerative diseases.
The mechanism by which flavonoids prevent or slow the progression of AD might be via di-
rect interaction with key enzymes that are involved in this disease [81,85,92–95]. Shimmyo
et al. examined the potential of flavonols and flavones to inhibit BACE-1. They found that
four flavonols: myricetin, quercetin, kaempherol, and morin, and one flavone: apigenin,
directly inhibit BACE-1 enzyme activity in a concentration-dependent manner, with IC50
values of 2.8, 5.4, 14.7, 21.7, and 38.5 µM, respectively [95]. Studies in aged TASTPM
transgenic mice (a model of AD) showed that the oral administration of (-)-epicatechin
reduces Aβ pathology through indirect, noncatalytic BACE-1 inhibition and not through
modulation of either α- or γ-secretase activity [96]. Epigallocatechin-3-gallate (EGCG) and
curcumin were found to reduce Aβ-mediated BACE-1 upregulation in neuronal cultures,
which, interestingly, increased the nonamyloidogenic processing of the amyloid precursor
protein by enhancing α-secretase cleavage [95]. Pueyo et al. reviewed the literature on
natural and synthetic flavonoids with AChE-inhibitory activity. They found 128 such
flavonoids: 41 flavones, 21 flavanones, 35 flavonols, 25 isoflavones, and six chalcones.
Among them, eight synthetic flavonoids inhibited AChE with IC50 < 100 nM. Three natural
flavonoids, acaciin from Chrysanthemum indicum flowers, and desmethylanhydroicaritin
and kaempferol from Sophora flavescens roots, inhibited AChE, with IC50 values of 3.2, 6.7,
and 3.3 nM, respectively [97]. Orhan et al. screened various flavonoid derivatives for
their inhibition of AChE and BChE. At a concentration of 1 mg/mL, quercetin was the
most effective toward AChE, with 76.2% inhibition, and genistein showed the highest
inhibition (65.7%) of BChE, followed by luteolin-7-O-rutinoside and silibinin (54.9% and
51.4%, respectively) [98,99]. In another study, Citrus junos had a significant inhibitory effect
on AChE in vitro and in vivo, and the active compound was identified as naringenin, a
major flavanone derivative [100]. Lee et al. examined the inhibitory effect of citrus fla-
vanones on BACE-1, AChE, and BChE. Among all of the examined flavanones, hesperidin
demonstrated the best inhibition of BACE-1, AChE, and BChE, with IC50 values of 10.02,
22.80, and 48.09 µM, respectively. Kinetic studies revealed that all the flavanones were
noncompetitive inhibitors of BACE-1 and cholinesterase [101,102].

Hyperphosphorylation of tau proteins with subsequent accumulation as neurofibril-
lary tangles is a major contributor to cognitive dysfunctions and one of the earliest AD
markers. Several kinases, such as GSK-3b and CDK5/p25, are known to contribute to
the phosphorylation of tau proteins and they are implicated in the pathogenesis of AD.
Flavonoids that inhibit the activities of several kinases can be used in AD prevention. Ther-
apy with the flavonoid morin has been shown to reduce tau hyperphosphorylation in vitro
and in vivo in the hippocampal neurons of transgenic animals (3xTg-AD mice) [103].
Quercetin inhibited the PI3-kinase activity and Cyanidin 3-O-glucoside also provided
significant protection against cognitive dysfunctions that are induced by the administration
of Aβ in animal models, mediated by the modulation of GSK-3b/tau. [104,105].
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Overall, flavonoids may exert their potential neuroprotective actions by interacting
with key proteins that are involved in AD. Better understanding the flavonoid−protein
interactions in AD could be a promising strategy for developing novel neuroprotective
therapies for the prevention and treatment of neurodegenerative diseases.

3.3. Flavonoids Interactions with Key Proteins and Lipoproteins in Atherosclerosis

Atherosclerosis is another disease that flavonoids have been shown to attenuate. The
first step in atherosclerosis is the accumulation of low-density lipoprotein (LDL), the main
cholesterol carrier, in the arterial wall. High-density lipoproteins (HDL), on the other
hand, is a major antiatherogenic factor in the blood, which maintains the whole-body
level of cholesterol in a steady state. Over 80 proteins have been identified in the HDL
proteome, with apolipoproteins A1 and A2 accounting for approximately 65% and 15% of
the protein mass, respectively. The other proteins include a variety of enzymes, such as
paraoxonase 1 (PON1). PON1 is responsible for many of HDL’s antiatherogenic properties.
Correlations between PON1, HDL, and atherosclerosis, both in vivo and in vitro, have
been well-established [106,107]. Aside from cholesterol efflux, HDL has other potent
biological activities: antioxidative [108], anti-inflammatory [109], antiapoptotic [110], and
vasodilatory [111]. These activities do not necessarily depend on HDL quantity, but they
probably depend on its quality [112,113].

With respect to cardiovascular health, we have previously shown that the flavonoid
glabridin, extracted from licorice root, acts as an excellent antioxidant and demonstrates
additive antioxidant and antiatherogenic properties. Glabridin binds to recombinant PON1
(rePON1) and protects its Cys284 from oxidation by the atherosclerotic component linoleic
acid hydroperoxide (LA-OOH). This specific capacity of glabridin is unique; the flavonoid
catechin does not show any binding affinity to rePON1 [21]. The association between
flavonoids structure and their effects on rePON1 activity was further explored. The interac-
tions of 12 representative flavonoids from different chemical subclasses with rePON1 were
characterized [42]. In addition, the potential of rePON1–flavonoid complexes to prevent
oxidation of LDL, a key process in atherogenesis, was examined. Catechin, which does not
bind to rePON1, accelerated LDL oxidation; in contrast, glabridin demonstrated a high
binding affinity to rePON1 and enhanced its protective effect against LDL oxidation [42].
Moreover, we have consistently observed interactions of specific flavonoids with the HDL
particle or its bound proteins, apolipoprotein A1 and PON1. We have shown that quercetin
and punicalagin bind to the HDL particle and increase its anti-inflammatory properties [41],
whereas, upon binding to the LDL particle or to its bound apolipiprotein B100, punicalagin
induced LDL influx to macrophage J774A.1 cells, which may decrease the circulating LDL
levels [114].

Overall, flavonoids, and polyphenols in general, have been found to inhibit symptoms
of atherosclerosis and reduce its development via specific flavonoids interactions with cell
and serum proteins and lipoproteins.

3.4. Flavonoids as Anticancer Agents via Interaction with DNA and Chromatin

Flavonoids’ anticancer activities might be a result of the interaction of these natu-
ral compounds with biomolecules (DNA, RNA, and protein). We recognize that dietary
flavonoids can bind the DNA specifically or stochastically and change its function [115]. Ex-
tensive in-vitro studies suggest that flavonoids effectively decrease cell proliferation, induce
apoptosis, and lower the risk of metastasis [24]. The chemo-preventive effects of flavonoids,
including luteolin, epigallocatechin gallate, quercetin, apigenin, and chrysin, were shown
with a focus on protection against DNA damage that is caused by various carcinogenic
factors. Those flavonoids selectively protect normal cells and induce cell-death mecha-
nisms in cancer cells in human lungs and colorectal adenoma cells during chemotherapy or
radiotherapy [24]. It was found that flavonoids, namely quercetin, myricetin, kaempferol,
apigenin, and luteolin, which are lipid-soluble and weakly acidic, can freely diffuse across
the cell membrane and specifically accumulate inside K562 leukaemic cells [116]. Therefore,
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it is implied that flavonoids are more likely to bind DNA or proteins in the cancer cell
nucleus and to specifically interrupt cancer genome regulation. In addition, in-silico results
have shown that quercetin, in particular, interacts well with G-quadruplex DNA, which is
related to telomerase. Quercetin acts as a therapeutic anticancer agent via the regulation of
telomerase activity [117]. By comparing computational and experimental binding profiles,
a novel study confirmed that quercetin has the strongest binding affinity to DNA among
the studied flavonoids. Furthermore, the study revealed that flavonoids can alter the
conformation of DNA and inhibit DNA amplification, they show impressive induction
of cell-cycle arrest, and they may promote apoptosis in HepG2, MCF-7, and A549 cancer
cells [60].

In order to achieve the effective therapeutic doses used in preclinical studies, impor-
tance must be given to improved and targeted drug delivery techniques, so as to achieve
maximum efficiency with minimal adverse side effects. Advances in nanotechnology-based
drug delivery systems open up better opportunities for increasing solubility, improving
bioavailability, and enhancing the targeting capabilities of flavonoids [118]. Nanoparticles
based on liposomes, poly-ethylene glycol liposomes, nickel-based, lecithin-based, and
nanoribbon are suitable molecular carriers for the delivery of flavonoid drugs to target
tissues. It was reported that nanoparticles successfully used to deliver quercetin into solid
tumors in in vitro and in vivo models of cancers of the central nervous system, lungs, colon,
liver, and breasts [119].

Thus, numerous studies support the potential of flavonoids as natural health products
in cancer chemoprevention. However, more studies are needed in order to configure
their mechanism of action to improve our understanding of epigenetic processes that
may provide a more rational basis for combining specific dietary compounds in a clinical
setting [24].

4. Conclusions

Flavonoids are antioxidant molecules that are constantly consumed in our diets; they
are found in our cells and serum. Therefore, it is interesting and highly important to
determine their biological functions and mechanisms of action. Literature is mainly us-
ing classical antioxidant mechanisms to explain those molecules’ various cell and serum
functions. However, it is more than reasonable that small, hydrophobic molecules at low
concentrations will penetrate cytoplasm, organelle, and nucleus membranes and accumu-
late in specific cells and tissues to bind proteins via different types of interactions and affect
signal transduction, gene expression, chromosomal alterations, epigenetic modifications,
and so on.

Further investigation at the proteome and genome levels is needed in order to char-
acterize the mode of action by which flavonoids are involved in the reviewed OS related
diseases. Mapping the direct interactions of flavonoids with proteins and chromatin
genome-wide could provide new insights into the mechanisms by which flavonoids influ-
ence cellular functions, and pave the way to understanding, predicting, and controlling
flavonoid responses in humans.
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Abstract: Paraoxonase 1 (PON1) plays a role in regulating reverse cholesterol transport and has
antioxidative, anti-inflammatory, antiapoptotic, vasodilative, and antithrombotic activities. Scien-
tists are currently focused on the modulation of PON1 expression using different pharmacological,
nutritional, and lifestyle approaches. We previously isolated a novel active compound from Nan-
nochloropsis microalgae—lyso-diacylglyceryltrimethylhomoserine (lyso-DGTS)—which increased
PON1 activity, HDL-cholesterol efflux, and endothelial nitric oxide release. Here, to explore this
important lipid moiety’s effect on PON1 activities, we examined the effect of synthesized lipid
derivatives and endogenous analogs of lyso-DGTS on PON1 lactonase and arylesterase activities
and LDL oxidation using structure–activity relationship (SAR) methods. Six lipids significantly
elevated recombinant PON1 (rePON1) lactonase activity in a dose-dependent manner, and four lipids
significantly increased rePON1 arylesterase activity. Using tryptophan fluorescence-quenching assay
and a molecular docking method, lipid–PON1 interactions were characterized. An inverse correlation
was obtained between the lactonase activity of PON1 and the docking energy of the lipid–PON1
complex. Furthermore, five of the lipids increased the LDL oxidation lag time and inhibited its
propagation. Our findings suggest a beneficial effect of lyso-DGTS or lyso-DGTS derivatives through
increased PON1 activity and prevention of LDL oxidation.

Keywords: lyso-DGTS; paraoxonase 1; docking; structure-activity relationship; antioxidant activities;
LDL oxidation

1. Introduction

Atherosclerosis is the accumulation of fatty acids/lipids and oxidized lipids in the
innermost layer, the intima, of the arteries. Advanced atherosclerotic plaques can pene-
trate the arterial lumen, inhibit blood flow, and lead to tissue ischemia. Atherosclerotic
cardiovascular disease (CVD) remains a leading cause of vascular disease worldwide [1].

Epidemiological studies have demonstrated that low-density lipoprotein (LDL) and
high-density lipoprotein (HDL) are independent causes of CVD. Clinically, lipoprotein
disorders, such as an increase in LDL-cholesterol or decrease in HDL-cholesterol levels, are
common characteristics of CVD [2].

Many lines of evidence suggest that the oxidation of LDL plays an important role in
the pathogenesis of atherosclerosis. Animal models have shown that the accumulation
of oxidized LDL (ox-LDL) in the circulation can be a well-known risk marker of human
CVD, caused by atherosclerosis [3]. HDL has a key role in atherosclerosis inhibition due
to its antiatherogenic properties, such as reverse cholesterol transport, antioxidant, anti-
inflammatory, antiapoptotic, vasodilatory and cytoprotective effects, and improvement
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of endothelial function [4,5]. HDL loses its beneficial properties in certain pathological
situations, such as diabetes, acute infections, and coronary artery disease (CAD), termed
“dysfunctional HDL”. Oxidative modifications of HDL proteins and lipids have been
demonstrated to be one of the main causes of HDL dysfunction [6].

There is considerable evidence that the antioxidant activity of HDL is largely related
to its associated antioxidant enzyme paraoxonase 1 (PON1). Epidemiological evidence
has shown that low PON1 activity is associated with an increased risk of cardiovascular
events [7,8]. PON1 has many activities—hydrolysis of organophosphate triesters, aryl
esters, cyclic carbamates, glucuronides, estrogen esters, and thiolactones—while its “natu-
ral” substrates are assumed to be lactones [9,10]. The aromatic nature of amino acids in
the active site of PON1 could explain why the enzyme prefers lipophilic substrates [11].
All three members of the PON family (PON1, PON2, and PON3) share this property of
being lactonases.

PON1 can hydrolyze lipid peroxide in lipoproteins through its lipolactonase activity,
thereby decreasing oxidative stress in serum lipoproteins and macrophages and reducing
inflammation [12,13]. These important features can markedly affect the development of
atherosclerotic plaques and cardiovascular events [14]. Experiments with PON1-knockout
mice have indicated that the absence of PON1 leads to an increase in endothelial adhesion
molecules and oxidative stress, confirming this enzyme’s role in preventing the onset of
atherosclerosis [9,15].

A clinical study suggested that the serum antioxidant activity of PON1 (arylesterase
activity) is an important factor in protecting from oxidative stress and lipid peroxidation
in CAD. Thus, evaluating the effects of PON 1 on CAD patients may be promising for the
treatment and prognosis of this disease [16].

PON1 enzymatic activities can be affected by its interaction with elements in its
environment. For example, dietary lipids and lipid-peroxidation products can decrease
PON1 activity and gene expression; following fish oil supplementation, polyunsaturated
fatty acids significantly decreased postprandial serum PON1 activity, associated with
an increase in susceptibility of the serum to lipid peroxidation [17]. The effect has been
confirmed in humans [18]. Conversely, the consumption of pomegranate juice, which is
rich in polyphenols and several antioxidants, resulted in higher PON1 activity [19,20].
Other antioxidants, such as flavonoids, quercetin, and glabridin, also protect PON1 from
oxidation and increased its lactonase activity [21,22].

We hypothesize that natural agents with the potential to increase PON1 function
can improve its atheroprotective effects and may reduce CVD risk. We previously iso-
lated a promising agent from Nannochloropsis sp. microalgae, determined to be lyso-
diacylglyceryltrimethylhomoserine (lyso-DGTS), which significantly increased recombi-
nant PON1 (rePON1) and HDL-cholesterol efflux and enhanced endothelial nitric oxide
release [23,24]. In our previous studies, lyso-DGTS was found to protect macrophages and
LDL from oxidation and potentially improve HDL function by increasing the activity of
PON1 [24]. Moreover, we showed that lyso-DGTS lipid interacts with HDL proteins and
with the HDL core, improving HDL functions in vitro and in vivo [25].

In the present study, to characterize this important lipid moiety’s effect on PON1 ac-
tivities, we investigated the effect of synthesized lipid derivatives and endogenous analogs
of lyso-DGTS on rePON1 lactonase and arylesterase activities using structure–activity
relationship (SAR) methods. In addition, the biological importance of these interactions
was evaluated by examining the effect of these bioactive lipids on LDL oxidation.

2. Experimental Procedures
2.1. Materials

Lyso-DGTS was isolated from Nannochloropsis microalgae in our laboratory. Lyso-
DGTS analogs palmitic acid, cis-5,8,11,14,17-eicosapentaenoic acid (EPA), oleic acid, oleoyl
chloride, EDC-HCl, DMAP, and dihydrocoumarin were purchased from Sigma-Aldrich.
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EPA chloride was purchased from Cayman Chemical. RePON1, generated in Escherichia coli
via direct evolution, was purchased from the Weizmann Institute of Science (Rehovot, Israel).

2.2. Isolation of Lyso-DGTS

Lyso-DGTS was isolated and purified as described previously [23]. Nannochlorpsis sp.
was extracted using 70% ethanol-water solvent to obtain extract in 20% yield. Lyso-DGTS
was purified using preparative chromatography methods to obtain the pure compound, as
determined via HPLC (purity = 97%), in ~1% yield of the extract.

2.3. Synthesis of Lyso-DGTS Derivatives
2.3.1. General Procedure for the Synthesis of (S)-1-Carboxy-3-hydroxy-N,N,N-
trimethylpropan-1-aminium (L-Homoserine Betaine) (Scheme 1)

L-Homoserine (1 g, 8.39 mmol) was dissolved in MeOH (20 mL) and the solution was
cooled to 0 ◦C under a nitrogen atmosphere. SOCl2 (0.7 mL, 10.07 mmol) was added slowly
while stirring. The reaction was stirred for 24 h at room temperature and the solvent was
evaporated to obtain (S)-methyl 2-amino-4-hydroxybutanoate.

Scheme 1. Synthesis of (S)-1-carboxy-3-hydroxy-N,N,N-trimethylpropan-1-aminium (L-homose-
rine betaine).

(S)-methyl 2-amino-4-hydroxybutanoate (1.118 g, 8.39 mmol) and NaHCO3 (5 g,
59.52 mmol) were suspended in 70 mL acetone. A solution of methyl iodide (3.13 mL,
50.42 mmol) in 3 mL acetone was slowly added to the suspension. The reaction mixture
was stirred overnight at room temperature under a nitrogen atmosphere. The solution
was filtered, and the filtrate was evaporated to dryness and used in the next step without
further purification.

N,N,N-trimethyl-L-homoserine lactone (8.39 mmol) was dissolved in H2O (20 mL).
LiOH (100 mg, 4.17 mmol) was added and the mixture was stirred for 30 min at room tem-
perature. The reaction mixture was neutralized with 7% aqueous HCl, followed by evapora-
tion. The residue was subjected to chromatography in a silica gel column eluted with (20%)
methanol in dichloromethane to give (S)-1-carboxy-3-hydroxy-N,N,N-trimethylpropan-1-
aminium (1.24 g, 95%) (L-homoserine betaine).

2.3.2. General Procedure for the Synthesis of L-Homoserine Betaine Fatty Acid Ester
Derivatives (Scheme 2)

(S)-1-carboxy-3-hydroxy-N,N,N-trimethylpropan-1-aminium (1 equiv.) was dissolved
in 2 mL anhydrous N,N-dimethylformamide (DMF) and cooled to 0 ◦C. N-(3-Dimethyla-
minopropyl)-N′-ethylcarbodiimide hydrochloride (EDC-HCl) (1.5 equiv.) and DMAP
(1.2 equiv.) were added to the cooled solution. The mixture was stirred for 20 min under
a nitrogen atmosphere; then, fatty acid derivative (1 equiv.) was added to the solution.
The reaction mixture was stirred overnight at room temperature and then extracted with
ethyl acetate. The organic layer was dried over sodium sulfate, filtered, and evaporated to
dryness. The crude product was purified via chromatography on a silica gel column using
dichloromethane: methanol as the eluent.
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Scheme 2. Synthesis of L-homoserine betaine fatty acid ester derivatives.

2.3.3. General Procedure for the Synthesis of Amide-Fatty Acid Derivatives
(S)-2-((Tert-butoxycarbonyl) amino)-4-oleylamido butanoic acid (C2) and
(S)-2-((Tert-butoxycarbonyl)amino)-4-((5Z,8Z,11Z,14Z,17Z)-eicosa-5,8,11,14,17-
pentaenamido)butanoic acid (C3) (Scheme 3)

(S)-4-Amino-2-(tert-butoxycarbonylamino) butanoic acid (C1) (100 mg, 0.458 mmol)
and N,N-diisopropylethylamine (290 mg, 2.243 mmol) were dissolved in 5 mL anhydrous
DMF. Oleoyl chloride (135 mg, 0.448 mmol) was dissolved in anhydrous DMF (1 mL) and
stirred at room temperature for 10 min under a nitrogen atmosphere. The mixture was
added slowly to the solution of C1 and the reaction mixture was stirred for 4 h at room
temperature. DDW (20 mL) and chloroform (40 mL) were added to the mixture, and the
aqueous layer was treated with 7% HCl solution until pH 3 was achieved. Then, it was
extracted twice with chloroform (40 mL) and the organic layers were collected, dried over
anhydrous Na2SO4, filtered, and evaporated. The residue was subjected to chromatography
in a silica gel column eluted with 25% methanol in dichloromethane to give compound C2.
Compound C3 was prepared from eicosapentaenoyl chloride using a similar procedure.

(S)-2-Amino-4-oleylamido Butanoic Acid (C4) and
(S)-2-Amino-4-((5Z,8Z,11Z,14Z,17Z)-eicosa-5,8,11,14,17-pentaenamido)butanoic Acid (C5)
(Scheme 4)

(S)-2-((tert-butoxycarbonyl)amino)-4-((5Z,8Z,11Z,14Z,17Z)-eicosa-5,8,11,14,17- pen-
taenamido)butanoic acid (C3) was dissolved in DCM (10 mL). Trifluoroacetic acid (TFA;
2 mL, 26.09 mmol) was added and the reaction mixture was stirred at room temperature
for 24 h to give C5, which was purified in a silica gel column eluted with 20% methanol in
dichloromethane. Using a similar procedure, compound C4 was prepared from C2.
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Scheme 3. Synthesis of (S)-2-((tert-butoxycarbonyl) amino)-4-oleylamido butanoic acid (C2) and (S)-
2-((tert-butoxycarbonyl)amino)-4-((5Z,8Z,11Z,14Z,17Z)-eicosa-5,8,11,14,17-pentaenamido)butanoic
acid (C3).

Scheme 4. Synthesis of (S)-2-amino-4-oleylamido butanoic acid (C4) and (S)-2-amino-4-
((5Z,8Z,11Z,14Z,17Z)-eicosa-5,8,11,14,17-pentaenamido)butanoic acid (C5).

3-(S)-4-((5Z,8Z,11Z,14Z,17Z)-Eicosa-5,8,11,14,17-pentaenamido)-1-methoxy-N,N,N-
trimethyl-1-oxobutan-2-aminium (5)) (Scheme 5)

(S)-2-amino-4-((5Z,8Z,11Z,14Z,17Z)-eicosa-5,8,11,14,17-pentaenamido)butanoic acid
(C5) was dissolved in methanol (10 mL), and NaHCO3 (2.19 g, 5.956 mmol) was added
to the mixture while stirring. Iodomethane (MeI; 200 µL, 3.2 mmol) was dissolved in
methanol (1 mL) and added to the reaction mixture. The reaction mixture was stirred
at room temperature for 24 h and then evaporated. The crude product was subjected to
chromatography in a silica gel column eluted with 35% methanol in dichloromethane to
give compound 5. Using a similar procedure, compound 6 was prepared from C4.
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Scheme 5. Synthesis of 3-(S)-4-((5Z,8Z,11Z,14Z,17Z)-eicosa-5,8,11,14,17-pentaenamido)-1-methoxy-
N,N,N-trimethyl-1-oxobutan-2-aminium (5) and 1-carboxy-N-N-N-trimethyl-3-oleamidopropan-1-
aminium (6).

2.4. Chromatography Analysis
2.4.1. HPLC Analysis

HPLC analysis was performed with UHPLC connected to a photodiode array detector
(Dionex Ultimate 3000), with a reverse-phase column (Phenomenex RP-18, 150 × 4.0 mm,
3 µm). The mobile phase was a mixture of (A) DDW with 0.1% formic acid and (B)
acetonitrile with 0.1% formic acid with a flow of 1ml/min and gradient starting with 5%
B and increasing in a concentration to 95% B for 30 min and then kept at 95% B for an
additional 5 min.

2.4.2. LC–MS Analysis

LC–MS analysis was performed with a Waters ZQ-mass spec system connected to an
API single-quadrupole mass detector. ESI capillary voltage was set to 3800 V, capillary
temperature to 250 ◦C, and gas flow to 60 mL/min.

2.5. NMR Analysis

The synthesized compounds were dissolved in deuterated methanol (CD3OD) or water
(D2O), and 1H-NMR spectra were recorded at room temperature with a Bruker 400 MHz
instrument with chemical shifts reported in ppm relative to the residual deuterated solvent.

2.5.1. L-Homoserine Betaine
1H-NMR (400 MHz, CD3OD), δ: 3.69 (2H, m), 3.52 (1H, m), 3.13 (9H, s), 2.14 (1H, m),

1.99 (1H, m). (ESI+) m/z: 162. (NMR purity = 98%).

2.5.2. Homoserine Betaine Eicosapentaenoate (2)
1H-NMR (400 MHz, CD3OD), δ: 5.45 (10H, m), 4.21 (1H, m), 4.14 (1H, m), 3.73 (1H, m),

3.29 (9H, s), 2.92 (8H, m), 2.08–2.51 (6H, m), 1.78 (2H, t), 1.29 (2H, m), 1.04 (3H, t). (ESI+)
m/z: 446. HPLC Purity: 95%

2.5.3. Homoserine Betaine Oleate (3)
1H-NMR (400 MHz, CD3OD), δ: 5.35 (2H, dt), 4.27 (1H, m), 4.13 (1H, m), 3.19 (1H, m),

3.21 (9H, s), 2.35 (2H, t), 2.04 (4H, m), 1.61 (2H, m), 1.30 (m, 22H), 0.90 (3H, t). (ESI+) m/z:
426. HPLC purity: 95%.
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2.5.4. Homoserine Betaine Palmitate (4)
1H-NMR (CD3OD, 400 MHZ), δ: 4.25 (1H, m), 4.12 (1H, m), 3.67 (1H, m), 3.19 (9H, s),

2.31 (2H, t), 2.22 (2H, m), 2.12 (2H, m) 1.61 (2H, q), 1.31 (25H, s), 0.90 (3H, t). (ESI+) m/z:
400. HPLC purity: 96%.

2.5.5. EPA Amide-Lyso (5)
1H-NMR (600 MHz, CD3OD), δ: 1.01 (3H, t, J = 7 Hz), 1.72 (2H, q), 2.02(1H, m),

2.14 (4H, m), 2.22 (1H, m), 2.25 (2H, t, J = 7 Hz), 2.87 (8H, m), 3.25 (10H, s), 3.30 (1H, m),
3.37 (1H, m), 3.62 (1H, dd, J = 7 Hz), 5.40 (10H, m). (ESI+) m/z: 445. HPLC purity: >98%.

2.5.6. Oleic Amide-Lyso (6)
1H-NMR (600 MHz, CD3OD), δ: 0.94 (3H, t, J = 7 Hz), 1.36 (21H, m), 1.65 (2H, m),

2.05 (5H, m), 2.23 (2H, t, J = 7 Hz), 2.27 (1H, m), 3.25 (9H, s), 3.30 (1H, m), 3.38 (1H, m),
3.61 (1H, dd, J = 7 Hz), 5.38 (2H, m). (ESI+) m/z: 425. HPLC purity: >98%.

2.6. Biological Assays
2.6.1. Effect of the Lipids on rePON1 Lactonase and Arylesterase Activities

The synthesized and purchased lyso-DGTS derivatives and analogs (final concentra-
tion 10 and 20 µg/mL) were incubated with rePON1 for 2 and 4 h at 37 ◦C in Tris buffer
pH 8.4 containing 1 mM CaCl2. These concentrations were chosen in accordance with
our previous published studies which showed that, in these concentrations, lyso-DGTS
has a positive effect on PON1 and HDL activities in vitro and in vivo without inducing a
cytotoxic response [23–25].

Lactonase and arylesterase activities were performed using our previous procedure [24].
Briefly, a 10-µL aliquot of each solution was added to a 96-well UV microplate containing
90 µL Tris buffer and 1 mM CaCl2 in each well. Then, 100 µL of 2 mM dihydrocoumarin
(for lactonase activity) or phenylacetate (for arylesterase activity) was added.

The substrate hydrolysis rate was measured at 270 nm every 15 s for 10 min using
a Tecan Infinite 200 PRO plate reader. Nonenzymatic hydrolysis of the substrate was
subtracted from the total rate of hydrolysis. One unit of activity was equal to the hydrolysis
of 1 µmol dihydrocoumarin or phenylacetate per minute.

2.6.2. Tryptophan (Trp) Fluorescence-Quenching Measurements

The assay was performed as previously published in our studies [25,26]. Briefly, in
200 µL Tris buffer in a black 96-well plate, 2 µL of bioactive lipid (in DMSO) at various
final concentrations (1, 5, 10, 25, 50, 75, and 100 µg/mL) and rePON1 (final concentration
50 µg/mL) were incubated at 37 ◦C or 25 ◦C for 4 h; then, fluorescence measurements were
performed in a plate reader (Tecan Infinite 200 PRO). The slit widths for both excitation
and emission were set to 5 nm. Emission spectra were recorded from 300 to 450 nm with an
excitation wavelength of 290 nm. The relative change in fluorescence (∆f) was calculated as
(Ix − Io)/Io, where Ix and Io are the fluorescence intensities of rePON1 in the presence and
absence of the bioactive lipid, respectively.

2.7. Molecular Docking

The crystal structure of PON1 (1V04) was retrieved from the Protein Data Bank (PDB).
The enzyme was prepared for docking using the AutoDock Tools program, an accessory
program that allows the user to interact with AutoDock 4.2 from a graphical user interface.
Water molecules were removed from the PDB file. Polar hydrogen atoms were added and
Kollman united atom charges were assigned. Ligand docking was carried out with the
AutoDock 4.2 Lamarckian Genetic Algorithm (GA-LS).

2.8. Cu2+-Induced LDL Oxidation

Oxidation of LDL was carried out in a UV ELISA plate at 37 ◦C and measured us-
ing a Tecan Infinite 200 PRO plate reader. To each well 10 µL of rePON1 (0.005 mg/mL
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in PBS pH 7.4) incubated with the tested compounds (final concentration of 20 µg/mL
in PBS pH 7.4 with 0.1% v/v DMSO) for 2 h at 37 ◦C or 2 µL of the tested compounds
(final concentration of 20 µg/mL in PBS pH 7.4 with 0.1% DMSO) without rePON1 was
added. Then, 6 µL LDL (final concentration of 0.05 mg protein/mL in PBS pH 7.4) was
added to the reaction. Finally, 10 µL CuSO4 (10 µM in DDW) was added and PBS was
added to a final volume of 100 µL. LDL oxidation was determined via continuous mon-
itoring (every 5 min for 3 h) of conjugated diene formation at 234 nm. Lag time and
rate constant (K) of the propagation phase were calculated via nonlinear regression using
the Gompertz growth equation. Percent inhibition of LDL oxidation was calculated as:
100 − (K(LDL + sample)/K(LDL) × 100).

3. Results
3.1. Synthesis of Lyso-DGTS Derivatives

Five derivatives of lyso-DGTS were synthesized by binding different fatty acids—EPA,
oleic acid, or palmitic acid—directly to the N-methylated homoserine via ester or amide
bonds (compounds 2–6; Figure 1A). In addition, six endogenous lipids which are analogs
of lyso-DGTS were purchased (compounds 7–11; Figure 1B). The effect of the lipids on
the hydrolytic activities of the antioxidant enzyme PON1 and their ability to prevent LDL
oxidation induced by copper ion were investigated, and SARs were determined to better
understand the lipid moieties responsible for enhancing PON1 activities and preventing
LDL oxidation.
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Figure 1. Synthesized derivatives of Lyso-DGTS (A) and lyso-DGTS analogs were purchased from
(Sigma–Aldrich–Merck) (B). PC, phosphatidylcholine; PAF, platelet-activating factor; PA, phospha-
tidic acid; PS, phosphatidylserine; SM, sphingomyelin.

3.2. Effect of Lyso-DGTS Derivatives and Endogenous Analogs on Lactonase Activity of rePON1

The effect of the synthesized lyso-DGTS derivatives and analogs on rePON1 lactonase
activity was examined and compared to that of natural lyso-DGTS isolated from Nan-
nochloropsis microalgae. RePON1 lactonase activity was significantly increased, in a dose-
dependent manner, when incubated with the natural lyso-DGTS for 2 h at 37 ◦C—from
5 units to 10 units and 12 units after incubation with lyso-DGTS at a concentration of
10 and 20 µg/mL, respectively. Similarly, incubation of rePON1 with the synthesized
compounds 4, 5, and 6 at concentrations of 10 and 20 µg/mL increased its lactonase activity
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to 10 and 13 units, respectively. Compounds 2 and 3 did not affect the lactonase activity of
rePON1—it was similar to rePON1 without lipids (Figure 2A). Incubation of rePON1 with
the free fatty acids EPA, oleic acid, palmitic acid, and L-homoserine betaine also had no
effect on its lactonase activity (data not shown).

Figure 2. Lactonase activity of rePON1 after incubation with (A) synthesized derivatives of lyso-
DGTS and (B) endogenous analogs of lyso-DGTS. RePON1 (5 µg/mL) was incubated with the lipid
at concentrations of 10 and 20 µg/mL for 2 h at 37 ◦C in Tris buffer pH 8.4. Then, lactonase activity of
rePON1 was measured via dihydrocoumarin assay and the results were expressed as units defined by
the ability of rePON1 to hydrolyze 1 µM dihydrocoumarin in 1 min. Each experiment was repeated
separately at least three times. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001 relative to the
control (PON1; rePON1 without bioactive lipid). Statistical analysis was via one-way ANOVA and
Graphpad prism 9 software. See Figure 1 for compounds corresponding to each number.

The effect of the purchased endogenous lipids on rePON1 lactonase activity was also
examined. Only two lipids—lyso-PAF (8) and lyso-PC (7)—increased the lactonase activity
of rePON1 in a dose-dependent manner, from 5 units to 9 units and 13 units when the
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enzyme was incubated with the lipids at a concentration of 10 and 20 µg/mL, respectively.
The other endogenous lipids—lyso-PS (10), lyso-PA (9), and lyso-SM (11)—did not affect
rePON1 lactonase activity (Figure 2B).

3.3. Effect of Lyso-DGTS Derivatives and Endogenous Analogs on Arylesterase Activity
of rePON1

The effect of the synthesized lyso-DGTS derivatives and analogs on rePON1 arylesterase
activity was also examined. The arylesterase activity of rePON1 was significantly increased
in a dose-dependent manner when incubated with the exogenous compounds 1 and 6 for
2 h at 37 ◦C, from 4 units without the lipid to 8 units at a concentration of 10 µg/mL and
10 units when incubated with 20 µg/mL. Compounds 2, 3, 4, and 5 had no effect on the
arylesterase activity of rePON1 compared to the control activity (Figure 3A).

Figure 3. Arylesterase activity of rePON1 after incubation with (A) synthesized derivatives of lyso-
DGTS and (B) endogenous analogs of lyso-DGTS. rePON1 (5 µg/mL) was incubated with the lipid at
concentrations of 10 and 20 µg/mL for 2 h at 37 ◦C in Tris buffer pH 8.4. Then, arylesterase activity
of rePON1 was measured via phenylacetate assay and the results were expressed as units defined
by the ability of rePON1 to hydrolyze 1 mM phenylacetate in 1 min. Each experiment was repeated
separately at least three times. * p ≤ 0.05, ** p ≤ 0.01, **** p ≤ 0.0001 relative to the control (PON1;
rePON1 without bioactive lipid). Statistical analysis was via one-way ANOVA and Graphpad prism
9 software. See Figure 1 for compounds corresponding to each number.
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Only two purchased endogenous lipids—lyso-PC (7) and lyso-PAF (8)—increased re-
PON1 arylesterase activity in a dose-dependent manner to about 10 units at a concentration
of 10 µg/mL and to 12 units at a concentration of 20 µg/mL. The other endogenous lipids—
lyso-PS (10), lyso-PA (9), and lyso-SM (11)—did not affect PON1 arylesterase activity
(Figure 3B).

3.4. Interaction of Lyso-DGTS Derivatives and Endogenous Analogs with rePON1, Determined
via the Trp Fluorescence-Quenching Method

Possible interactions between the bioactive lipids and rePON1 were examined by
measuring the effect of the lipids on the fluorescence spectrum of Trp residues in rePON1.
As demonstrated in Figure 4, three lipids—lyso-PA (9), lyso-PAF (8), and compound
6—enhanced the Trp fluorescence intensity of rePON1 in a concentration-dependent man-
ner up to 20 µM. However, three different lipids—the natural lyso-DGTS (1), compound 2,
and compound 3—quenched the Trp fluorescence of rePON1 in a concentration-dependent
manner. The other lipids, including lyso-PS (10), did not affect the Trp fluorescence of
rePON1 (Figure 4).

Figure 4. Effect of bioactive lipids on the Trp fluorescence of rePON1. rePON1 (50 µg/mL) was
incubated with different bioactive lipids at various concentrations (0, 1, 5, 10, 25, 50, 75, or 100 µg/mL)
in Tris buffer (pH 8.4). The fluorescence spectra were measured at an excitation of 290 nm and emission
in the 320–340 nm range. Change in fluorescence was calculated as described in Experimental
Procedures. Each experiment was repeated separately at least three times. See Figure 1 for compounds
corresponding to each number.

3.5. Interaction between rePON1 and Lyso-DGTS Derivatives and Endogenous Analogs Using
Molecular Modeling Calculation

PON1’s crystal structure was adjusted, and the lipids were constructed and docked on
the enzyme’s crystallographic structure as described in Experimental Procedures. All of the
bioactive lipids entered the same PON1 groove nearest the α-helix (H2), with very similar
orientation, as shown in Figure 5. The fatty acid substructure of the lipid was oriented
to the hydrophobic part of the groove (blue) and the polar substructure was oriented to
the hydrophilic part (red). The inverse correlation (R2 = 0.5578, p < 0.05) between the
lactonase activity of rePON1 (X-axis) and the theoretical docking energy of the interactions
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between rePON1 and the lipids obtained from the docking calculations (Y-axis) are shown
in Figure 6 (lower docking energy represents stronger enzyme–lipid interaction).

Figure 5. Some of the lipids in the rePON1 groove are orientated nearest α-helix H2. (A) The
molecular surface of PON1 shows hydrophilic (red) and hydrophobic (blue) zones docked with the
lipid. (B) Location of the lipid within the rePON1 groove showing interactions with the rePON1
groove using the secondary and tertiary structure of rePON1.

Figure 6. Correlation between the binding energy calculated from the AutoDock Tools program
(Y-axis) and the rate at which PON1 catalyzes lactone hydrolysis (X-axis). The anticipated inverse
correlation was obtained, with R2 = 0.5578 (p < 0.05).

3.6. Effect of rePON1–Lyso-DGTS Derivative and Analog Complexes on Cu2+-Induced
LDL Oxidation

The ability of the bioactive lipids, with or without rePON1, to prevent LDL oxidation
induced by copper ions was examined. LDL oxidation is a radical reaction characterized by
two parameters, lag time and propagation phase, which were calculated using nonlinear
regression with the Gompertz growth equation. A representative kinetic analysis of LDL
oxidation induced by the copper ions is shown in Figures 7 and 8, and the oxidation
parameters are summarized in Tables 1 and 2. The LDL oxidation lag time increased from
24.2 min to 96.8, 99.4, 35.37, 29.37, and 36.25 min after incubation with lyso-DGTS (1) and
the synthesized compounds 5, 6, 2, and 4, respectively. In addition, LDL oxidation was
inhibited by 75%, 75%, 31.5%, 17.5%, and 33.16% after incubation with lyso-DGTS (1) and
the synthesized compounds 5, 6, 2, and 4, respectively (Table 1). Compound 4 and the
endogenous compounds 7 to 11 had no protective effect on LDL oxidation induced by
copper ions (Figure 7B).
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Figure 7. Effect of bioactive lipids on the oxidation of LDL induced by Cu2+. (A) The synthesized
exogenous lipids 1–6 and (B) The purchased endogenous lipids 7–10. Conjugated diene formation
during copper-mediated LDL oxidation was monitored for 180 min for changes in absorbance at
234 nm. Each experiment was repeated separately three times. Results are presented as mean ± SD.
See Figure 1 for compounds corresponding to each number.

Figure 8. Effect of rePON1 with the exogenous bioactive lipids on the oxidation of LDL induced
by Cu2+. Conjugated diene formation during copper-mediated LDL oxidation was monitored for
180 min for changes in absorbance at 234 nm. Each experiment was repeated separately at least
three times. Results are presented as mean ± SD. See Figure 1 for compounds corresponding to
each number.
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Table 1. Effect of the synthesized lipids on lag time, rate constant of the reaction propagation (K),
and % inhibition of LDL oxidation. See Figure 1 for compounds corresponding to each number.

Compound Lag Time K % Inhibition

LDL 24.22 0.04128 0

1 96.8 0.0103 75.04

5 99.4 0.01006 75.62

6 35.37 0.02827 31.51

2 29.37 0.03405 17.51

4 25.56 0.03913 5.20

3 80.50 0.02759 33.16

Table 2. Effect of rePON1 in a complex with the synthesized lipids on lag time, rate constant of
the oxidation propagation (K), and % inhibition of LDL oxidation. See Figure 1 for compounds
corresponding to each number.

Compound Lag Time K % Inhibition

LDL 24.08 0.04152 0

1 118 0.00844 79.67

5 67.87 0.01473 64.52

6 29.65 0.03373 18.76

2 199 0.005013 87.9

4 23.73 0.04215 0

3 90.30 0.03481 16.16

RePON1 was incubated with the exogenous lipids lyso-DGTS (1), 2, 3, 5, and 6, and its
protective effect on LDL oxidation was also examined (Figure 8). As shown in Table 2, the
complex of rePON1 with lyso-DGTS (1) inhibited LDL oxidation by 79%, and compounds
5, 6, 2, and 3 inhibited LDL oxidation by 64%, 31%, 87%, and 16%, respectively. Compound
4 did not inhibit LDL oxidation. In addition, LDL oxidation lag time increased from
24.08 to 118, 67.87, 29.65, 199, and 28.73 min after incubation with rePON1 and lyso-DGTS
(1) or the synthesized compounds 5, 6, 2, and 4, respectively.

4. Discussion

PON1 is a calcium-dependent HDL-bound enzyme that catalyzes the hydrolysis of
multiple compounds, such as paraoxon (paraoxonase activity), arylesterase (arylesterase
activity), and lactones (lactonase activity). Many of the antiatherogenic functions of HDL
are attributed to PON1 [27]. PON1 enhances HDL cholesterol-mediated efflux from
macrophages, protects LDL from oxidation by lowering lipid peroxide levels, inhibits
ox-LDL uptake by macrophages thus inhibiting macrophage foam cell formation, and
inhibits macrophage cholesterol biosynthesis [28]. PON1 antioxidant activity is inversely
correlated to carotid intima-media thickness. The hydrolytic lactonase, arylesterase, and
paraoxonase activities of PON1 are all inactivated under oxidative stress, and epidemiolog-
ical evidence shows that low serum PON1 activity is associated with an increased risk of
CVD [29]. Thus, enhancement of PON1 activity could be a useful approach to attenuating
atherosclerosis development.

A previous study showed that phosphatidylcholine (PC) (16:0/18:2) specifically inter-
acts with rePON1 and increases its lactonase and paraoxonase activities [28]. Recently, a
betaine lipid derivative composed of EPA (C20:5) fatty acid connected to glyceryltrimethyl-
homoserine (C20:5 lyso-DGTS lipid) was isolated from an ethanol–water (70:30%) extract
of Nannochloropsis sp. microalgae and was found to increase rePON1 lactonase and esterase
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activities [23]. In the present study, five new derivatives of lyso-DGTS were synthesized,
and five additional endogenous lyso-lipids were purchased, and their effects on rePON1
lactonase and arylesterase activities were examined. The role of the glycerol moiety in
lyso-DGTS activity was examined by connecting the fatty acids EPA, oleic acid, or palmitic
acid directly to the N-methylated homoserine via an ester bond (compounds 2, 3, and 4,
respectively). In the two other synthesized compounds, EPA and oleic acid were connected
directly to the N-trimethylhomoserine via an amide bond (5 and 6, respectively).

The natural compound lyso-DGTS (1) and the synthesized compound 6 strongly
increased lactonase and esterase activities of rePON1, more than the other synthesized
compounds. Compounds 4 and 5 increased the lactonase activity of rePON1, but to a
lower level than compounds 1 and 6. In contrast, compounds 2 and 3 did not affect the
lactonase or esterase activities of rePON1 (Figures 2 and 3). These results demonstrated that
connecting the fatty acids oleic and EPA directly to the N-trimethylhomoserine through
an ester bond without the glyceryl moiety attenuates its ability to enhance lactonase and
esterase activities of rePON1; however, connecting it through an amide bond preserved
these abilities, most probably due to the higher stability of the amide bond compared to its
ester analogue. The lyso-DGTS amide derivative with oleic acid enhanced the lactonase and
esterase activities of rePON1 more than that with EPA. It is worth noting that incubation of
rePON1 with free fatty acids (EPA, oleic acid, or palmitic acid) or N-trimethylhomoserine
did not have any effect on its lactonase and esterase activities (data not shown).

Five endogenous active lipids analogous to lyso-DGTS were purchased and their effect
on the lactonase and esterase activities of rePON1 were examined. The structures of lyso-PC
and lyso-PAF (platelet-activating factor) are similar to that of lyso-DGTS; however, their
negative charge is located on the phosphate oxygen instead of the carboxylic acid moiety.
Lyso-PC differs from lyso-PAF in that the ester group is replaced by an ether group in the
latter. Lyso-PA (phosphatidic acid) and lyso-PS (phosphatidylserine) are negatively charged
lipids, whereas lyso-SM (sphingomyelin) is a positively charged lipid under physiological
conditions. Therefore, the effect of the lipid charge on rePON1 activities was also examined.
Two lipids, lyso-PC and lyso-PAF (compounds 7 and 8, respectively), enhanced lactonase
and esterase activities of rePON1 by the same level, meaning that replacing the ester bond
in the glycerol moiety with an ether bond did not affect the ability to enhance rePON1
activities. In contrast, the other lipids (compounds 9, 10, and 11) did not affect rePON1
activities. These results demonstrate that phospholipids with a neutral charge under
physiological conditions (compounds 7 and 8) better enhance rePON1 activities than the
negatively or positively charged phospholipids (compounds 9, 10, and 11). Thus, lyso-
DGTS lipid derivatives and analogs have specific interactions with PON1 with respect to
enhancing its activity, independent of their emulsification properties.

PON1 is known to contain three helical regions; of these, two helices (H1 and H2)
can associate with amphiphilic phospholipids. Three out of four Trp residues reside in
or close to helical regions H2 and H3 of PON1 [28,30]. Therefore, a Trp fluorescence-
quenching assay was carried out to determine possible interactions between rePON1 and
the lyso-DGTS derivatives and analogs. The fluorescence-quenching behavior varied
widely, from no effect (or even slight enhancement) to strong quenching, up to 100%. As
demonstrated in Figure 4, lyso-PA (9), lyso-PAF (8), and compound 6 enhanced the Trp
fluorescence intensity of rePON1 in a concentration-dependent manner, suggesting that
some Trp residue-containing regions of rePON1 might be exposed to a relatively low level
of these compounds. However, three different lipids, the natural lyso-DGTS (1), compound
2, and compound 3, quenched the Trp fluorescence of rePON1 in a concentration-dependent
manner, suggesting a specific interaction between PON1 and these lipids. Lyso-PS (10) did
not have any quenching effect. There was no correlation between the tested activities of
rePON1 and the change in Trp fluorescence.

It was previously found that a specific PC interacts with PON1 near α-helix H2 [28].
The results obtained in the present study from the molecular docking analysis also showed
that the examined lipids interact near the H2 site. There was a significant correlation
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between the lactonase activity of rePON1 and the binding energy (∆G) obtained from
molecular docking. H1 at the N-terminus of PON1 mediates its anchoring to HDL, and
together, H2 and H1 form a hydrophobic patch that binds to the HDL surface. In addition to
its role in HDL binding, H2 comprises part of the active site wall of PON1. The interaction
site of the lipids with PON1 was near the α-helix H2. It is possible that this binding of the
lipids to the allosteric site of PON1, near H2, might change its active-site conformation and
enhance its affinity to the substrates, thereby elevating its activity.

Oxidation of LDL lipids and apolipoprotein B100 results in LDL in a proatherogenic
process [31]. A clinical study suggested that a high ox-LDL concentration and a short LDL
oxidation lag time might be independent risk factors for CAD; serum ox-LDL concentra-
tion was significantly elevated in CAD patients and the lag time of LDL oxidation was
significantly shorter compared to controls [32]. We examined the ability of the bioactive
lipids and their complexes with rePON1 to prevent LDL oxidation induced by copper ions.
Two parameters were measured: the ability of lipids and the rePON1–lipid complex to
inhibit LDL oxidation—represented by the lag time required for initiation of LDL oxidation
and the reduction in lipoprotein-associated peroxides formed during 3 h of incubation—
represented by the slope of the linear increase of the curve. As shown in Figure 7B, the
endogenous lipids did not have any additional protective effect on Cu2+-induced LDL
oxidation. Thus, lipids 7, 8, 9 and 10, with fatty acids based on oleic acid, did not show
any effect on antioxidant capacity. On the other hand, when the bioactive lipid was based
on EPA (e.g., 1 and 5), it increased the lag time by up to 95 min, and LDL oxidation was
inhibited by about 75%, with or without incubation with rePON1.

EPA exhibited the most favorable molecular structure; the multiplicity of double bonds
enhanced its ability to prevent LDL oxidation, as expected, and their absence had no effect
on LDL oxidation (such as lipids 4 and 11). A previous study showed that EPA has the
optimal chain length and degree of unsaturation to inhibit oxidation of small dense LDL
and membrane cholesterol domains [33].

5. Conclusions

In conclusion, the current study showed that the interaction of lyso-DGTS lipid and
some of its derivatives with PON1 increases the latter’s activity, improves its lactonase
and arylesterase activities, and prevents oxidation of LDL induced by copper ion. A clear
understanding of the mechanism underlying the lipids’ role as antiatherogenic compounds,
via the influence of their binding on the structural and biological activities of proteins
(PON1) and lipoproteins, is key to the evaluation of these potent biomolecules’ contribution
to human health and is a topic of active investigation in our laboratory.
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Abstract: Atherosclerosis is the predominant pathology associated to premature deaths due to cardio-
vascular disease. However, early intervention based on a personalized diagnosis of cardiovascular
risk is very limited. We have previously identified metabolic alterations during atherosclerosis
development in a rabbit model and in subjects suffering from an acute coronary syndrome. Here
we aim to identify specific metabolic signatures which may set the basis for novel tools aiding
cardiovascular risk diagnosis in clinical practice. In a cohort of subjects with programmed coronary
artery bypass grafting (CABG), we have performed liquid chromatography and targeted mass spec-
trometry analysis in urine and plasma. The role of vascular smooth muscle cells from human aorta
(HA-VSMCs) was also investigated by analyzing the intra and extracellular metabolites in response
to a pro-atherosclerotic stimulus. Statistically significant variation was considered if p value < 0.05
(Mann-Whitney test). Urinary trimethylamine N-oxide (TMAO), arabitol and spermidine showed
higher levels in the CVrisk group compared with a control group; while glutamine and pantothen-
ate showed lower levels. The same trend was found for plasma TMAO and glutamine. Plasma
choline, acetylcholine and valine were also decreased in CVrisk group, while pyruvate was found
increased. In the secretome of HA-VSMCs, TMAO, pantothenate, glycerophosphocholine, glutathion,
spermidine and acetylcholine increased after pro-atherosclerotic stimulus, while secreted glutamine
decreased. At intracellular level, TMAO, pantothenate and glycerophosphocholine increased with
stimulation. Observed metabolic deregulations pointed to an inflammatory response together with a
deregulation of oxidative stress counteraction.

Keywords: cardiovascular risk; atherosclerosis; chronic kidney disease; vascular smooth muscle cells;
oxidative stress; metabolites; metabolomics; biomarkers

1. Introduction

Cardiovascular disease continues being the leading cause of premature death world-
wide despite continuing efforts in primary prevention. The predominant pathology of
cardiovascular disease is atherosclerosis, an immunoinflammatory disease of arterial ves-
sels. Formation of the atheroma plaque and progressive arterial obstruction takes place
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silently and asymptomatically, making it extremely challenging to promptly identify those
individuals at high cardiovascular risk to prevent a fatal event. Main risk factors are age,
male gender, lipid profile, blood pressure, smoking habits and diabetes. Despite that
over 50% of the observed decrease in mortality caused by coronary heart disease can be
attributed to changes in those risk factors, further knowledge is needed to better stratify
individual risk and improve prevention [1,2]. No early diagnostic markers are available to
date that may undoubtedly predict future events on healthy subjects or stratify individual
risk. In this clinical scenario, there is an urgent need to find out novel molecular indicators,
alone or combined with existing ones, together with a better knowledge of the operating
mechanisms in atherosclerosis development.

The metabolome reflects the ultimate response of an organism to a patho(physio)logical
condition and provides an integrated profile of biological status and metabolic health.
Metabolomics integrates the comprehensive analysis of low molecular weight molecules
in biological systems, providing a global picture of individual response to intrinsic and
extrinsic exposures to genetic, dietary, lifestyle and gut microbial factors [3]. Accordingly,
defining the chemical phenotypes of health or disease using metabolic signatures is gaining
attraction in cardiovascular risk stratification [4–7]. In this line, an improved prediction
of cardiovascular events based on metabolic features mainly composed by intermediates
of fatty acid oxidation has been shown [8]. Metabolic signatures associated with coronary
artery disease plaque phenotypes [4] and correlating with severity of coronary stenosis [9]
have been recently described. Previous studies from our group have evidenced metabolic
patterns associated with increased cardiovascular risk in various clinical contexts. In partic-
ular, urinary metabolic alterations were identified in hypertensive subjects with increased
cardiovascular risk (i.e., resistant hypertension or albuminuria development) [10,11]. Spe-
cific urinary panels were also shown to be altered during atherosclerosis development
in a high fat diet animal model and in human subjects in response to an acute coronary
syndrome [12]. In a different approach, the study of molecular mechanisms taking place
directly in the atherosclerotic aorta revealed novel molecular actors pointing to oxidative
stress and arterial remodeling [13]. In a step further in cardiovascular prevention, the aim
of this study is to evaluate the potential of the previously identified metabolic signatures
in association with cardiovascular risk in a cohort of subjects with programmed coronary
arterial bypass grafting (CABG). Besides, a potential role for the vascular smooth muscle
cells from human aorta (HA-VSMCs) in observed changes was also investigated.

2. Materials and Methods
2.1. Patient Selection and Samples Collection

A total of 27 patients undergoing CABG at Fundación Jiménez Díaz Hospital (Madrid,
Spain) were recruited (CVrisk group). Inclusion criteria were diagnosis of coronary artery
disease, and programmed CABG surgery. Exclusion criteria were previous open cardiac
surgery, valvulopathy, neoplasia, emergency, hemodynamic instability, treatment with
corticoids or immunosuppressants, active infection or in-hospital exitus. As control group
(C), a cohort of 24 healthy subjects was recruited from Donation Unit at the same hospital
without previous history of hypertension, diabetes or cardiovascular disease. Subjects’
clinical characteristics are compiled in Table 1. A spot urine sample was collected from
each participant in a sterile container. Blood samples were collected in EDTA tubes. Urine
and blood samples were centrifuged and supernatants were collected and stored at −80 ◦C
until analysis. For surgery patients, samples were collected at two timepoints: before
surgery (CVrisk group) and at clinical follow-up after 3 months (recovery, R).

2.2. In Vitro Human Cell Cultures

Primary cultures of vascular smooth muscle cells were obtained from a whole aortic
arterial segment of patient undergoing cardiac surgery (HA-VSMC) according to previously
described [14]. The arterial segment was cleaned and cut into small pieces. They were then
incubated with Dulbecco’s modified Eagle’s medium (DMEM-F12; Lonza Walkersville)
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containing 0.1% collagenase type 1 (Gibco) overnight at 37 ◦C. After incubation, the reaction
was stopped with 0.5% fetal bovine serum (FBS) in DMEM-F12 and after centrifugation
at 1200 rpm for 5 min, the explants were seeded together with the cells in DMEM-F12
medium supplemented with 0.1 mg/mL heparin (Merck Life Science), 30 µg/mL endothe-
lial cell growth factor (ECGF; Merck Life Science), 1% penicillin/streptomycin (P/E; Lonza
Walkersville), 1% L-glutamine (Lonza Walkersville), 10% Fungizone (Lonza Walkersville)
and 20% FBS. Petri dishes used for seeding were pre-coated with 0.5% sterile gelatin. After
3–5 days of incubation, HA-VSMCs were negatively selected with the human CD31 anti-
body (BDbiosciences) and secondary antibody-associated magnetic beads (Dynabeads®

anti-mouse IgG from the CELLection™ Pan Mouse IgGy kit; Invitrogen). The cell popula-
tions were then separated, the endothelial aortic cells were retained on the surface of the
tube in contact with the magnet, while the HA-VSMCs remained in suspension without
adhering to the magnet. HA-VSMCs were seeded and maintained in DMEM medium
(Lonza Walkersville) with 10% FBS.

2.3. Stimulation Assay

HA-VSMCs were seeded and grown in four 60-mm polystyrene plates (Corning,
Cultek), indicated for the cultivation of adherent cells until monolayer formation, and
were allowed to reach confluence. Once FBS depletion was completed for 18 h at 0.5%,
stimulation was performed as follow: DMEM medium in control plate vs DMEM medium
with an inflammatory cocktail of Interleukin-1 (10 ng/mL), Interferon-α (10 ng/mL),
Angiotensin-II (1 ng/mL) in stimulated plates. After 1 h, 4 h and 24 h of contact the
medium was collected (secretome), and the cells were washed five times with cold PBS,
lifted from the surface of the plates using a scraper and processed for metabolites extraction
in methanol. The experiment was performed four times (technical replicates).

2.4. Metabolites Extraction

For metabolite analysis, protein removal in urine and secretome from HA-VSMCs
was performed by precipitation in acetonitrile/0.1% formic acid (1:1) based on previous
analyses [10–12]. In the case of plasma samples, protein removal was performed with pre-
chilled methanol (1:1). Metabolites were extracted from HA-VSMCs in 50% methanol [13].
In all cases, following centrifugation, the supernatant was diluted with mobile phase A
(0.1% formic acid in Milli-Q water) and filtered through 0.22 µm for subsequent LC-MS/MS
analysis.

2.5. Targeted Analysis by Liquid Chromatography and Mass Spectrometry

Targeted mass spectrometry analysis was accomplished by Selected Reaction Mon-
itoring (SRM-LC-MS/MS) methodology as previously published [12,15]. A 6460 Triple
Quadrupole QQQ on-line connected to HPLC (1200 Series) controlled by Mass Hunter
Acquisition Software (v4.01) (Agilent Technologies) was used. Samples were analyzed
in a reversed-phase column (Atlantis T3, 3 µm, 2.1 × 100 mm, Waters) thermostatically
controlled at 40 ◦C. A sample volume of 10 µL was injected and separation took place at
0.4 mL/min in an acetonitrile gradient. Instrumental conditions (collision energy and frag-
mentor potential) were optimized for each SRM transition (see Supplementary Table S1).
Delta electron multiplier voltage was set to 600 V in negative ion mode or 400 V in positive
ion mode. Peak areas were calculated from individual signals for intergroup compari-
son. Urine metabolic content was normalized by creatinine values. A detailed list of the
measured metabolites is compiled in Supplementary Table S2.

2.6. Statistical Analysis

The ROUT method was applied to detect outliers based on the FDR, setting Q value
to 5%. Mann-Whitney non-parametric test (95% confidence level) was performed with
GraphPad Prism 6 software (version 6.01). Individual and combined diagnostic capacity
was evaluated by receiving operating characteristics (ROC) curves using Metabonalyst
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5.0 platform. The combined multivariate ROC curves were obtained using random forest
algorithm as built-in method. The area under the curve (AUC) and the 95% confidence
interval were estimated for both individual and multivariate analysis.

3. Results

A cohort of subjects with programmed CABG was recruited as a representative popu-
lation of high cardiovascular risk (CVrisk group) (Table 1). The control group (age 48 ± 6;
38% male) have no history of diabetes, hypertension or cardiovascular disease. Those
metabolites previously identified by our group with significant alteration in urine and
aorta from atherosclerotic rabbits [12,13], in urine from hypertensive subjects with higher
cardiovascular risk in terms of albuminuria development [10], and in urine from subjects
at the onset of an acute coronary syndrome [12] were here analyzed by targeted mass
spectrometry to investigate their alteration during human atherosclerosis development.
Supplementary Table S2 compiles these altered metabolites previously identified in the
referred studies and here analyzed in a new cohort and in four different matrices.

Table 1. Clinical data of CABG patients included in the study.

CVrisk

Age 68 ± 9
Sex, male (%) 52
Diabetes mellitus (%) 26
Arterial hypertension (%) 89
Smoking habits (%) 26
Estimated glomerular filtration rate (mL/min/1.73 m2) 66 ± 21

We first analyzed the metabolites abundance in urine according to previous findings,
confirming their association with cardiovascular risk for five metabolites: trimethylamine
N-oxide (TMAO), arabitol and spermidine showed higher levels in pre-CABG patients
compared with the control group; while glutamine and pantothenate showed lower levels
(Figure 1). When analyzed 3 months after CABG surgery, spermidine levels normalize
towards control values, contrary to TMAO and arabitol which showed increased alteration.
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Figure 1. Metabolite abundance in urine in subjects with programmed bypass surgery (CVrisk group) compared to
healthy subjects (C group). Data during clinical follow-up Table 0. * p value < 0.05, ** p value < 0.01, *** p value < 0.001,
**** p value < 0.0001.

Metabolites were also analyzed in plasma (Figure 2). The same variation trends
previously observed in urine were found in plasma for TMAO and glutamine, which
normalized to control values following surgery. Choline, acetylcholine and valine were
found to be decreased in plasma from CVrisk subjects, while pyruvate was found to be
increased. Normalized levels were observed post-surgery also for valine and pyruvate.
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The metabolites diagnostic potential was evaluated by ROC curves in terms of sen-
sitivity and specificity. Table 2 shows the area under the curve (AUC) obtained for each
metabolite found significantly altered in urine or plasma and for combined models.

Table 2. Metabolites potential as biomarkers of cardiovascular risk, evaluated by ROC curves
calculation. AUC: area under the curve. CI: confidence interval.

AUC CI (95%)

Individual metabolites urine

Arabitol 0.763 (0.671–0.860)
Glutamine 0.528 (0.419–0.639)

Pantothenate 0.686 (0.590–0.800)
Spermidine 0.679 (0.573–0.785)

TMAO 0.720 (0.612–0.816)

Individual metabolites plasma

Acetylcholine 0.682 (0.575–0.772)
Choline 0.740 (0.635–0.829)

Glutamine 0.748 (0.656–0.836)
Pyruvate 0.723 (0.627–0.811)

TMAO 0.741 (0.641–0.832)
Valine 0.617 (0.488–0.724)

Combined metabolites

Urine 0.889 (0.778–0.980)
Plasma 0.902 (0.823–0.983)

Glutamine (urine and plasma) 0.743 (0.602–0.855)
TMAO (urine and plasma) 0.779 (0.656–0.909)

Best performing biomarkers of cardiovascular risk were arabitol and TMAO in urine,
and glutamine, TMAO and choline in plasma (AUC = 0.720–0.763). All urine metabolites
resulted in an AUC = 0.889 when combined. Combined plasma metabolites showed
AUC = 0.902. Glutamine and TMAO were found significantly altered in both matrices
giving AUC = 0.743 and AUC = 0.779, respectively, if analyzed in both biological fluids.

Finally, the potential contribution of HA-VSMCs to metabolic de-regulation observed
in biological fluids was investigated. HA-VSMCs intracellular and extracellular (secre-
tome) metabolic content was analyzed in response to a pro-atherosclerotic stimulus at
different time points (1 h, 4 h and 24 h) (Figure 3). Increased secreted values compared to
cells without stimulation (control) were found for TMAO, pantothenate, glycerophospho-
choline, glutathion, spermidine and acetylcholine. Secreted glutamine was found to be
decreased in the pro-atherosclerotic environment. Pantothenate and spermidine showed
the earliest response, while extracellular levels of glutathione, glutamine, acetylcholine
and glycerophosphocholine significantly varied only after 24 h. At an intracellular level,
TMAO, pantothenate and glycerophosphocholine varied with stimulation.
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4. Discussion

Metabolomics is an approach that has shown great potential in cardiovascular re-
search, opening new avenues for the study of underlying mechanisms and revealing new
therapeutic targets and markers. In this work, we have applied targeted metabolomics to
four different matrices, urine, plasma, HA-VSMCs and secretome. That allows us, on the
one hand, to better understand the metabolisms associated with the pathology and, on the
other hand, to identify the most robust molecules as markers. Our study reveals an imbal-
ance in the defense mechanisms against oxidative stress and a response to atherosclerosis
related inflammation. Additionally, it identifies TMAO and glutamine as the most altered
molecules in the pathology in different accessible fluids.

4.1. Insufficient Oxidative Stress Counteraction during Atherosclerosis Development

Oxidative stress is one of the main operating mechanisms in atherosclerosis [16],
induced by inflammation, mitochondria, autophagy and apoptotic processes taking place
in the course of the disease [17]. Elevated levels of reactive oxygen species (ROS) resulting in
antioxidative stress acts as a crucial mechanical effect in atherosclerosis progression. In this
line, increasing antioxidant capacity may be one of the key points in future atherosclerosis
therapy.

In response to the exposure of ROS released in oxidative stress conditions, synthesis
of polyamines is induced. Spermidine is a natural polyamine with protective effects in
human cardiovascular health [18]. In particular, spermidine is exported from the cell by
the polyamine transporter TPO1 in response to oxidative stress [19]. In agreement with an
attempt to counteract oxidative stress conditions, we observed here increased spermidine
in the VSMCs secretome following inflammatory stimulus, and in urine of subjects with
programmed CABG surgery, following normalization to pre-surgery values 3 months after
CABG intervention. We previously found spermidine levels increased in urine collected
after an acute coronary syndrome [12]. Endothelial nitric oxide synthase (eNOS) has a
protective function in the cardiovascular system by generating antioxidant nitric oxide
(NO). Arginase competes with eNOS for arginine and converts it in ornithine, a precursor of
spermidine. Valine inhibits arginase, and reduced levels here observed for valine may also
reflect a deleterious balancing in oxidative stress counteraction and increased production
of spermidine.

Glutamine is another metabolite which counteracts oxidative stress and exerts an
anti-inflammatory role, showing a negative correlation between its circulating levels and
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cardiometabolic disease [20]. As a precursor of glutathione, glutamine plays a key role in
the prevention of oxidative damage and contributes to the maintenance of the endothelial
function of the blood vessels [21]. Glutamine was here found decreased in both biological
fluids from cardiovascular risk patients, and also in the secretome of VSMCs pointing
to a deleterious protective effect against atherosclerosis development. These data are in
consonance with our previously reported diminished levels in urine from middle age
(50–70 years) and elderly (>70 years) subjects with cardiovascular risk factors [22].

4.2. Metabolic Response to Inflammation in Atherosclerosis Development

Choline and acetylcholine were also found decreased in plasma of CABG subjects.
Choline is a structural component of cell membranes; it participates in the transport and
metabolism of cholesterol and helps maintaining circulating homocysteine levels. Increased
plasma homocysteine is an independent risk factor for atherosclerosis development which
can be caused by decreased methylation of homocysteine to form methionine, being choline
the methyl donor [22]. Our data support a role for choline in the increased cardiovascular
risk associated with circulating homocysteine. Choline is a precursor of acetylcholine
and the involvement of its receptor a7 nicotinic acetylcholine receptor (α7nAChR) in the
development of atherosclerosis is an expanding field. In vivo studies revealed both anti- or
pro-atherogenic effects of α7nAChR stimulation [23]. In this study, the observed reduced
levels of plasma acetylcholine are in consonance with the same trend observed for its
precursor choline. On the contrary, VSMCs secreted higher amount of acetylcholine after
inflammatory stimulation, in line with inflammation and oxidative stress suppression
observed in mice aorta after vascular injury mediated by α7nAChRs activation [24].

Choline is also one of the trimethylamine-containing nutrients and, as such, a TMAO
precursor. Plasma TMAO levels depend on liver production, ingestion and renal excretion.
Exposure of VSMCs to TMAO induce inflammation and suggest atherosclerosis enhance-
ment by a TMAO-dependent mechanism [25]. In our study, secreted TMAO levels increase
in response to a pro-inflammatory stimulus in what can be seen as a contribution to ob-
served higher levels in plasma and urine from cardiovascular risk subjects with moderately
preserved renal function. Urinary TMAO was found increased in young (30–50 years),
middle age (50–70 years) and elderly (>70 years) population with cardiovascular risk
factors in our previous study [22], in agreement with data shown here and pointing to a
strong association with CV risk independently of age.

Figure 4 shows a representative image including all metabolites with significantly
altered levels in the different matrices investigated. It has to be considered that not all
metabolites could be detected in all matrices (urine, plasma, HA-VSCMs and cellular
secretome). Discussion was thus focused on confirmed significant differences between
CVrisk subjects and stimulated HA-VSMCs in comparison with their respective controls.
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and extracellular (secretome) content of human aortic VSMCs (HA-VSMCs) after exposure to a pro-atherosclerotic stimulus.
Created with BioRender.com (accessed on 29 July 2021).

4.3. Urine and Plasma Metabolites with Diagnostic Potential in Cardiovascular Risk Evaluation

Metabolites with diagnostic potential should be easily accessible in routine analyses.
In this sense, urine and plasma are the most used biological fluids in daily clinical practice.
Regarding cardiovascular risk estimation, novel tools based on molecular profiling should
ideally respond to subjacent atherosclerosis development despite its silent progression. In
this study, we show the stronger potential of multimarker panels compared to metabolites
individual performance. This combination may include best performing metabolites
according to sensitivity/specificity criteria, or analyses in various biological matrices.

We and others have previously demonstrated urinary metabolites alteration after an
acute coronary syndrome (ACS). In that case, two metabolic responses may be overlapping,
i.e., responding both to the acute event itself and to the pathophysiological deregulation
taking place in the atherosclerotic arterial vessel. Arabitol and spermidine show here the
same increased trend than previously observed in ACS. In the case of arabitol, no recovery
towards control values was observed in any case (following the acute event, or after 3
months from CABG surgery). However, spermidine reflects recovery following surgery
indicating a quicker response to therapeutic intervention.

TMAO and glutamine showed the same trend in urine and plasma from CABG pa-
tients. In the aorta from atherosclerotic rabbits, the same trend was observed for glutamine
suggesting a direct reflection in fluids of diminished content in the atherosclerotic vessel.
However, TMAO showed reduced aortic levels pointing to a plausible diet effect on its
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urine/plasma levels. Plasma levels of choline, acetylcholine, pyruvate and valine are also
in agreement with aortic levels during atherosclerosis progression.

The analysis of combined and individual features and their predictor potential showed,
as expected, that metabolic panels present a better performance than individual molecules
in risk prediction. Particularly, in this study, the combination of five urine metabolites or
six plasma metabolites led to marker panels with an AUC of 0.9 while individual features
average AUC was 0.7. Previous analyses performed in plasma in large cohorts have showed
the value of metabolomics for biomarker discovery. Phenyalanine, MUFA relative to total
fatty acids (MUFA%), Omega-6 and DHA combined are described to improve prediction
of cardiovascular risk in comparison with established risk factors [26]. More recently, a
study performed in more than 10,500 individuals showed that five phosphocholines have a
comparable discrimination of risk of coronary heart disease with classic estimators [27].
Regarding urine and CV risk estimation, large studies are missed. By analysing the same
set of metabolites in plasma, urine and HA-VSMCs here, we cannot only estimate the
predicting value of the features but also the different performance of the measurable
matrix. Our results demonstrate the value of urine marker panels, in accordance to
our previous studies, and showed a similar performance to those performed in plasma.
Interestingly, in this particular case, there is not an improvement when combining plasma
and urine measurements. Pending studies in large and multiple cohorts, these metabolites
being quantifiable in accessible fluids may aid in assessing individual CV risk during
asymptomatic stages in atherosclerosis development, facilitating earlier diagnosis and
patients’ risk stratification.

5. Conclusions

Here we demonstrate how molecular deregulation directly observed in the atheroscle-
rotic aortic tissue can be detected in an accessible biological fluid, setting the basis for novel
diagnostic tools complementing existing algorithms in cardiovascular risk prediction or
individual stratification. Previous metabolic alterations shown in response to an acute
coronary syndrome can also take place during atherosclerosis development. We show
here that metabolite deregulations identified during atherosclerosis development point to
an inflammatory response together with a defective or insufficient action of mechanisms
counteracting oxidative stress.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/antiox10091369/s1, Table S1: Experimental conditions for metabolites analysis by SRM,
Table S2: Metabolites previously identified by our group in association with cardiorenal risk uEA:
early atherosclerosis, detected in urine [12]. aEA: early atherosclerosis, detected in aorta [13]. ACS:
acute coronary syndrome at the onset [12]. ALB: subjects with moderately increased albuminuria [10].
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Abstract: Oxidative stress produces macromolecules dysfunction and cellular damage. Renal
ischemia-reperfusion injury (IRI) induces oxidative stress, inflammation, epithelium and endothelium
damage, and cessation of renal function. The IRI is an inevitable process during kidney transplanta-
tion. Preliminary studies suggest that aminoguanidine (AG) is an antioxidant compound. In this
study, we investigated the antioxidant effects of AG (50 mg/kg, intraperitoneal) and its association
with molecular pathways activated by IRI (30 min/48 h) in the kidney. The antioxidant effect of AG
was studied measuring GSSH/GSSG ratio, GST activity, lipoperoxidation, iNOS, and Hsp27 levels.
In addition, we examined the effect of AG on elements associated with cell survival, inflammation,
endothelium, and mesenchymal transition during IRI. AG prevented lipid peroxidation, increased
GSH levels, and recovered the GST activity impaired by IRI. AG was associated with inhibition of
iNOS, Hsp27, endothelial activation (VE-cadherin, PECAM), mesenchymal markers (vimentin, fascin,
and HSP47), and inflammation (IL-1β, IL-6, Foxp3, and IL-10) upregulation. In addition, AG reduced
kidney injury (NGAL, clusterin, Arg-2, and TFG-β1) and improved kidney function (glomerular
filtration rate) during IRI. In conclusion, we found new evidence of the antioxidant properties of
AG as a renoprotective compound during IRI. Therefore, AG is a promising compound to treat the
deleterious effect of renal IRI.

Keywords: aminoguanidine; antioxidants; oxidative stress; ischemia-reperfusion injury; renal protection

1. Introduction

Aminoguanidine (AG) is a small, nontoxic molecule with different biological actions.
It has been shown that AG inhibits the formation of highly reactive advanced glycosylation
end products (AGEs) associated with diabetes mellitus (DM) and decreases the complica-
tions related to proteinuria [1], retinopathy [2], and neuropathy [3]. Due to these effects,
AG was proposed as a therapeutic agent inhibiting AGEs formation [4]. However, in a
phase III clinical trial in type 1 diabetic patients, aminoguanidine reduced proteinuria and
retinopathy, whereas the progression to overt nephropathy was not statistically improved.
In addition, a high dose of aminoguanidine provoked abnormalities in liver function and

Antioxidants 2021, 10, 1724. https://doi.org/10.3390/antiox10111724 https://www.mdpi.com/journal/antioxidants45



Antioxidants 2021, 10, 1724

other side effects associated with flu-like symptoms, gastrointestinal alterations, rare vas-
culitis, and anemia [5]. However, the beneficial therapeutic properties of low doses of AG
in other kidney diseases are poorly understood.

In another view, AG is a potent antioxidant compound and free radical scavenger.
High doses (AG ≥ 5 mM) have an inhibitory effect on the xanthine oxidase (XO) activity [6].
AG also is an effective in vitro quencher of reactive carbonyl species (RCS) [7]. The radical
scavenging properties of AG may contribute to protective effects during glycation and
explain the prevention of diabetic complications. In a model of streptozotocin-induced
diabetes, AG demonstrated antioxidant effects decreasing plasma lipid hydroperoxide and
thiobarbituric acid (TBARS) [8]. AG also showed antioxidant action against brain injury
induced by doxorubicin (DOX), decreasing the levels of MDA (malondialdehyde) and GPx
(Glutathione peroxidase) and increasing the GST (glutathione S-transferase) activity [9].
Similarly, in a model of intestinal IRI, administration of AG reduced the intestinal mucosal
injury and decreased MDA, protein carbonyl (PC), SOD (superoxide dismutase), and GPx
levels [10].

Renal IRI induces hypoxia, oxidative stress, vasoconstriction, destruction of the tubu-
lar cells, endothelial cell damage, inflammation, cell necrosis, and cessation of renal func-
tion [11]. The reperfusion phase results in more production of reactive oxygen species
(ROS) [12–14], including, among others, superoxide anion (O2

−), hydrogen peroxide
(H2O2), and hydroxyl radicals (OH·), all of which have chemical properties that confer
reactivity to different biological targets [15,16]. Further, IRI injury led to a significant
increase in NO synthesis, and high concentrations produce peroxynitrite (ONOO-), which
interacts with lipids, DNA, and proteins, leading to cell damage [17]. We previously
described a murine model of IRI and observed increased levels of oxidative stress and
kidney disfunction (glomerular filtration rate, neutrophil gelatinase-associated lipocalin,
and clusterin) [18]. Previously, the literature described that co-treatment with α-tocopherol
and aminoguanidine during unilateral IRI (I/R: 2 h/24 h) prevented the formation of MDA
and nitrite/nitrate in plasma [19]. Besides, in a bilateral renal IRI model (I/R 60 min/24 h),
AG (100 mg /kg, i.p.) decreased the MDA levels but did not attenuate the histological
damage [20], indicating an antioxidant effect of AG during renal IR. In addition, the post-
treatment with AG (50 mg/kg, i.p.) in a model of bilateral ischemia (IR 60 min/24 h)
significantly reduced serum urea and creatinine levels and improved histopathological
lesions observed by IRI (45 min/24 h) [21]. Therefore, the role of AG during renal IRI is not
very clearly understood.

Interestingly, AG has been described as an effective inhibitor of NOS, specifically the
inducible NO synthase isoform (iNOS). AG suppresses the NO production after the reper-
fusion phase in experimental models of cerebral [22] or myocardial [23] IRI. AG suppresses
iNOS activity in mice with brain ischemia to a level equivalent to those seen in iNOS
knockout mice [24]. In the kidney, there are three different isoforms of nitric oxide syn-
thase (NOS)—neuronal NOS (nNOS), endothelial NOS (eNOS), and inducible NOS (iNOS).
While nNOS and eNOS are constitutively expressed, iNOS is a calcium-independent syn-
thase whose expression is induced by cytokines, oxidative stress, and transcription factors
such as NF-κb [25]. We previously described that the pharmacological inhibition of iNOS
inhibition (l-NIL) prevented oxidative stress and improved renal function during IRI [18].
On the other hand, the Hsp27 is a stress protein that shows an early and transient increase
after acute ischemia [26], inhibiting apoptosis by decreasing intracellular reactive oxygen
species and the mitochondrial caspase-dependent apoptotic pathway [27]. Selective renal
overexpression of Hsp27 in mice through lentiviral gene delivery protects against ischemic
renal injury [28]. Arginase-2 (Arg-2) and transforming growth factor-beta 1 (TGF-β1) are
two markers of kidney damage by renal IR. Arg2 plays a significant role in renal fibro-
sis via its action on NO and mitochondrial function [29], and TGF-β is recognized as a
central mediator of renal tubulointerstitial fibrosis [30]. Finally, new evidence suggests
that the development of vascular rarefaction and fibrosis after an injury is dependent on
the differentiation of renal endothelial and tubular cells into mesenchymal cells by IRI.
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These processes are called epithelial-to-mesenchymal transition (EMT) and endothelial-
to-mesenchymal transition (EndMT), respectively [31,32]. EMT is reversible and leads to
the loss of cellular polarity, migratory capacity development, resistance to apoptosis, and
the induction of extracellular matrix synthesis [33]. EndMT resembles and leads to loss
of cellular adhesion molecules, cytoskeletal reorganization, and change of the compacted
cobblestone-like into spindle-shaped phenotype without polarity, associated with reduced
expression of endothelial markers (e.g., vascular endothelial-cadherin, CD31/PECAM-1,
and von Willebrand factor) [34]. Both EMT and EndMT show increased mesenchymal cell
markers such as vimentin, fascin1, and Hsp47 [35,36].

This study aimed to investigate the antioxidant property of AG in the kidney and its
potential renoprotective effect during renal IRI. We studied the effect of intraperitoneal
injection of AG (50 mg/kg) before the IRI on reduced and oxidized glutathione ratio
(GSH/GSSG), glutathione S-transferase (GST) activity, lipoperoxidation, iNOS, and Hsp27.
In addition, we identified new molecular pathways of the antioxidant effect of AG impli-
cated in inflammation, cell injury, endothelial activation, and mesenchymal transition to
provide novel evidence of the renoprotective effect of AG during renal IRI.

2. Materials and Methods
2.1. Animals

Previously, we described an IRI model using male BALB/c mice [18]. The mice
(20–25 g) were housed in a 12 h light/dark cycle. Animals were maintained at the Univer-
sity de los Andes Animal Care Facility with food and water ad libitum. All experimental
procedures followed institutional and international standards for humane care and use of
laboratory animals (Animal Welfare Assurance Publication A5427-01, Office for Protection
from Research Risks, Division of Animal Welfare. The National Institutes of Health). All
procedures were approved by the Committee on the Ethics of Animal Experiments of the
University de los Andes, Chile.

2.2. Ischemia-Reperfusion (IR) Experiments

The animals were anesthetized with 25 mg/kg i.p. ketamine/15 mg/kg i.p. xylazine
(Drag Pharma, Santiago, Chile) and maintained on a 37 ◦C blanket during the surgical
procedure. A flank incision exposed both kidneys, and the renal pedicle was occluded for
30 min with a non-traumatic vascular clamp (cat N◦ 18055-02 Fine Science Tools). Renal
blood flow was re-established (reperfusion phase) by clamp removal, and both incisions
were sutured. Sham animals did not undergo renal pedicle occlusion [18,37]. To study the
effects of AG, mice were treated intraperitoneally (i.p.) with either vehicle or 50 mg/kg
of aminoguanidine (aminoguanidine hydrochloride, TOCRIS TO.0787/100) [21] before
ischemia. Then, the animals were subjected to 48 h of reperfusion according to our previous
publication [18]. Following protocols, mice were euthanized with CO2, and kidneys were
dissected and processed for analysis.

2.3. Oxidative Stress Experiments

Kidney samples were homogenized in a Dounce homogenizer in 0.15 M potassium
chloride (KCl). After measuring the total protein concentration [38], aliquots were depro-
teinized with cold trichloroacetic acid 30% v/v for 10 min, and the pellet was removed
by centrifugation. Oxidative stress was evaluated in kidney homogenates as changes of
the reduced glutathione (GSH) pool assayed in deproteinized kidney homogenates and
lipid peroxidation, measured with the thiobarbituric acid reactive substances (TBARS) as-
says [39]. In addition, total enzymatic glutathione S-transferase (GST) activity was assayed
in homogenates using 1-chloro-2,4-dinitrobenzene (CDNB) as a substrate and GSH as a
cofactor [40].
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2.4. Quantification of Neutrophil Gelatinase-Associated Lipocalin

Neutrophil gelatinase-associated lipocalin (NGAL) was quantified in plasma samples
using a commercial ELISA kit (Bioporto) according to the manufacturer’s instructions.

2.5. Glomerular Filtration Rate (GFR) Measurements

GFR was determined in conscious unrestrained mice with 48 h of reperfusion using
the excretion kinetics of an intravenous bolus of FITC-sinistrin (6 mg/100 g body weight;
dissolved in sodium chloride (NaCl) 0.9% Fresenius Kabi, GmgH Estermannstraße 17
A-4020 Linz, Austria) using a miniaturized fluorometric detector (NIC-Kidney excitation
480 nm/emission 521 nm; Mannheim Pharma & Diagnostics; MediBeacon St. Louis, MO,
USA). GFR was calculated using the half-life derived from the rate constant of the single
exponential phase of the FITC-sinistrin excretion curve as previously described [41].

2.6. Real-Time PCR

We studied the cortex and the medulla separately to understand the effect of AG
in both kidney regions. Total RNA was isolated using an RNeasy Mini Kit (#74014, Qi-
agen, Germantown, MD, USA) according to the manufacturer’s directions. Extracted
RNA was quantified at 260 nm in a NanoDrop 2000 Spectrophotometer (NanoDrop Tech-
nologies, Madison, WI, USA), and the integrity of the RNA was assessed by agarose gel
electrophoresis. cDNA was prepared from total RNA (1 µg) using a reverse transcription
system (random hexamers (C-1118), Improm II Reverse Transcriptase System (A-3802) from
Promega). Then, PCR was duplicated for each experiment (HotStartTaq DNA polymerase
from Qiagen or BRILLIANT III ULTRA-FAST SYBR GREEN QPCR (Stratagene). Amplicons
were detected for real-time fluorescence detection (Rotor-Gene Q, Qiagen, Germantown,
MD, USA). The primers used are detailed in Table S1. Relative mRNA abundance was
calculated using Ct values and normalized to the relative abundance of each transcript.

2.7. Western Blot Assay

We studied the cortex and the medulla separately to understand the effect of AG
in both kidney regions. Western blot was realized as was previously published with
some modifications [18]. Briefly, the renal cortex and the medulla were dissected and
homogenized with an Ultra-Turrax homogenizer (Model PRO-200, PRO Scientific, Vernon
Hills, IL, USA) in ice-cooled 10 mM Tris·HCl buffer at pH 7.4, supplemented with 1 mM
EDTA, 1 mM EGTA, 0.25 M sucrose, 1% vol/vol Triton X-100, and a protease inhibitor
cocktail (Complete Mini, Roche Applied Science # 5892970001). Tissue homogenates were
subject to centrifugation. Step one was 900× g by 10 min. Next, the tissue was sonicated
for 30 s on ice, vortexed, and centrifuged again by 2400× g and 17,000× g by 5 min. All
procedures were held at 4 ◦C. Total proteins in supernatants were measured using the
BCA Protein Assay Kit (ThermoFisher Scientific, Rockford, IL, USA), and samples were
stored at −80 ◦C. The antibodies were: anti-HSP27 (sc-13132; Santa Cruz, OR, USA) and
mouse anti-β-actin (A5441; Sigma, St. Louis, MO, USA) antibodies. Secondary antibodies
were anti-mouse (A-21257) or anti-rabbit (A-21039) IgG conjugated with Alexa Fluor-750
(Thermo Scientific, South San Francisco, CA, USA). The resulting band intensities were
quantified using Odyssey equipment and Image Studio Lite software (version 5.25; Li-Cor,
Lincoln, NE, USA).

2.8. Histochemical Analysis and Tissue Damage Determination

Kidneys were fixed in 10% formalin included in paraffin. The kidneys were fixed in
10% buffered formalin, embedded in paraffin, sectioned, dewaxed, rehydrated, rinsed in
water, and stained with hematoxylin-eosin (HE). The morphologic analysis was carried out
in a blinded manner as detailed previously by a physician/pathologist [18]. The cortex and
the medulla were evaluated for epithelial necrosis, loss of brush border, tubular dilation,
and tubular congestion, among other kidney alterations observed in AKI response.
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2.9. Statistical Analysis

Differences between groups were analyzed using one-way ANOVA, nonparametric
test, and Kruskal–Wallis test using GraphPad Prism Software. The levels of significance
were represented by * p < 0.05 or ** p < 0.005. Data were the mean ± standard error of the
mean (SEM).

3. Results
3.1. AG Prevented Kidney Injury due to Renal Ischemia and Reperfusion (IR)

Kidneys from Balb/c adult mice were subjected to 30 min ischemia and 48 h of reper-
fusion as described previously [18]. We studied kidney damage by measuring glomerular
filtration rate (GFR), acute kidney injury biomarker (neutrophil gelatinase-associated
lipocalin, NGAL), and histological analysis. The GFR decreased by approximately 50% in
mice subjected to renal IR compared with sham (476.7 ± 56.0 and 869.2 ± 62.0 µL/min/100 g
body for IR and sham, respectively; p < 0.05). In addition, the blood NGAL concentration
was significantly higher (3.5-fold) from mice subjected to the IR compared with sham mice
(64.1 ± 37.1 and 18.5 ± 5.7 pg/mL for IR and sham, respectively; p < 0.05). Interestingly,
the AG administration (50 mg/kg) 30 min before IR protocol prevented the GFR down-
regulation (918.4 ± 79.0 µL/min/100 g body weight; p < 0.05) and avoided the NGAL
upregulation (16.8 ± 16.8 pg/mL; p < 0.05) induced by IR (Figure 1). The kidney morphol-
ogy was analyzed earlier (at 30 min of reperfusion) than 48 h of reperfusion. The data
revealed normal kidney morphology in the cortex and the medulla of the control animals
(sham group). Glomeruli and tubules had normal structures (Figure 1C). In contrast, acute
tubular necrosis (ATN) was present in the kidney in the IR group, characterized by loss of
the brush border, intratubular cellular detritus, loss of the nucleus, and vascular congestion
(Figure 1C, arrows). In contrast, no signal of ATN was observed in the kidneys from sham
and IR mice treated with AG. Altogether, these results suggested the renoprotective effect
of AG against ischemia and reperfusion injury.

In addition, inflammation is one of the most critical stages in renal injury after ischemia.
We investigated the mRNA expression of two pro-inflammatory cytokines (IL-1β and IL-6)
and two regulatory factors of inflammation (IL-10 and Foxp3). We did not find a significant
upregulation of IL-1β by IRI in the cortex or the medulla. However, we observed a
significant upregulation of IL-6 mRNA in the renal medulla (but not in the cortex) by IR
compared to the sham group. Besides, renal IR upregulated the Foxp3 mRNA expression
in the kidney cortex but not in the medulla (Figure 2C,D). In addition, the IL-10 mRNA was
not significantly upregulated by IR in the cortex or the medulla (Figure 2). Interestingly,
AG reduced IL-1β and IL-6 mRNA levels in the kidney medulla sections, preventing the
Foxp3 upregulation in the cortex. These data suggest that AG prevents the upregulation of
inflammatory elements observed during renal IRI.

Besides, clusterin (CLU) and klotho are two markers of kidney protection by renal IR.
We previously reported that CLU was increased in kidneys subjected to IRI, and it was
downregulated by l-NIL (a specific iNOS inhibitor) [18]. Here, we also showed that mRNA
levels of CLU were significantly increased in both cortex and medulla in the IRI animals
compared with sham. Remarkably, the AG administration decreased the upregulation of
CLU observed by IRI (Figure 3A,B). On another side, we studied the expression of klotho (a
renoprotective and anti-aging gene highly expressed in the kidney), and we did not observe
changes in the mRNA klotho expression in either cortex or medulla kidney sections by IRI
or AG.

Finally, we showed that Arg-2 and TGF-β1 mRNA levels were significantly increased
in the medulla in the IRI animals compared with sham. In the cortex, we observed similar
results, but it was not statistically significant. Remarkably, the AG administration decreased
the upregulation of Arg-2 and TGF-β1 observed by IRI (Figure 4).
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Figure 1. AG prevented the kidney damage induced by renal IRI. BALB/c mice were treated with either vehicle or AG
(50 mg/kg i.p) before sham or ischemia-reperfusion (IR) surgery and subjected to 30 min of ischemia and 48 h of reperfusion.
(A) GFR (µL/min/100 g body weight) was determined in sham (n = 5), IR (n = 6), AG-sham (n = 5), and AG-IR (n = 6).
(B) Neutrophil gelatinase-associated lipocalin (NGAL) was measured by ELISA in blood samples in sham (n = 9), IR (n = 6),
AG-sham (n = 5), and AG-IR (n = 6). The bar graphs represent mean ± SEM, and the data were analyzed using ANOVA and
non-parametric Kruskal–Wallis test. * p < 0.05 and ** p < 0.005. (C) Histological analysis: representative hematoxylin/eosin
(H/E) staining of the cortex and the medulla kidney sections. Yellow arrows indicate areas with evident kidney acute
tubular necrosis (ATN) characterized by loss of nucleus in tubules or intratubular cellular detritus. Three kidneys for each
protocol were analyzed. Representative images correspond to 400X scale bar = 50 µm.
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Figure 2. AG inhibited the IL-1β, IL-6, Foxp3, and IL-10 mRNA upregulation observed during IR.
BALB/c mice were treated with either vehicle or AG (50 mg/kg i.p) before sham or subjected to
30 min of ischemia and 48 h of reperfusion (IR). Cytokine expression was determined by qPCR in
sham (n = 5), IR (n = 5), AG-sham (n = 6), and AG-IR (n = 6). (A) IL-1β mRNA in the cortex. (B) IL-1β
mRNA in the medulla. (C) IL-6 mRNA in the cortex. (D) IL-6 mRNA in the medulla. (E) Foxp3
mRNA in the cortex. (F) Foxp3 mRNA in the medulla. (G) IL-10 mRNA in the cortex. (H) IL-10
mRNA in the medulla. The bar graphs represent mean ± SEM, and the data were analyzed using
ANOVA and non-parametric Kruskal–Wallis test. * p < 0.05.
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Figure 3. AG inhibited the upregulation of clusterin mRNA observed during IR, but not for klotho.
BALB/c mice were treated with either vehicle or AG (50 mg/kg i.p) before sham or subjected to
30 min of ischemia and 48 h of reperfusion (IR). The clusterin and the klotho mRNA expressions were
determined by qPCR in sham (n = 5), IR (n = 5), AG-sham (n = 6), and AG-IR (n = 6). (A) Clusterin
mRNA in the cortex. (B) Clusterin mRNA in the medulla. (C) Klotho mRNA in the cortex (D) Klotho
mRNA in the medulla. The bar graphs represent mean ± SEM, and the data were analyzed using
ANOVA and non-parametric Kruskal–Wallis test. * p < 0.05, ** p < 0.005.

Figure 4. AG inhibited the upregulation of Arg-2 and TGF-β1 mRNA observed during IR. BALB/c
mice were treated with either vehicle or AG (50 mg/kg i.p) before sham or subjected to 30 min of
ischemia and 48 h of reperfusion (IR). The Arg-2 and the TGF-β1 mRNA expressions were determined
by qPCR in sham (n = 5), IR (n = 5), AG-sham (n = 6), and AG-IR (n = 6). (A) Arg-2 mRNA in the
cortex. (B) Arg-2 mRNA in the medulla. (C) TGF-β1 mRNA in the cortex (D) TGF-β1 mRNA in the
medulla. The bar graphs represent mean ± SEM, and the data were analyzed using ANOVA and
Kruskal–Wallis test. * p < 0.05, ** p < 0.005.
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3.2. AG Prevented Oxidative Stress

We selected a panel of oxidative stress markers according to our previous publica-
tion [18]. We studied the oxidative stress in the whole kidney, assaying the GSH-to-GSSG
ratio as a measure of the soluble antioxidant status (Figure 5A), the glutathione S-transferase
(GST) activity as an antioxidant mechanism (Figure 5B), and the TBARS as a readout for
lipid peroxidation (Figure 5C). Mice exposed to renal IR had 3.8-fold reduced levels of
GSH:GSSG ratio compared to the sham group (15.5 ± 4 and 57.3 ± 1 for IR and sham,
respectively; p < 0.05. Figure 5A). Besides, the GST activity was deeply downregulated
by renal IR (4.0 ± 0.5 and 79.9 ± 12.5 µmol/min/g tissue for IR and sham, respectively;
p < 0.05. Figure 5B). In consequence, the renal lipid peroxidation increased by renal
IR (345.3 ± 15 and 175.8 ± 1.7 nmol/g-tissue for IR and sham, respectively; p < 0.05.
Figure 5C). Noteworthy, AG treatment before renal IR increased the GSH:GSSG (33.4 ± 3.5
for AG-IR) ratio, recovered the GST activity (63.1 ± 3.0 µmol/min/g tissue for AG-IR), and
reduced the oxidative damage (TBARS: 180.3 ± 3.8 nmol/g tissue for AG-IR) levels. All
these data suggested that AG prevented oxidative stress in kidneys exposed to IRI.

Figure 5. AG ameliorated the oxidative stress induced by renal IR. BALB/c mice were treated with either vehicle or AG
(50 mg/kg i.p) before sham or IR surgery and subjected to 30 min of ischemia and 48 h of reperfusion. GSH:GSSG ratio,
GST activity, and TBARS (lipoperoxidation) were determined in whole kidneys in sham (n = 5), IR (n = 5), and AG-IR (n = 6)
(A) GSH:GSSG ratio. (B) Glutathione S-transferase (GST) activity. (C) Thiobarbituric acid reactive substances (TBARS)
levels. Bar graph represents mean ± SEM, and data were analyzed by ANOVA non-parametric Kruskal–Wallis analysis,
* p < 0.05, ** p < 0.005, *** p < 0.0005.

3.3. Molecular Sensors of AG Antioxidant Effect

During renal IRI, the iNOS activity induces oxidative stress [42–44], and Hsp27 pre-
vents it [45,46]. Here, we observed an upregulation of iNOS mRNA by renal IR in the
cortex and the medulla (Figure 6A,B). Noteworthy, AG significantly prevented the upregu-
lation of iNOS by renal IR. On the other hand, Hsp27 protein expression was significantly
upregulated by IR in the cortex kidney, and AG avoided its expression. These data sug-
gested that the antioxidant effect of AG prevented the upregulation of iNOS and Hsp27
(Figure 6C,D) involved in the oxidant response in the kidney by IRI.

3.4. Effect of AG on Endothelial Markers Expression

To examine the mechanisms involved in the protection induced by AG treatment
against IRI, we studied the mRNA expression of endothelial markers VE-cadherin and
PECAM-1 (platelet/endothelial cell adhesion molecule 1 or CD31) [32]. The results demon-
strated that VE-cadherin mRNAs were significantly upregulated in the renal medulla in
mice subjected to 48 h of reperfusion. The PECAM mRNA also increased, but it was not sta-
tistically significant. The administration of AG before IR significantly reduced VE-cadherin
and PECAM mRNA (Figure 7). The findings suggested that AG prevented the endothelial
dysfunction induced by IRI, most likely through its antioxidant effects.
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Figure 6. AG inhibited upregulation of iNOS and Hsp27 observed during IR. BALB/c mice were
treated with AG (50 mg/kg i.p.) before sham or subjected to 30 min of ischemia and 48 h of
reperfusion (IR). The iNOS mRNA expression was determined by qPCR and Hsp27 protein by
Western blot in sham (n = 5), IR (n = 5), AG-sham (n = 6), and AG-IR (n = 6). (A) INOS mRNA in the
cortex. (B) INOS mRNA in the medulla. (C) Hsp27 protein in the cortex. (D) Hsp27 protein in the
medulla. The bar graph represents mean ± SEM, and the data were analyzed by using ANOVA and
non-parametric Kruskal–Wallis test. * p < 0.05.

Figure 7. AG prevented VE-cadherin and PECAM upregulation induced by IR. BALB/c mice were
treated with either vehicle or AG (50 mg/kg i.p) before sham or subjected to 30 min of ischemia
and 48 h of reperfusion. VE-cadherin and PECAM-1 expressions were determined by qPCR in
sham (n = 5), IR (n = 5), AG-sham (n = 6), and AG-IR (n = 6). (A) VE-cadherin mRNA in the cortex.
(B) VE-cadherin mRNA in the medulla. (C) PECAM-1 mRNA in the cortex. (D) PECAM-1 mRNA in
the medulla. The bar graph represents mean ± SEM using ANOVA non-parametric Kruskal–Wallis
test. * p < 0.05, ** p < 0.005.
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3.5. Effect of AG on Mesenchymal Markers Expression: Vimentin, Fascin, and Hsp47

Vimentin is an intermediate filament used as a marker for the state of differentiation
and is expressed in kidney mesenchymal cells but not in tubular epithelial cells. On the
other hand, fascin-1 is an actin-bundling protein involved in cell migration and expressed in
the mesenchymal phenotype. The Hsp47 is a pro-fibrotic protein required for procollagen
biosynthesis and is also suggested to be increased by mesenchymal phenotype. The mRNA
expressions of vimentin, fascin, and Hsp47 were upregulated in the cortex and the medulla
kidney in mice subjected to IR (Figure 8). Notably, AG treatment significantly prevented
vimentin, fascin, and Hsp47 upregulation observed by IR in both kidney sections. These
data suggested that the antioxidant effect of aminoguanidine prevented the expression of
mesenchymal transition markers in the kidney induced by IRI.

Figure 8. AG inhibited vimentin, fascin, and Hsp47 mRNA upregulation during IR. BALB/c mice
were treated with either vehicle or AG (50 mg/kg i.p) before sham or subjected to 30 min of ischemia
and 48 h of reperfusion (IR). Vimentin, fascin, and Hsp47 mRNA expression were determined by
qPCR in sham (n = 5), IR (n = 5), AG-sham (n = 6), and AG-IR (n = 6). (A) Vimentin mRNA in
the cortex. (B) Vimentin mRNA in the medulla (C) Fascin mRNA in the cortex. (D) Fascin mRNA
in the medulla. (E) Hsp47 mRNA in the cortex. (F) Hsp47 mRNA in the medulla. The bar graph
represents mean ± SEM, and the data were analyzed using ANOVA non-parametric Kruskal–Wallis
test. * p < 0.05, ** p < 0.005.
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4. Discussion

We found an antioxidant effect of AG in the murine model of ischemic (30 min) and
reperfusion (48 h) injury. The major findings of this study are: (1) the AG pretreatment
recovered GSH levels and GST activity in the kidney during renal IRI, therefore reducing
the lipoperoxidation levels in the whole kidney. (2) The upregulation of iNOS (cortex
and medulla) and Hsp27 (cortex) by IRI was prevented by AG pretreatment. (3) The
upregulation of clusterin, Arg-2, and TGF-β1 by IRI was also prevented by AG. (4) The
kidney damage biomarkers (GFR, NGAL, and histology) observed by IRI were prevented
by AG. (5) AG inhibited IL-1β, IL-6, and Foxp3 mRNA upregulation induced by IRI. (6) The
AG prevented the endothelial dysfunction (VE-cadherin and PECAM) and the upregulation
of mesenchymal transition markers (vimentin, fascin1, and Hsp47) observed by IRI.

4.1. Antioxidant Effect of AG and Prosurvival Genes

In the kidney, after injury, NADPH oxidase, mitochondria, and inducible nitric oxide
synthase are the primary sources of oxidative stress [14,15]. The glutathione S-transferase
(GST) is an isozyme whose primary function is to detoxify and neutralize a wide variety
of electrophilic molecules by mediating their conjugation with reduced glutathione [47].
Low levels of GST increase the presence of oxidative stress and reduce the GSH:GSSG ratio,
therefore increasing levels of lipoperoxidation. We previously described the downregula-
tion of GST activity by renal IRI in mice [18]. Our results indicated that the administration
of AG before renal IR increased the levels of the GSH, recovered the GST activity, and
reduced oxidative damage. To our knowledge, this is the first report showing that, during
renal IRI in mice, AG recovered GSH levels and GST activity, reducing the lipoperoxidation.

A high level of oxidative stress can lead to the induction of different pro-survival
signals. Here, we showed increased oxidative stress and upregulation of Hsp27 only in
the cortex during IRI. During oxidative stress, Hsp27 functions as an antioxidant in cells,
lowering ROS levels by reducing intracellular iron levels and raising intracellular levels of
reduced glutathione [48]. Hsp27 confers cytoprotection from ischemia [49] by stabilizing
the actin cytoskeleton, displaying an anti-apoptotic function, reducing ATP depletion, and
inhibiting the reactive oxygen species [50]. The antioxidant effect of Hsp27 was described in
the heart and the brain [51], and, together with the A1 adenosine receptor (AR), it works as
a renal protector against IRI [52]. Therefore, the present data showed that AG inhibited the
upregulation of Hsp27 during renal IRI, which could be a consequence of the antioxidant
effect of this compound.

Clusterin (CLU) is an extremely sensitive biosensor to exogenous or endogenous
stress, particularly free radicals and their derivatives. Several studies demonstrated that
CLU has a cytoprotective role against the deleterious effects of oxidants, working as an
antioxidant protein [53]. Recently, it was observed that glomerular CLU is upregulated in
diabetic nephropathy and may have a protective effect against oxidative stress-induced
apoptosis in podocytes [54]. Induction of CLU during IRI was proposed as a survival
function in response to high levels of oxidative stress through a mechanism involved
in survival autophagy [55]. In addition, autophagy protects renal tubular cells against
ischemia [56]. The prevention of Hsp47, Arg-2, and TGF-β1 mRNA levels upregulation
by the AG treatment suggested inhibition of the kidney injury process associated with the
development of fibrosis. The present work provided the first evidence that AG inhibits
CLU, Arg-2, TGF-β1, and Hsp27 upregulation by IRI (Figures 3, 4 and 6, respectively),
suggesting that the antioxidant effect of AG alleviates the injury induced by IR.

4.2. Antioxidant Effect of AG and Endothelial Injury

During renal IRI, endothelial damage is observed. Previously, it was described that,
in a murine model of IRI, the renal VE-cadherin mRNA levels were downregulated in
the first hour of reperfusion. However, after 24 h of reperfusion, the VE-cadherin mRNA
levels were significantly upregulated compared to the sham group as a compensatory
effect [57]. We found that VE-cadherin and PECAM-1 mRNA were upregulated after 48 h
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of reperfusion compared with the sham group. Remarkably, the antioxidant effect of AG
prevented this phenomenon. Interestingly, PECAM could result in the transmission of
a pro-survival signal suppressing the mitochondria-dependent Bax-mediated intrinsic
apoptotic pathway or inhibiting cytochrome c release from mitochondria [58]. These data
suggested that the antioxidant effect of AG had a protective effect on renal endothelium
during IRI.

Additionally, we noted upregulation of vimentin, fascin, and Hsp47 after IRI. Pre-
viously, Xu-Dubois et al. demonstrated increased expression of these markers in early
posttransplant biopsies, associated with poor renal graft recovery and/or late graft dys-
function and endothelium injury [36]. Therefore, our data suggested that AG could have a
renoprotective effect during kidney transplants, reducing endothelium dysfunction. Future
studies are needed to determine the role of AG during kidney transplantation.

4.3. AG and Oxidative Stress in the Kidney

The pathophysiology of renal IR is a complex process regulated by several intracel-
lular pathways, in which reactive oxygen and nitrogen species (ROS/RNS) appear to be
central mediators of detrimental effects. During the renal IR, the reperfusion phase results
in increased ROS production [12,15]. After the injury, the primary source of oxidative
stress in the kidney comes from NADPH oxidase, mitochondria, and inducible nitric oxide
synthase [14,15]. Overproduction of inflammatory mediators and ROS can lead to pertur-
bations of microcirculation and tissue oxygenation [59]. On another note, NO produced by
iNOS enhances oxidative stress and impairs renal function [60]. The NO combines with
the superoxide radical and forms the cytotoxic metabolite, peroxynitrite, which causes cell
membrane damage through protein nitration [61]. Thus, an increase in nitrotyrosine levels
in patients with acute kidney injury is associated with overall mortality [62]. Therefore,
ROS and NO can inhibit the compensatory changes in renal hemodynamics produced by
IR after renal ischemia, therefore decreasing tubular function [63,64]. Our animal model of
renal IRI produced elevated oxidative stress (inactivation of GST, increased GSSG levels,
and elevated lipid peroxidation), decreased the glomerular filtration rate, and increased
kidney damage (NGAL and clusterin). Noteworthy, the pretreatment of AG 30 min before
IRI reduced the oxidative stress, and the renoprotective effect was observed.

Besides ischemia, other pathophysiological mechanisms can contribute to kidney
damage, such as antibiotics aminoglycosides and chemotherapeutic agents. Data on the
role of AG in kidney toxicity have been limited to studies with rats. In a cyclophosphamide
(CP) induced nephrotoxicity model, AG protects the kidney from oxidative stress. The
CP administration (50 mg/kg body weight, i.p.) induced oxidative stress in the kidney by
increase of lipoperoxidation, protein oxidation, depletion of GSH, as well as loss of catalase,
glutathione peroxidase (GPx), myeloperoxidase (MPO), and GST. The pretreatment with
AG (200 mg/kg body weight, i.p. 1 h before CP administration) prevented CP-induced
oxidative stress, decreased lipoperoxidation, protein oxidation, GSH levels, and recovered
GPx catalase, GST, and MPO activities [65]. Another study explored the protective effect of
AG on nephrotoxicity induced by gentamicine (GEN). The GEN administration to control
group rats increased renal MDA and NO levels but decreased GPx, SOD, CAT activities,
and GSH content. The AG administration with GEN injection significantly decreased MDA
and NO generation and increased GPx, SOD, CAT activities, and GSH abundance [66].
Using a mice model of IR, our finding reproduced the antioxidant effect of AG observed by
cyclophosphamide and gentamicine oxidative stress in rats. In our case, we used a lower
dose of AG (50 mg/kg body weight, i.p), and we found that the antioxidant effect of AG
(recovered GSH, reduced lipoperoxidation, and increased GST activity) was associated
with inhibition of iNOS, Hsp27, endothelial activation (VE-cadherin and PECAM) and
mesenchymal markers (vimentin, fascin1, and Hsp47). Besides, we studied the mRNA
of two pro-inflammatory (IL-1β and IL-6) and two anti-inflammatories (Foxp3 and IL-10)
elements in the cortex and the medulla. After 48 h of reperfusion, we found significant
upregulation of Foxp3 mRNA in the cortex. On the other hand, IL-1b and IL-6 were
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upregulated by IR (48 h reperfusion) in the medulla but not the anti-inflammatory elements
(Foxp3 and IL-10). Remarkably, the pro-inflammation–anti-inflammatory equilibrium
was entirely abolished by AG. Finally, AG improved the glomerular filtration rate and
reduced the tubular epithelial damage (NGAL, clusterin, arg-2, and TFG-β1). Therefore,
the antioxidant properties of AG prevented acute kidney injury markers and improved
kidney function. Consequently, AG is a promising pharmacological compound to treat the
deleterious effect of acute renal ischemia and reperfusion injury.

5. Conclusions

The present study demonstrated the beneficial effect of AG on renal IRI through
the suppression of oxidative stress, iNOS, Hsp27, Arg-2, and TFG-β1. In addition, AG
prevented endothelium activation mesenchymal transition markers and inflammation
elements. Moreover, AG reduced kidney injury and improved kidney function. These
results may be of potential clinical relevance, and the protective effect of AG as a therapeutic
strategy may be of value in the future.
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Abstract: Intestinal ischemia-reperfusion injury (i-IRI) is a rare disorder with a high mortality rate,
resulting from the loss of blood flow to an intestinal segment. Most of the damage is triggered
by the restoration of flow and the arrival of cytokines and reactive oxygen species (ROS), among
others. Inactivation of these molecules before tissue reperfusion could reduce intestinal damage. The
aim of this work was to analyze the preventive effect of allopurinol and nitroindazole on intestinal
mucosal damage after i-IRI. Wag/RijHsd rats were subjected to i-IRI by clamping the superior
mesenteric artery (for 1 or 2 h) followed by a 30 min period of reperfusion. Histopathological
intestinal damage (HID) was assessed by microscopic examination of histological sections obtained
from injured intestine. HID was increased by almost 20% by doubling the ischemia time (from 1 to
2 h). Nitroindazole reduced HID in both the 1 and 2 h period of ischemia by approximately 30%
and 60%, respectively (p < 0.001). Our preliminary results demonstrate that nitroindazole has a
preventive/protective effect against tissue damage in the early stages of i-IRI. However, to better
understand the molecular mechanisms underlying this phenomenon, further studies are needed.

Keywords: antioxidant treatment; intestinal ischemia-reperfusion injury; allopurinol; nitroindazole;
animal model

1. Introduction

Intestinal ischemia-reperfusion injury (i-IRI) is an uncommon disorder that affects 0.09
to 0.2% of hospitalized patients. It involves decreased intestinal blood flow followed by a
local inflammatory response that leads to necrosis of the intestinal wall, and in the absence
of correct and quick management, may lead to patient death (the mortality rate is reported
to be as high as 90%). The acute onset results from an abrupt and spontaneous interruption
of intestinal blood flow due to occlusion of a venous or arterial vessel, or to non-occlusive
causes (NOMI). NOMI comprises approximately 20% of cases of intestinal ischemia, which
are commonly related to superior mesenteric artery (SMA) vasoconstriction or poor cardiac
performance that triggers hypoperfusion of the intestine [1–4].

This blood deprivation hinders the aerobic metabolism of enterocytes, compromis-
ing mitochondrial oxidative phosphorylation, forcing the cells to perform anaerobic
metabolism for energy production [5]. Moreover, the inhibition of the Na+/K+-ATPase
pump activity alters the transmembrane potential and the electrolyte balance of the intra-
and extracellular media, generating edema that is of special interest at the time of reper-
fusion [6]. In addition, the different intermediate active metabolites generated during
the different cellular reactions cannot be secreted into the systemic circulation for renal
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excretion, thus, they accumulate inside the cells and contribute to cell damage and death [5].
However, the greatest damage during i-IRI does not occur in the ischemia period, but
rather, during reperfusion of the ischemic tissue with the arrival of oxygen and the action
of cytokines, the complement system, reactive oxygen species (ROS), neutrophils and the
alteration of capillary permeability, which, in addition to promoting expansion to the rest
of the organism, leads to bacterial translocation [7].

Damage at the systemic level as a consequence of i-IRI is mainly mediated by toxic
metabolites produced during the ischemia period and the affinity and high reactivity of ROS
for other tissues. These toxic metabolites generate an imbalance between the intracellular
and extracellular environment, which triggers fluid sequestration at the extracellular level,
the creation of a third-space and a decrease in effective circulating volume. This manifests
clinically as hypotension, shock, or even systemic inflammatory response syndrome (SIRS),
and multiple organ dysfunction syndrome (MODS), which also perpetuates the low cardiac
output situation [8] (Figure 1).

Antioxidants 2021, 10, x FOR PEER REVIEW 2 of 12 
 

[6]. In addition, the different intermediate active metabolites generated during the differ-
ent cellular reactions cannot be secreted into the systemic circulation for renal excretion, 
thus, they accumulate inside the cells and contribute to cell damage and death [5]. How-
ever, the greatest damage during i-IRI does not occur in the ischemia period, but rather, 
during reperfusion of the ischemic tissue with the arrival of oxygen and the action of cy-
tokines, the complement system, reactive oxygen species (ROS), neutrophils and the al-
teration of capillary permeability, which, in addition to promoting expansion to the rest 
of the organism, leads to bacterial translocation [7]. 

Damage at the systemic level as a consequence of i-IRI is mainly mediated by toxic 
metabolites produced during the ischemia period and the affinity and high reactivity of 
ROS for other tissues. These toxic metabolites generate an imbalance between the intra-
cellular and extracellular environment, which triggers fluid sequestration at the extracel-
lular level, the creation of a third-space and a decrease in effective circulating volume. 
This manifests clinically as hypotension, shock, or even systemic inflammatory response 
syndrome (SIRS), and multiple organ dysfunction syndrome (MODS), which also perpet-
uates the low cardiac output situation [8] (Figure 1). 

 
Figure 1. Pathophysiology of mesenteric ischemia reperfusion syndrome (i-IRI). cAMP (cyclic adeno-
sine monophosphate), PMNC (polymorphonuclear cells), ROS (reactive oxygen species). The up-
ward pointing arrow (↑) signifies increase, and The downward pointing arrow (↓) signifies decrease. 

The therapeutic management of NOMI-related i-IRI must be individualized, based 
on the underlying precipitating cause. The main therapeutic approaches include fluid re-
suscitation, optimization of cardiac output, and elimination of vasopressors; furthermore, 
vasodilators or antispasmodics may also be used. In those patients in whom ischemia has 
resulted in severe infarction of an intestinal segment, surgical resection of the affected 
portion is necessary; however, when this resection involves an important segment of in-
testine, it can trigger short bowel syndrome [4]. 

These approaches are mainly aimed at restoring intestinal flow as soon as possible 
[3]. However, another interesting and complementary approach is the management of ox-
idative stress damage by decreasing/inhibiting the action of the ROS. Xanthine oxidase 
(XO) and nitric oxide synthase (NOS) play a key role in ROS production. There are com-
pounds such as allopurinol, which is used in the management of chronic gout that inhibit 
XO, preventing the generation of ROS by this pathway. The prophylactically administra-
tion of this compound in animal models or in clinical trials of cardiac, hepatic or renal 
ischemia-reperfusion injury (IRI) has demonstrated its protective effect, acting at the level 
of vascular permeability, polymorphonuclear cells infiltration, bacterial translocation, 
chemokine signaling, motility and mortality derived from this situation [9–14]. On the 
other hand, nitroindazole, a compound of the imidazole and indazole family, inhibits the 
neuronal nitric oxide synthase isoform (nNOS), which induces a decrease in nitric oxide 
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The therapeutic management of NOMI-related i-IRI must be individualized, based
on the underlying precipitating cause. The main therapeutic approaches include fluid
resuscitation, optimization of cardiac output, and elimination of vasopressors; furthermore,
vasodilators or antispasmodics may also be used. In those patients in whom ischemia
has resulted in severe infarction of an intestinal segment, surgical resection of the affected
portion is necessary; however, when this resection involves an important segment of
intestine, it can trigger short bowel syndrome [4].

These approaches are mainly aimed at restoring intestinal flow as soon as possible [3].
However, another interesting and complementary approach is the management of oxidative
stress damage by decreasing/inhibiting the action of the ROS. Xanthine oxidase (XO) and
nitric oxide synthase (NOS) play a key role in ROS production. There are compounds
such as allopurinol, which is used in the management of chronic gout that inhibit XO,
preventing the generation of ROS by this pathway. The prophylactically administration of
this compound in animal models or in clinical trials of cardiac, hepatic or renal ischemia-
reperfusion injury (IRI) has demonstrated its protective effect, acting at the level of vascular
permeability, polymorphonuclear cells infiltration, bacterial translocation, chemokine
signaling, motility and mortality derived from this situation [9–14]. On the other hand,
nitroindazole, a compound of the imidazole and indazole family, inhibits the neuronal
nitric oxide synthase isoform (nNOS), which induces a decrease in nitric oxide (NO)
synthesis during the early stages of reperfusion with no alterations observed during the
period of ischemia or late reperfusion [15,16]. Moreover, it has been shown that this

62



Antioxidants 2021, 10, 853

molecule contributes to protein degradation and cell damage during IRI [17]. Therefore,
it is expected that blocking or decreasing the activity of XO and NOS could prevent or
minimize reperfusion-associated damage in the organism as a whole.

This study analyzes the individualized effect of the prophylactic administration of
these two compounds, due to their recognized antioxidant capacity, as therapeutic tools for
the treatment of i-IRI by analyzing the response at the anatomopathological level.

2. Materials and Methods

All procedures were carried out in accordance with current legislation and were ap-
proved by the Animal Experimentation Ethics Committee (CEEA) (reference M20/2019/207)
and the Biological Agents Research Ethics Committee (CEIAB) of the University of The
Basque Country (reference M30/2019/208).

Sixty male 3-months-old WAG/RijHsd rats were induced to develop i-IRI following a
1 or 2 h period of ischemia and 30 min of reperfusion, and were randomized into 10 groups
(Table 1). The animals were maintained in 12 h light/dark cycles with food and water ad
libitum. Another 6 animals were used as a control.

Table 1. Experimental groups.

Group Ischemia Reperfusion Treatment N◦ of Animals

0 no no no 6

1

1 h 30′

no 6
2 Saline 6
3 ClinOleic® 20% 1 6
4 Allopurinol 6
5 Nitroindazole 6

6

2 h 30′

no 6
7 Saline 6
8 ClinOleic® 20% 1 6
9 Allopurinol 6
10 Nitroindazole 6

1 ClinOleic® 20% (Baxter S.L., Valencia, Spain).

2.1. Surgical Procedure

Under isoflurane anesthesia (1.5%), a middle laparotomy was performed to locate
the SMA (Figure 2a). Briefly, part of the small intestine was pulled out over moistened
gauze and the superior mesenteric artery was dissected, and then clamped with a Yasargil
microvascular clamp (Figure 2b). Once the absence of arterial pulse in the mesenteric
region was observed, the bowel was reintroduced and the abdominal muscles were sutured
with a running suture and the skin was sutured with single stitches. Prior to the animal’s
recovery, a single dose of meloxicam (2 mg/kg, sc) was administered.

When the ischemia period was over (1 or 2 h), the animals were re-anesthetized, the
laparotomy was reopened, and the Yasargil clip was removed. The wound was closed as
previously described and 30 min of reperfusion time was allowed.

2.2. Experimental Treatment

Either vehicle (saline or ClinOleic® 20% (Baxter S.L., Valencia, Spain)) or experimental
drug treatment were administered through the femoral vein 30 min before the end of the
ischemia period. Allopurinol (50 mg/kg) was suspended in saline, and nitroindazole
(10 mg/kg) in absolute ethanol and then dissolved in ClinOleic®, at a ratio of 1:7.
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For this purpose, under 1.5% isoflurane anesthesia, an incision was made in the skin
of the inguinal area and the femoral vein was exposed, and the corresponding vehicle or
drug was administered using a 27G needle, in accordance with the experimental group
(Table 1). To avoid bleeding at the puncture site, direct hemostasis was performed for 1 to
2 min, using a cotton swab. Then, the incision was closed with single stitches.

2.3. Tissue Sample Collection and Histological Examination

At the end of the reperfusion period, the animals were anesthetized and 6 cm of
terminal ileum (measured from the ileocecal valve) was removed and immersed in tem-
pered saline to gently wash the specimen. Then, the piece was fixed to a plastic guide to
keep it stretched and immersed for 24 h in 4% formaldehyde. Each piece of intestine was
transversely split into 4 fragments (each 1 cm long), which were embedded in the same
paraffin mold. Three paraffin-embedded slices (5 µm) were obtained from each intestine
sample (12 sections of intestine from each animal) and stained with hematoxylin/eosin.

The histological injury degree (HID) score was assigned according to the scale sum-
marized in Table 2 (adapted from Chiu et al. [18]). Four quadrants were defined in each
histological section and the HID was assigned to each of them. Subsequently, the HID of
each section was calculated by summing the index assigned to each quadrant. The HID of
each animal was calculated as the mean of the 12 analyzed sections.

Table 2. Criteria to assess the corresponding histological injury degree (HID), according to Chiu et al. [18].

Grade Description

0 Normal mucosal villi; no histological changes

1
Epithelium of the villi is almost fully preserved; development of

Gruenhagen’s subepithelial spaces (normally located in the apex);
capillary congestion

2 Extension of the subepithelial spaces with moderate lifting of the epithelial layer
of the lamina propria

3 Preserved villous structure with almost complete loss of epithelium
(preservation > 50%); presence of intraluminal hemorrhage.

4 Destructuring of the villi, mostly denuded (preservation < 50%)
5 Loss of villi, disintegration of the lamina propria; hemorrhage and ulceration
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2.4. Statistical Analyses

All analyses were performed with the GraphPad Prism 6 (GraphPad Software, San
Diego, CA, USA), and the minimum significance level was set as p < 0.05. The quantitative
variables described in this piece of work were represented by the mean and standard devi-
ation. Statistical treatment of the data was performed by analysis of variance (ANOVA).
Additionally, once the significant differences between the groups were demonstrated, com-
parisons of the different groups were performed using Tukey’s multiple comparison test.

3. Results

The surgical model used to emulate i-IRI induced the development of i-IRI in 100% of
the animals, without resulting in the death of any animal. Overall, the procedure was well
tolerated.

Histological samples obtained from animals subjected to 1 and 2 h of ischemia showed
high intestinal mucosal damage. After 1 h of ischemia and 30 min of reperfusion there
was major destruction of the villi (Figure 3a) with the accumulation of inflammatory cells
and wide Gruenhagen’s spaces in those villi that had preserved their structure. When
doubling the ischemia period (Figure 3d), the damage was more pronounced with the
complete loss of the villus structure and fragments of detached villi appearing in the lumen
of the intestine. In addition, intraluminal hemorrhage was evidenced by the presence of
erythrocytes in the intestinal lumen.

Allopurinol treatment of those animals that underwent 1 h of ischemia resulted in a
slight reduction in tissue damage (Figure 3b). Nonetheless, there were evident signs of
mucosal injury, such as inflammation (edema of the lamina propria and submucosal layers
and presence of inflammatory cells), erythrocyte extravasation and loss of epithelial goblet
cells. In the case of 2 h of ischemia (Figure 3e), treatment with allopurinol also resulted in a
less severe tissue damage compared to the untreated animals, although extensive epithelial
lifting, inflammatory cells presence and edema were still evident.

When nitroindazole treatment was applied, we found a striking improvement in the
histological structure of the intestines subjected to ischemia. Thus, after 1 h of ischemia, the
structure of intestinal mucosa was almost totally preserved, and the only significant change
was the presence of small Gruenhagen’s spaces located at the tip of some villi (Figure 3c).
However, nitroindazole was not as effective when administered to animals in which the
arterial blood flow of the intestine was occluded for 2 h (Figure 3f). Even though the structure
of the villi was better preserved than in the non-treated animals, almost complete loss of the
epithelium at the tip of some villi was observed. In addition, evident signs of erythrocyte
starvation and inflammatory cell infiltration were found.

Regarding HID (Figure 4), we observed that the degree of injury after 1 h of ischemia
was 15 times higher than that of the control (not subjected to ischemia), 1.06 ± 0.65
vs. 16.3 ± 0.96, respectively (p < 0.001). When the ischemia time was doubled to 2 h,
although HID did not increase in the same order of magnitude, it was significantly higher
(19.10 ± 0.77; p < 0.001) than that observed after 1 h. Regarding the vehicles used for the
drugs (saline and ClinOleic®), neither of them modified the HID (p < 0.05; Table 2).
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Treatment with allopurinol did not have a beneficial effect on the histological damage
induced by 1 h or 2 h of ischemia (15.3 ± 1.64 and 17.49 ± 1.86, respectively; p > 0.05).
Nevertheless, treatment with nitroindazole did substantially modify the HID observed
in the intestinal mucosa. Following 1 h ischemia, HID was reduced by more than half
in animals treated with 10 mg/kg nitroindazole (16.3 ± 0.96 vs. 6.3 ± 1.4, p > 0.001). In
animals subjected to 2 h of ischemia, nitroindazole also induced a significant reduction in
HID, however the reduction observed was smaller, decreasing by 1.5-fold (19.10 ± 0.77 vs.
12.69 ± 1.52; p < 0.001) (Figure 4 and Table 3).

Table 3. Histological injury degree (HID) following a period of ischemia of 1 or 2 h and 30 min of
reperfusion in control- or treated-animals (vehicles, allopurinol or nitroindazole). The statistical
significance shown corresponds to the HID of non-treated animals subjected to i-IRI.

Group Control Saline Allopurinol ClinOleic® Nitroindazole

Ischemia 1 h 16.3 ± 0.96 15.2 ± 1.91
ns 1

15.3 ± 1.64
ns 1

14.4 ± 0.98
ns 1

6.3 ± 1.4
p < 0.001

Ischemia 2 h 19.10 ± 0.77 18.1 ± 0.9
ns 1

17.49 ± 1.86
ns 1

17.9 ± 0.67
ns 1

12.69 ± 1.52
p < 0.001

1 ns: not significant (p > 0.05).

4. Discussion

The effectiveness of antioxidant treatments on IRI has been demonstrated by a large
number of previous studies [19–24]. Our results are in accordance with this and show that
nitroindazole reduces intestinal mucosal damage after i-IRI. SMA clamping is a simple,
reproducible procedure with low mortality that allows the simulation of i-IRI for a low
output situation (NOMI). In our study, 100% of the animals survived, and we were always
able to induce comparable intestinal damage.

We analyzed the relationship between ischemia time and HID, and in contrast to the
study by Da Costa et al. [25] where no direct proportionality between both factors was
observed, our study shows a significant increase in intestinal mucosal damage as the period
of blood flow deprivation increases. These different results could be explained by the type
of ischemia induction model that was used; our model recreates a low flow condition when

67



Antioxidants 2021, 10, 853

the SMA is clamped, which allows minimal flow because the collateral circulation remains
intact. However, in the previously cited model of Da Costa, the aorta is clamped prior
to the birth of the renal arteries; in the absence of collateral supply, such a lot of damage
occurs in the first minutes of ischemia that it does not change significantly when this period
is increased.

As for the relationship between HID and reperfusion time, some studies have shown
that the greatest damage, from a biochemical point of view, occurs in the first moments of
reperfusion (even in the first 15 min) when those molecules involved in the pathophysiology
of i-IRI reach the area deprived of blood flow [24,26–28]. In addition, Clark et al. [11] have
shown that two 15 min periods of ischemia are more harmful than a period of half an hour.
This is explained by the fact that there is a physiological adaptation to time-limited and
not very long periods of oxidative stress, which endogenous defense mechanisms are able
to cope with [29]. However, if the damage is too severe and prolonged over time, this
endogenous system loses its capacity to cope with the oxidative agents [30].

The analysis of the effect of the antioxidant agents tested in this piece of work shows
that the prophylactic use of allopurinol during the ischemia period does not achieve a
statistically significant reduction in local intestinal damage, regardless of the ischemia time.
The literature reviewed showed that several authors have reported results in agreement
with those described here. They conclude that when allopurinol is administered, the
effect on the prevention of IRI is only significant in those cases in which this treatment
is associated with ischemic postconditioning, that is, periods of arterial reocclusion of
a few minutes duration applied at the beginning of tissue reperfusion and which have
shown a decrease in the damage associated with ROS [31,32]. In contrast, there are also
studies in which its oral administration prior to ischemia instauration does demonstrate an
antioxidant effect, as evidenced by a reduction in HID and a decrease in the production of
oxidative stress markers such as malondialdehyde (MDA) [33]. Other studies performed
in a renal IRI mode have shown the beneficial effect of XO inhibition [34–38]. After
prophylactic administration of allopurinol, a decrease of up to 75% in the damage was
noticed, both biochemical and anatomopathological. In addition to renal IRI models, in
studies of this syndrome in upper limbs, allopurinol demonstrated an increase of up to
70% in muscle viability after 6 h of reperfusion [39]. In any case, the pathophysiological
mechanism of XO-mediated damage found in rodents and felines, but absent in humans,
casts doubt on the already questionable beneficial effect of allopurinol in the management
of i-IRI [7].

Regarding the use of nitroindazole in reperfusion injury, most studies have been
performed in experimental models of cerebral ischemia. It has been shown that various
markers of damage due to oxidative stress, such as MDA, glutathione (GSH) or lipid
peroxidation, are greatly reduced with nitroindazole, and reached levels close to those
of control groups [27,40,41]. It has been proposed that the prophylactic effect of this
compound involves more than its action as an NOS inhibitor, since it is also involved in
other enzymatic pathways. Hirabayashi et al. aimed to study the effect of nitroindazole
administration on the role of nNOS, in the early phase of cerebral ischemia-reperfusion
in mice [42]. Following a 2 h ischemia period and 30 min of reperfusion, they found that
nitrotyrosine (NO2-Tyr) formation, a well-known marker for NO-related cytotoxicity, was
reduced by 45% and 100% after 25 mg/kg or 50 mg/kg of nitroindazole, respectively.
These findings are in accordance to those previously reported by Sorrenti et al. [43] and
Liu [44], where nitroindazole increased c-fos mRNA levels, which is related to the recovery
of cellular function after cerebral injury. In a murine model of retinal IRI, San Cristobal et al.
also reported that prophylactic administration of nitroindazole (10 mg/k) reduced retinal
histological damage, the effect being nearly as strong as that achieved by folic acid [45].

It has been proven that the solvent used in the preparation of the nitroindazole
solution, ClinOleic® modulates excessive inflammatory reactions [46]. However, in our
study we did not found any significant effect in those animals that received ClinOleic®

as a transporter for nitroindazole. This emulsion contains 80% refined olive oil and 20%
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refined soybean oil, and is rich in a large variety of monounsaturated fatty acids (MUFAs)
(up to 65%), mainly in the form of oleic acid (C18:1n-9) (found in the olive oil), and lower
amounts of polyunsaturated fatty acids (PUFAs) (20%) and triglycerides [47]. According to
the United States Food and Drug Administration (FDA), the total amount of both refined
olive and soybean oil in ClinOleic® is around 200 g/L [48].

Huang et al. [46] have reported the protective effect of ClinOleic®, by decreasing the
intensity of the cytokine storm and apoptosis in an acute lung injury model. These results
may seem opposed to those found in our work, however, we must take into account that
in their study ClinOleic doses of 6 g/kg/day were administered for 7 consecutive days
before the induction of lung damage (total dosage over 10 mL), while we administered a
single dose of 0.43 mL of ClinOleic®.

Furthermore, the concentration of the antioxidants included in ClinOleic® are quite
different from those used in therapeutic studies. For example, Farías et al. [49] used
225 g rats that received daily doses of 135 mg of PUFAs over 8 weeks, while our animals
received just one dose of 13.76 mg of PUFAs. A similar disparity can be observed with the
experiments of Sukhotnik et al. [50].

ClinOleic® also has tiny quantities of α-tocopherol, an active isomer of vitamin E
with high antioxidant capacity [47]. Its presence could explain the better results obtained
in animals treated with nitroindazole since it acts at different levels and in a synergistic
manner. However, the total amount of α-tocopherol administered to each animal was below
0.04 mg/kg. This amount is more than 500 times lower than the dose of this compound
administered when used for therapeutic purposes [51–53], so the effect of the α-tocopherol
contained in ClinOleic® would be minimal. In any case, no benefit was observed when
it was administered alone, without nitroindazole. Moreover, when α-tocopherol was
tested in several models of IRI, it was shown that it has an enhancing effect over other
treatments, such as allopurinol [54], vitamin C [28], or ischemic preconditioning [55].
However, Catilayan et al. [19] studied its isolated effect on i-IRI and found no statistically
significant differences compared to the non-treated groups.

5. Conclusions

In our i-IRI experimental setting, we observed that the duration of the ischemia period
has a directly proportional effect on intestinal mucosa damage. The use of allopurinol
achieved a discrete but not significant reduction in intestinal damage, ruling out its applica-
bility in this model of i-IRI. On the other hand, nitroindazole administered prophylactically
during ischemia significantly reduced the histological injury, with its effect being more
striking when ischemia was limited to 1 h.
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Abstract: Thyroid diseases, including neoplasms, autoimmune diseases and thyroid dysfunctions,
are becoming a serious social problem with rapidly increasing prevalence. The latter is increasingly
linked to oxidative stress. There are many methods for determining the biomarkers of oxidative stress,
making it possible to evaluate the oxidative profile in patients with thyroid diseases compared to the
healthy population. This opens up a new perspective for investigating the role of elevated parameters
of oxidative stress and damage in people with thyroid diseases, especially of neoplastic nature. An
imbalance between oxidants and antioxidants is observed at different stages and in different types of
thyroid diseases. The organ, which is part of the endocrine system, uses free radicals (reactive oxygen
species, ROS) to produce hormones. Thyroid cells release enzymes that catalyse ROS generation;
therefore, a key role is played by the internal defence system and non-enzymatic antioxidants that
counteract excess ROS not utilised to produce thyroid hormones, acting as a buffer to neutralise free
radicals and ensure whole-body homeostasis. An excess of free radicals causes structural cell damage,
undermining genomic stability. Looking at the negative effects of ROS accumulation, oxidative stress
appears to be implicated in both the initiation and progression of carcinogenesis. The aim of this
review is to investigate the oxidation background of thyroid diseases and to summarise the links
between redox imbalance and thyroid dysfunction and disease.

Keywords: oxidative stress; ROS; thyroid diseases; antioxidants

1. Introduction

Reactive oxygen species (ROS) are molecules capable of independent existence, which
contain an oxygen atom and unpaired electrons [1]. ROS arise mainly as by-products in a
series of bioenergetic processes of ATP synthesis in mitochondrial respiratory chains [2,3].
Inflammatory processes are an additional source of ROS [1,4]. The most common reactive
oxygen species include radicals derived from the electron reduction of molecular oxygen–
superoxide anion (O2

•−), hydrogen peroxide (H2O2) and the more reactive hydroxyl
radical (HO•), released in reactions involving metal ions [5].

The body’s antioxidant defence against the negative effects of ROS works across a
number of different platforms. It involves preventing the formation of radicals, scavenging
them and repairing ROS-induced damage. The leading role in the body’s defence system is
played by antioxidant enzymes, breaking down ROS molecules and thus protecting cells
from excessive exposure to ROS [6–8]. The repair system of ROS-induced damage partly
relies on autophagy and apoptosis processes, eliminating damaged cells [9–11]. In spite of
the range of internal mechanisms of enzymatic regulation, the antioxidant defence system
should also be supported by non-enzymatic mechanisms. The latter include the action of
molecules with powerful antioxidant properties, notably including glutathione, coenzyme
Q10, as well as exogenous substances—polyphenolic compounds, ascorbic acid, retinol,
β-carotene and tocopherol. Exogenous substances with confirmed antioxidant properties
reinforce the body antioxidant defence, increasing total antioxidant capacity [7,12–14].
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Oxidative stress is an effect of redox imbalance between reactive oxygen species and
antioxidant defence [9,15]. It may be caused both by the excessive production of ROS and
by an inefficient antioxidant system, resulting in molecular damage [16]. Additionally, ROS
generation in different subcellular compartments likely involves a positive feedback mech-
anism, creating a vicious circle of pathological conditions related to oxidative stress [17–19].
Redox homeostasis requires an equilibrium of ROS production and scavenging [20]. Even
though the concept of oxidative stress was introduced in the 1980s, its definition and scope
of research have been continually elaborated and expanded [6].

Thyroid diseases are a common health problem worldwide, especially among women.
The occurrence of subclinical thyroid disorders, which often remain undiagnosed, is also
significant [21–24]. Thyroid diseases are increasingly linked to oxidative stress [25–28]. It
has been shown that thyroid dysfunction can co-occur with metabolic disorders, including
obesity [29–31]. Obesity is a metabolic disease involving mitochondrial dysfunction and
chronic oxidative stress, as in several metabolic disorders [32–38]. Since the incidence of thy-
roid diseases is increased in individuals with increased body weight, the related substrate
of metabolic disorders and thyroid dysfunction seems relevant [30,31,39]. However, current
reports do not distinguish between the causes and consequences of metabolic abnormalities,
so there is a need to develop research on the pathogenesis of thyroid disorders.

2. Physiological Redox Signalling and the Role of ROS in Thyroid Function

Signalling functions in immune responses are initiated when molecular oxygen is oxi-
dised to the reactive superoxide anion radical by the NADPH oxidase (NOX) complex, itself
an additional source of ROS [4]. Subsequently, the superoxide is converted by superoxide
dismutase (SOD) to H2O2. Hydrogen peroxide is associated with a signalling function
regulating cellular processes, due to its capacity to reversibly modify cysteine residues [20].
The process alters redox signalling [17]. Accumulation of excessive concentrations of H2O2
activates thiolate anion (Cys-S-) oxidation pathways. This is an irreversible process, result-
ing in permanent protein damage [40]. Antioxidant systems serve a protective function,
preventing intracellular accumulation of ROS by reversing the modification of cysteine
residues [20].

The role (physiological or pathological) played by ROS depends largely on their
concentration and the conditions accompanying biochemical transformations. The ini-
tial concentration dictates downstream responses [7]. Excessive amounts of ROS at the
subcellular level activates pathways leading to damage in particularly susceptible cell
structures or apoptosis [40]. In turn, at low physiological levels, ROS play a signalling
role, essential for normal cellular processes [8,41]. Reactive oxygen species also serve as
intracellular mediators produced in phagocytic cells, controlling the inflammatory response
and antimicrobial defence [4].

ROS play an important role in normal thyroid function. Thyroid cells release oxidases,
which catalyse ROS production [42–44]. Inositols are also involved in thyroid hormone
synthesis and normal thyroid function, activating a cascade of processes including regu-
lating TSH-dependent signalling (as a TSH transmitter) and generating H2O2 production
used for iodination and coupling of iodotyrosine and iodothyronine [45–48]. Inositol defi-
ciency or impairment of inositol cascades may result in insufficient synthesis of thyroid
hormones, leading to hypothyroidism, which may be further compounded by an increased
need for inositols in response to high TSH levels [45,48]. Myoinositol supplementation in
hypothyroid patients effectively lowers TSH levels. Its effect has been demonstrated in
combination with metformin and selenium compared to treatment without inositol [49,50].

The synthesis of thyroxine (T4) and triiodothyronine (T3) catalysed by thyroid perox-
idase (TPO) in thyroid follicles is a very complex process involving ROS, notably, H2O2
(Figure 1) [51]. ROS are already essential in the initial stages of thyroid hormone produc-
tion, during iodide oxidation [52]. Additionally, thyroid hormones perform a metabolic
regulatory function by affecting mitochondrial activity [53]. Because of the reliance on ROS
in its function, the thyroid is particularly exposed to oxidative damage [54]. Therefore, the
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antioxidant defence system of the thyroid must effectively regulate ROS production and
scavenging [26,55].
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3. Biomarkers of Oxidative Stress in Thyroid Diseases

Enzymatic mechanisms of antioxidant defence constitute the internal system for main-
taining ROS homeostasis (Figure 2). Superoxide dismutases (SOD1, SOD2, SOD3) are
antioxidant enzymes, neutralising O2

•− [17,57]. The key enzyme responsible for neutral-
ising hydrogen peroxide is catalase (CAT), which converts it to water and oxygen [58].
Likewise, glutathione peroxidase (GPX) scavenges and detoxifies H2O2 [20]. Glutathione
serves as an intracellular buffer against oxidation. In response to excessive ROS release, it
forms an oxidised dimer structure by bridging two glutathione molecules. Glutathione
reductase (GR) then restores the reduced form of glutathione, lowering its reactivity [59].
Measurement of antioxidant enzyme activity in serum makes it possible to evaluate the
condition of the antioxidant defence system. Lower levels of this activity, compared to the
control, may be a sign of inadequate defence against free radicals [60].

Biomarkers of oxidative stress also include prooxidant enzymes—NADPH oxidases
(NOX), which are an endogenous source of ROS, especially in thyroid tissue [46]. Their
increased activity is associated with elevated concentrations of reactive oxygen species
in pathological conditions. Direct measurement of ROS concentrations may be a helpful
marker in the evaluation of medical conditions, yet its utility may be limited given the
short half-life of these molecules [15,18].

Malondialdehyde (MDA) is a product of lipid peroxidation by ROS. The marker can
be used to evaluate oxidative damage and measure whole-body or tissue-specific oxidative
stress [61,62]. Advanced glycation end products (AGE) are believed to be associated with
the onset and progression of metabolic disorders, notably diabetes and obesity, due to their
formation both through lipid peroxidation and glycoxidation reactions; that is, in response
to an increased intake of simple carbohydrates [15,63]. Elevated levels are observed in ROS-
damaged tissues, as the final product of peroxidation, making them markers of oxidative
stress in the body [64]. Among DNA bases, guanine is the most easily oxidised, due
to its relatively low redox potential. Its oxidised form (8-oxo-2′-deoxyguanosine) may
therefore serve as a measurement of DNA damage in cells exposed to oxidative stress and
in carcinogenesis. 8-oxo-2′-deoxyguanosine has mutagenic potential [9,65].
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Total antioxidant capacity (TAC) is a parameter indicative of the body’s overall ability
to neutralise oxidants. It takes into account all the antioxidants contained in bodily fluids,
including exogenous and endogenous compounds [15]. In turn, total oxidant status (TOS)
is based on the oxidation of ferrous ion to ferric ion in the presence of various oxidants.
It reflects the oxidation state of bodily fluids, represented by the level of radicals [66].
Oxidative stress index (OSI) is a measure of oxidative stress, calculated as the ratio of total
oxidant status to total antioxidant status and therefore represents the overall oxidation
state of the body [67].

All the biomarkers employed in the determination of the role of oxidative stress in
thyroid diseases in this review are listed in Table 1.

Table 1. Biomarkers of oxidative stress used in thyroid disease research [15].

Biomarkers Mechanism of Development, Role References

ROS Energy metabolism in mitochondria [68]
MDA, HNE Lipid peroxidation products [62]
AGE, ALE Protein oxidation products; Advanced peroxidation end products [64]

SOD, CAT, GPX, GR Antioxidant enzymes [62,68,69]
NOX, DUOX ROS-generating enzymes [70]
GSH/GSSG Reduced/oxygenated glutathione [69]

TAC, TOS Number of moles of oxidants neutralised by one litre of body fluid;
total oxidative status; [71,72]

ROS—reactive oxygen species, MDA—malondialdehyde, HNE—hydroxynonenal, AGE-advanced glycation end products, ALE—advanced
lipoxidation end products, SOD—superoxide dismutase, CAT—catalase, GPX—glutathione peroxidase, GR—glutathione reductase,
NOX—NADPH oxidases, DUOX—dual oxidase, GSH/GSSG—the reduced glutathione/oxidized glutathione ratio, TAC—total antioxidant
capacity, TOS—total oxidant status.

4. Relationship between Oxidative Stress, ROS and Thyroid Diseases
4.1. Thyroid Disorders
4.1.1. Underactive Thyroid (Hypothyroidism)

Ref [61] in hypothyroidism, including its subclinical form, elevated levels of MDA
have been noted, compared to healthy individuals. Apart from inadequate antioxidant
defence, this may be related to altered lipid metabolism in thyroid cells [61]. The treatment
of hypothyroidism, despite lowering lipid peroxidation levels, does not bring serum MDA
concentrations down to the levels observed in healthy individuals, but it may significantly
boost SOD activity [73]. The relationship between hypothyroidism and oxidative stress is
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probably based on the lower activity of the internal antioxidant system, which does not
provide adequate protection to cells against free radical accumulation, leading to oxidative
damage [74]. Similarly, a mutation in the gene encoding NOX activity may contribute to
excessive stimulation of ROS production. Accumulation of oxygen free radicals may inhibit
TPO activity, consequently interfering with thyroid hormone production and leading to
the development of hypothyroidism [46,75].

4.1.2. Overactive Thyroid Gland (Hyperthyroidism)

Thyroid hormones also stimulate mitochondrial respiration, leading to an increase in
ROS release in the respiratory chain. Overproduction of thyroid hormones therefore causes
oxidative stress through the overproduction of free radicals, unlike in hypothyroidism,
where redox imbalance can be attributed to an inefficient antioxidant defence system [74].
Consequently, overproduction of thyroid hormones (hyperthyroidism) may be associated
with oxidative damage to cell structures. Individuals with hyperthyroidism present higher
rates of lipid peroxidation than euthyroid individuals, which is indicative of oxidative
damage to membrane lipids [76,77]. In addition, in a study investigating the effects of lead
exposure on the parameters of thyroid function and antioxidant markers, thyroid hormones
were shown to be positively correlated with MDA, with a positive relationship between
TSH and glutathione. These findings suggest a close relationship between hyperthyroidism
and the progression of oxidative stress [27].

4.1.3. Thyroid Multinodules Goitre and Nodules

Elevated MDA levels were observed in tissues collected from patients with toxic and
non-toxic multinodular goitre, with reduced activity of SOD, GPx and selenium content,
compared to adjacent, non-pathologic tissue. Patients did not unequivocally demonstrate
hyperthyroidism before surgery, as their thyroid parameters were stabilized in a euthyroid
state before sampling [62]. Moreover, tissues of benign thyroid nodules show significantly
reduced TAS and reduced OSI [71]. In addition, it was demonstrated that the size of thyroid
nodules may decrease as a result of supplementation with extracts of plants with powerful
antioxidant and anti-inflammatory properties [78]. The presence of elevated oxidative
stress parameters and levels of SOD and CAT activities in toxic multinodular goitre with
hyperthyroidism and decreased plasma GPx and GR activities, compared with the control
group, were also demonstrated [68]. These findings suggest an impaired redox status and
antioxidant defence in patients with thyroid nodules and nodular goitre.

4.1.4. Autoimmune Thyroid Diseases

Chronic lymphocytic thyroiditis, also known as Hashimoto’s thyroiditis, is an autoim-
mune thyroid disease which presents with inflammatory cell infiltration of the thyroid
gland and is characterised by the production of autoantibodies to thyroglobulin (anti-TG)
and thyroperoxidase (anti-TPO) [79,80]. Inflammatory lesions in the thyroid gland result
in the destruction of follicular cells and fibrosis, leading to hypothyroidism [67]. NOX
participation in the production of hydrogen peroxide for the purposes of thyroid hormone
synthesis may be associated with the pathophysiology of autoimmune thyroid diseases,
through interacting with thyroperoxidase and thyroglobulin (TG) and altering their activity,
promoting immunogenicity [75,81]. Excessive iodine intake is regarded as an additional
risk factor for the development of autoimmune thyroid disease due to enhancing ROS
production and, at the same time, reducing internal antioxidant levels. Anti-TPO anti-
bodies show a dependence on glutathione levels, demonstrating an inverse relationship
in individuals with Hashimoto’s thyroiditis. Additionally, both antibodies (anti-TG and
anti-TPO) show a positive correlation with TOS and OSI. Decreased glutathione levels
appear to be a distinctive parameter related to the activation and development of oxidative
stress in Hashimoto’s thyroiditis, as oxidative stress is associated with thyroid hormone
deficiency, inflammation and autoimmune parameters. Patients also present with elevated
AGE levels. In addition, increased TOS and OSI parameters were shown to precede findings
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of hypothyroidism in autoimmune thyroiditis and could therefore be treated as predictors
of thyroid cell damage [25,64,67,69,72,82].

Graves’ disease (GD) is the most common cause of hyperthyroidism and oxidative
DNA damage appears to play an important role in its pathogenesis [83,84]. Enhanced in-
flammatory response modulates the upregulation of autoimmune response [85]. Oxidative
stress, in inducing and augmenting inflammation in the thyroid, disrupts self-tolerance,
consequently leading to autoimmune thyroid dysfunction. The antibodies found in GD
(TSAb, thyroid stimulating antibodies) are involved in oxidation processes. The degree
of DNA damage in individuals with untreated GD was shown to be significantly higher
than in patients with toxic nodular goitre and individuals without thyroid dysfunction.
At the same time, lipid peroxidation markers were higher than in the control. The above-
mentioned parameters of oxidative stress, as well as prooxidant enzyme activity, showed a
positive correlation with TSAb, suggesting their involvement in the disruption of redox
homeostasis [86].

4.1.5. Thyroid Cancer

Oxidative genetic damage caused by the interaction between ROS and DNA, dis-
rupting genomic integrity, leads to mutagenesis. Thus, oxidative stress may cause DNA
damage, initiating neoplastic processes [26,87]. A simplified chart of the mechanisms of
carcinogenesis, including the free-radical background, is presented in Figure 3. In murine
models, oxidative damage is observed much more often in the thyroid gland than in other
organs [88]. Patients with different thyroid conditions, in particular neoplasms, present
higher baseline genome damage compared with healthy controls [56,89].
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on the parameters under analysis, improving oxidative status in favour of antioxidants; 
however, lipid peroxidation levels remained significantly higher than in healthy individ-
uals [92]. In addition, thyroid tissues in cancer patients have altered metabolic pathways, 
aimed at improving cancer cell adaptation to unfavourable conditions. Metabolic path-
ways are shifted to promote glycolysis, more resistant to the conditions of high oxidative 
stress in cells. This might be an additional target for therapies aimed at processes related 
to cancer cell metabolism [91]. Apart from higher rates of oxidative processes in cancer 
patients compared to healthy individuals, those with papillary thyroid cancer had a worse 
oxidative profile than patients with autoimmune thyroid disease [28]. Obese patients were 
also found to be at an increased risk for thyroid cancer [93]. There are many reports iden-
tifying metabolic links between obesity and mitochondrial dysfunction, excessive ROS 
generation and oxidative stress [74,94–97]. The relationship between the development of 
thyroid diseases and obesity, as well as the mechanisms involved, are nevertheless unclear 
and require in-depth analysis and more detailed research. 

5. Conclusions 
It is most likely that many of the mechanisms participating in the development of 

thyroid pathologies are still unknown. However, there is a notable connection of increased 
ROS generation and findings of oxidative damage with the development of thyroid cancer 
and other diseases described here. In addition, thyroid disorders may also initiate or in-
crease ROS release and oxidative stress, enhancing oxidative damage. The most recent 
studies suggest a close link between thyroid diseases and oxidative stress. 

Figure 3. Free radical-mediated carcinogenesis in thyroid cancer. Created with BioRender.com.
(accessed on 5 July 2021).

Patients with different types of thyroid cancer have higher serum ROS levels than
healthy individuals. Apart from increased whole-body oxidation, they also present
with lower activity of internal antioxidants belonging to the antioxidant defence sys-
tem [60,76,89,90]. Because of the reduced activity of antioxidant enzymes in thyroid cancer
cells, the inefficient defence system is not able to neutralise ROS overproduction, resulting
in oxidative stress [91]. In a study evaluating the change in biomarkers of oxidative stress in
individuals with thyroid cancer before and after thyroidectomy, a significant difference was
demonstrated between the study and the control group in terms of glutathione peroxidase
activity and MDA levels. Surgical removal of the thyroid had a significant effect on the
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parameters under analysis, improving oxidative status in favour of antioxidants; however,
lipid peroxidation levels remained significantly higher than in healthy individuals [92].
In addition, thyroid tissues in cancer patients have altered metabolic pathways, aimed
at improving cancer cell adaptation to unfavourable conditions. Metabolic pathways are
shifted to promote glycolysis, more resistant to the conditions of high oxidative stress in
cells. This might be an additional target for therapies aimed at processes related to cancer
cell metabolism [91]. Apart from higher rates of oxidative processes in cancer patients
compared to healthy individuals, those with papillary thyroid cancer had a worse oxida-
tive profile than patients with autoimmune thyroid disease [28]. Obese patients were also
found to be at an increased risk for thyroid cancer [93]. There are many reports identifying
metabolic links between obesity and mitochondrial dysfunction, excessive ROS generation
and oxidative stress [74,94–97]. The relationship between the development of thyroid
diseases and obesity, as well as the mechanisms involved, are nevertheless unclear and
require in-depth analysis and more detailed research.

5. Conclusions

It is most likely that many of the mechanisms participating in the development of
thyroid pathologies are still unknown. However, there is a notable connection of increased
ROS generation and findings of oxidative damage with the development of thyroid cancer
and other diseases described here. In addition, thyroid disorders may also initiate or
increase ROS release and oxidative stress, enhancing oxidative damage. The most recent
studies suggest a close link between thyroid diseases and oxidative stress.

Taking into consideration research findings to date, it would appear that preventive
nutrition therapy against redox imbalance, in enriching the daily diet in products with
a high antioxidant value and supporting the internal antioxidant defence systems, may
constitute a promising approach to preventing the development of many chronic thyroid
diseases. This creates a prospect for developing measures precisely targeted at the free-
radical background, which can be used in the treatment and prevention of thyroid diseases
as well as other oxidative diseases.
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Abstract: The treatment with fixed orthodontic appliances could have an important role in the induc-
tion of oxidative stress and associated negative consequences. Because of the simultaneous effects
of corrosion, deformation, friction, and mechanical stress on fixed orthodontic appliances during
treatment, degradation of orthodontic brackets and archwires occurs, causing higher concentrations
of metal ions in the oral cavity. Corroded appliances cause the release of metal ions, which may
lead to the increased values of reactive oxygen species (ROS) due to metal-catalyzed free radical
reactions. Chromium, iron, nickel, cobalt, titanium, and molybdenum all belong to the group of
transition metals that can be subjected to redox reactions to form ROS. The estimation of health risk
due to the amount of heavy metals released and the level of selected parameters of oxidative stress
generated for the time of treatment with fixed orthodontic appliances is presented. Approaches to
avoid oxidative stress and recommendations for the preventive use of topical or systemic antioxidants
during orthodontic treatment are discussed.

Keywords: fixed orthodontic appliances; oxidative stress; metal ions; risk assessment;
antioxidant therapy

1. Transition Metal Ions, Fenton-like Chemistry and Oxidative Stress

Oxidative stress was first explicated by Sies [1] as “a disturbance in the balance be-
tween pro-oxidants and antioxidants in favor of the former, leading to potential damage”.
Oxidative stress occurs in case of significant imbalance between the production and degra-
dation of reactive oxygen species (ROS) with prominent pro-oxidants, generating possible
oxidative damage. ROS comprise both free radicals and non-free radical oxygen-containing
molecules, such as hydrogen peroxide (H2O2), superoxide (O2

−), singlet oxygen (1/2O2),
and the hydroxyl radical (HO−) [2]. The cell undergoes the oxidative stress, which is the
result of the activity of the ROS generating reactions as well as the efficiency of the ROS
scavenger system composed of endogenous and exogenous antioxidants. Endogenous
defense system includes enzymatic and nonenzymatic antioxidants, such as superoxide
dismutase (Mn-SOD, Cu/Zn-SOD, and extracellular (EC)-SOD), glutathione peroxidase,
catalase, peroxiredoxins, glutathione (GSH), thioredoxin, uric acid, and a system for repair-
ing oxidative damages of molecules [3]. On the other hand, the antioxidant defense can be
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raised through ingested food. Exogenous antioxidants contain vitamin E and C, polyphe-
nols, carotenoids and minerals, such as zinc and selenium. They all play a significant role
in the preservation of intracellular redox status and avoidance of oxidative stress-induced
damage [4]. The elevated ROS production is due to endogenous (increased mitochondrial
leakage, increased O2 concentration, and inflammation) and exogenous causes (pollution
of the environment, physically demanding sport activities, diet, chronic inflammation,
smoking, psychological and emotional stress, and other) [3,5,6]. Free metal ions are yet
another source of increased oxidative stress since certain metals (e.g., chromium, iron,
copper, cobalt, and vanadium) have the potential of redox cycling. During this process, the
metal ion can accept or donate a single electron. This process catalyzes reactions in which
reactive radicals are generated and reactive oxygen species can be formed. Reduced forms
of redox-active metal ions play a part in the Fenton reaction where the hydroxyl radical
(HO) is produced from hydrogen peroxide.

Metal(n+1) + H2O2 →Metal(n+1)+ + HO· + HO− (1 Fenton Reaction) (1)

Additionally, the Haber–Weiss reaction between the oxidized forms of the redox-active
metal ions and the superoxide anion produces the reduced form of the metal ion, which
can be coupled with Fenton chemistry to produce the hydroxyl radical.

Metal(n+1)+ + O2
·− →Metal(n+1) + O2 (2 Haber-Weiss Reaction) (2)

Both O2
− and H2O2 by themselves are not overly reactive and are consequently

not particularly harmful in physiological concentrations. Nonetheless, their reactions
with poorly bound iron species can cause the formation of hydroxyl radicals that are
exceptionally harmful and are the prime source of cellular oxidative damage [7]. In the net
reaction, a molecule of hydrogen peroxide undergoes a conversion to a hydroxyl radical
and water in the presence of metal ion as a catalyst. Since the free metal concentration
in biological systems is frequently very low, the crucial component for the activity of
Fenton chemistry in biological systems is a functional metal redox cycle mechanism [2].
It can be concluded that any increase in the content of O2

−, H2O2, or the redox active
metal ions will most probably lead to the elevation levels of HO by the abovementioned
chemical mechanisms.

Metal ions (e.g., Fe, Cr, Ni, Co, Ti, and Mo ions), released from corroded orthodontic
appliances, all fall into the category of transition metals and could be subjected to redox
cycling reactions as well as cause oxidative stress [8] in their vicinity. Metal ions are released
from various types of alloys present in different components, including wires, brackets,
or molar bands of fixed orthodontic appliances. Indeed, nickel, iron, and chromium
can each intensify free radical production through a Fenton-like reaction [9–11], while
cadmium, mercury, nickel, and lead can trigger ROS formation via indirect mechanism [12].
Although orthodontic alloys form an oxide layer that makes them corrosion resistant,
these biocompatible metal materials tend to corrode locally in the harsh, ever-changing
oral environment and degrade over time, releasing metal ions into the oral cavity [13,14],
contributing to the general toxicity of fixed orthodontic appliances [15]. Moreover, due
to frequent mechanical loading of the appliances in the oral cavity, the protective oxide
layer is being constantly disrupted, accelerating wear as well as electrochemical corrosion.
In further discussions, we will attempt to answer the specific research question: do fixed
orthodontic appliances pose a health risk to patients due to corrosion and biodegradation?

2. Fixed Orthodontic Appliances

Fixed orthodontic appliances consist of archwires, brackets, and ligatures. During
treatment, the archwires are ligated into the slot of the bracket [16]. The most commonly
used materials from which parts of fixed appliances are manufactured are alloys of stainless
steel (SS) and nickel-nitanium (NiTi) because of their advantageous mechanical properties.
Less often, archwires made of other materials (e.g., cobalt-chromium alloy, ß-titanium
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(ß-Ti) alloy) are used. Orthodontic fixed appliances are usually in the oral cavity for ex-
tended time periods and are, therefore, exposed to degradation processes. The degradation
process of dental metal alloys is the subject of several in vitro researches in which differ-
ent parameters and their possible synergistic effects are analyzed, although a complete
mapping of the oral cavity is hardly achieved due to the complex intraoral processes [17].
As a result of the ongoing temperature and pH changes, nutrition, breakdown of food
and cells, varying oral flora, and the presence of plaque, various products are processed
that can destroy the surface of fixed orthodontic appliances [18–21]. Metal alloys in the
oral cavity are simultaneously subjected to corrosion and mechanical stress, e.g., due to
masticatory forces, and in orthodontic treatments also due to the sliding of the archwire
along the bracket slot. Therefore, the contact of the bracket, archwire, and ligature in the
electrolytic fluid (saliva) leads to a faster and more intensive corrosion process on the
metal surface [22]. Simultaneous exposure of fixed orthodontic appliances to corrosion,
deformation, friction, and mechanical stress during treatment results in degradation of or-
thodontic brackets and archwires, which can result in elevated concentrations of metal ions
in the oral cavity [23,24]. Mucosal erythema, allergic contact dermatitis, contact stomatitis,
periodontitis, gingival hyperplasia, glossitis, gingivitis, and multiform erythema were all
noticed during orthodontic treatment, which could be generated also by the toxic action of
metal ions relieved by fixed orthodontic appliances [25,26]. As reported by the American
Board of Orthodontics, treatment with fixed appliances continues for about 24 months [27].
Therefore, the safety of such appliances should be well studied as metal ions can induce
either minor or major toxic effects locally (e.g., on oral cavity tissues) [28] or even systemic
effects when they are absorbed and enter the systemic bloodstream [29,30].

3. Metal Ions Release during Treatment with Fixed Orthodontic Appliances

Nearly all fixed orthodontic appliances are constructed of metal alloys, which over
certain period of time release these metal ions into the environment [31]. Among metal
alloys, stainless steel, cobalt-chromium, NiTi, and β-titanium alloys are the most frequently
used orthodontic materials [32]. The type of alloy, the exposure time and the environment
are factors that impact the amount of metal ions released. Electrochemical corrosion,
oxidation, and friction caused by continual sliding of the wires in the bracket slots impact
the degradation of surface (tribocorrosion) and, subsequently, elevate the amount of ions
that are released into saliva from the fixed appliances [33].

The study by Kovac et al. analyzed the amount of the metal ions released from
various segments of orthodontic appliances (brackets, wires, and molar bands) composed
of diverse alloys (SS, NiTi, β-Ti, and Co-Cr-Ni) over a three-month incubation period in an
artificial oral environment. The results of the study show that the amounts of metal ions
released from orthodontic appliances in an artificial oral environment were at a lower level
than the upper intake limits. Not even one of the studied released metal ions exceeded
the recommended daily dose concentrations. Molar bands and stainless-steel brackets
discharged quadruple the number of ions in comparison to the stainless-steel wires. It was
also observed that Ni-Ti wire released larger amount of Ni than the wires manufactured
from stainless steel. Additionally, Ti-Mo wires released the lowest amount of metal ions.
In terms of kinetics, metal release rates over 90 days were nonlinear, with significantly
higher release in the first seven days of exposure as compared to the final seven-day
exposure period.

Mikulewicz et al. [34] reported that the concentration of metal ions in artificial saliva
reached 573 for Ni, 101 for Cr, 68 for Mn, and 2382 for Fe (in micrograms per liter). The
increased amounts of specific metals could be attributed to the fact that Mikulewicz et al.
study design constituted continuous stirring of the samples at 120 rpm during a one-month
period while the samples in the study by Kovac et al. (2021) were only slightly shaken
before sampling.

The release of Ni ions from different types of archwires used in orthodontics containing
NiTi, SS, Cu-NiTi, and ion-implanted NiTi was studied by Charles et al. [35]. The amount
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of Ni ions released in all test solutions did not exceed the critical level that may trigger
allergy and is found to be lower than the amount in the average daily intake. The study by
Hussain et al. [36] compared nickel release from SS and NiTi archwires in artificial saliva
over the period of three months using simulated fixed orthodontic appliances. The nickel
release from NiTi archwires was 4.85 ng/mL and was higher in comparison to SS archwires,
in which 0.41 ng/mL Ni ion release was detected. Hwang et al. [37] and Kutha et al. [38]
corroborated the findings of Mikulewicz et al. for Ni release, while Barrett et al. [39] and
Park et al. [40] observed significantly increased Ni levels. On the contrary, Gürsoy et al. [41]
identified a lower concentration of Ni in the range of 20 µg/L.

Ortiz et al. [25] and Kuhta et al. [38] compared a NiTi archwire with an SS archwire
and reported similar results on Ti release as reported by Kovac et al. Both studies found
that Ti-containing alloys were more biocompatible than others. Kuhta et al. found that the
difference in pH had a significant impact on ion release and that ion release was conditioned
by archwire composition. It is, however, not in proportion to the metal composition of the
archwire. Hwang et al. [37] determined metal release from fixed orthodontic appliances
soaked in artificial saliva and noted that the values of Fe and Cr ions released from SS
orthodontic appliances were even above the values reported by Kovac et al. Besides, a
decrease in metal release with increasing immersion time was noted after a three-month
period. Similarly, Kuhta et al. measured the highest amount of ions released in the first
seven-day immersion of appliance. Hussain et al. [42] observed that ion release depends
more on the type of alloy and the process of its manufacture than on the amount of ions in
the alloy. According to He et al., saliva proteins influence the alloys metal ion release and
have also an important role in corrosion resistance improvement [43].

There is a strong evidence that the results from in vitro studies investigating the
release of metal ions over 30 days vary widely, e.g., some orthodontic alloys could not
be ascertained or were as high as 7000 ng/mL [44]. The observed differences in the
results regarding the quantity of metal ions released are due to different study designs,
material analyzed, electroplated coatings, and different compositions of the alloys, the
immersion media and different techniques and methods used at various times. On the
other hand, metal ion concentrations from in vivo experiments were much lower and with
less pronounced release variability, in the range between 4 and 30 ng/mL [45]. However, it
should be emphasized that the metal ion concentration closer to the orthodontic alloy may
be much higher than that measured in saliva, due to the constant saliva flow.

4. Cytotoxicity

Various methodological approaches have been used to treat cells with heavy metals.
Namely, immersing orthodontic components in medium allowing immediate contact with
the cells or incubating the orthodontic components in medium (e.g., artificial saliva) and
dissolving out metal ions have been used to treat the cells. Another approach was reported
using ingredients, such as metal chlorides, in which all metal ions acting on an orthodontic
alloy are released identically, allowing the correct metal ion concentrations to be selected.

Additionally, in vitro toxicity of archwires have been performed on different cell
cultures including fibroblasts [46–49], osteoblasts [46,47], smooth muscle cells [50,51], and
neurons [52]. Results on SS, Ni, and Cr treated cells were generally toxic [48,52], while the
results on NiTi archwires were inconsistent, with indications that it is both toxic [50,51] and
non-toxic [46,47]. In the study of Spalj et al. [53], NiTi orthodontic archwire induced the
lowest viability of mouse fibroblast cells, while SS archwires revealed the highest viability.
The lowest inhibition of cell growth was observed in SS and TiMo, lower than in NiTi,
CoCr, and the positive control.

The toxicity of metal ions employed in dental alloys was evaluated in the Saccha-
romyces cerevisaie yeast cultivated in various media. Metal toxicity was lower in the
nutrient rich media (containing yeast extract and peptone) compared to synthetic complete
media. In synthetic media, toxicity was the highest for HG, followed by Ag and Au, while
Cu, Ni, Co, and Zn exhibited the lowest toxicity. The authors attributed this reduced
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toxicity to the sequestration of metal ions by various components in the yeast growth
media [54].

Metal mixtures, simulating different orthodontic alloys and prepared in four different
concentrations, were employed in the treatment of yeast cells for the period of 24 h in the
study of Kovac et al. [32]. At 1000 µM concentrations, each simulated orthodontic alloy
was cytotoxic, and in the instance of the CoCr alloy, even the 10-fold lower concentration
was cytotoxic to S. cerevisiae cells. Mutant yeast cells showed a negative effect at the 100
µM concentration of all metal ion combinations, with the exception of SS. Cytotoxicity
of orthodontic materials (brackets, archwires, resin, elastomers, and silver solder) using
multiple yeast mutants either with antioxidant defense or DNA repair deficiency as a
model organism was assessed also by Limberger et al. [55]. The results revealed significant
cytotoxicity of silver solder, possibly induced by oxidative stress.

On the contrary, no major distinction in cell viability was identified among ceramic,
metal, and polymeric conventional brackets on murine fibroblast cells L929 in the period
following the in vitro exposure to four types of self-ligating and three types of conventional
brackets [56]. Fixed orthodontic appliances (a combination of brackets and archwires)
were examined in buccal mucosal cells. Decreased cellular viability, induced DNA dam-
age, and elevated Ni and Cr levels were observed three months after the treatment [57].
Cicedo et al. [58] studied how metals (iron, chromium, aluminum, cobalt, copper, molyb-
denum, nickel, vanadium, niobium, and zirconium) released from implants effect human
CD4+ T lymphocytes. All the examined metals caused T cell apoptosis at doses that were
below the level causing the DNA damage. Ni induced apoptosis at 100 µM, while Co inhib-
ited viability at a concentration of 500 and proliferation at 100 µM. An in vitro evaluation
of the cytotoxicity and genotoxicity of a commercial Ti alloy for dental implantology was
performed by Velasco-Ortega et al. [59]. The results showed that the Ti alloy (Ti-6Al-4V)
was not cytotoxic or genotoxic in none of the conducted tests. Comparable data were
obtained by Kovac et al. [32] on Ti-containing Ni-Ti and β-Ti ion mixtures, which showed
no evidence of toxicity and oxidative stress formation.

NiTi shape memory alloys used in orthodontics were assessed by electrochemical
assays in artificial saliva and in vitro biological tests with L132 cells and HEPM cells. The
results proved the corrosiveness and cytotoxicity of Ni, as 425 µM of pure Ni ions resulted
in 50% viability in human epithelial embryotic cell lines (L132). On the contrary, Ti ions
and the commixture of both did not affect cell lines up to 3750 µM concentrations [60].
Issa et al. [61] measured the citotoxicity induced by changing concentrations of several
metal salts on human oligodendrocyte (MO3.13) and human gingival fibroblasts (HGF). The
greatest impact on survivability (50%) was observed in Co concentrations, succeeded by
the Ni and Cr concentrations. Cd revealed the most noticeable cytotoxic effects on MO3.13
cells while Hg demonstrated the most significant cytotoxic effect on HGF in comparison to
other tested metals.

5. Oxidative Stress and Oxidative Damage during the Treatment with Fixed
Orthodontic Appliances

There are not many studies that investigated oxidative stress in the treatment with
fixed orthodontic devices. Until recently, only one study determined the oxidative stress in-
duced by orthodontic treatment at the systemic level [30], while the oxidative stress param-
eters were evaluated during orthodontic treatment either in saliva [62–65] or the gingival
crevicular fluid [64]. Systemic oxidative stress parameters in the study of Kovac et al. [30]
were evaluated in patients in the first seven-day period of treatment with fixed orthodon-
tic appliances. The reactive oxygen species formation (ROS) as well as the antioxidant
defense potential (AD) were assessed in the capillary blood samples from fifty-four male pa-
tients with malocclusion undergoing orthodontic treatment and untreated control subjects.
Twenty-four hours after orthodontic treatment with fixed appliances, the ROS level was
markedly elevated in the treatment group in comparison to the control group. Moreover,
24 h after archwire insertion, a significantly higher ROS/AD ratio was identified in the
treatment group than in the control group. The authors concluded that the treatment with
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fixed orthodontic devices could cause systemic oxidative stress in the short run as the
values of ROS and ROS/AD normalize during the period of one week following archwire
insertion. Indeed, as revealed by Buczko et al. [62], the treatment with fixed orthodontic
appliances alters the oxidant-antioxidant balance in saliva of individuals who are otherwise
clinically healthy. Highest oxidative stress parameters (tiobarbituric acid reactive substance
and total oxidant status) were detected in saliva within a week following the insertion
of orthodontic appliance. Decrease in superoxide dismutase (SOD1) and catalase (CAT)
was observed in stimulated saliva one week after treatment, while peroxidase (Px) was
increased. It was noted that the total antioxidant status (TAS) was decreased twenty-four
weeks after orthodontic treatment. The oxidative status index (OSI) increased a week
after the treatment. The levels of selected markers of oxidative stress (malondialdehyde,
ceruloplasmin, hydrogen donors) in the saliva of the treated patients prior to and after
the beginning of treatment were additionally studied by Olteanu et al. [63]. Additionally,
the current research shows increased markers of oxidative stress in the 24 h period, while
seven days after appliance use the concentrations were close to baseline values. In contrast,
Atuğ Oezcan et al. [64] observed no increase in oxidative stress markers and damage in
saliva and gingival-crevicular fluid samples of patients with fixed orthodontic appliances
when comparing the pretreatment results and the results at the sixth month of orthodontic
treatment. Similarly, orthodontic treatment with self-ligating metal brackets did not sta-
tistically significantly affect salivary antioxidant parameters in the period of the first ten
weeks of treatment [65].

During the treatment with fixed orthodontic appliances, metal ions are released, which
could potentially induce oxidative stress and have a local oxidative effect, as observed
in in vitro studies. Systemically, increased oxidative stress was observed only in the first
seven-day period after the implementation of fixed orthodontic appliances, most likely due
to the activation of endogenous adaptive stress responses and the induction of antioxidant
endogenous defenses. Numerous in vitro studies have shown that orthodontic brackets
as well as archwires cause oxidative stress linked to the release of heavy metals. All types
of orthodontic brackets tested, disregarding the material components, are the origin of
oxidative stress in vitro, as indicated by an increased concentration of the oxidative stress
marker 8-hydroxy-2′-deoxyguanosine (8-OHdG) in the DNA of murine fibroblast cells L929.
The highest stress levels were observed in the all-metal and polyurethane brackets [56]. In
addition, all orthodontic archwires tested induced oxidative stress in vitro by measuring
(8-OHdG) in DNA of murine fibroblast cells L929. Standard NiTi archwires produced the
highest oxidative stress, while TiMo and SS triggered the lowest stress [53].

Different mixtures of Cr, Fe, Co, Ni, Ti, and Mo metal ions simulating either NiTi,
SS, β-Ti, or CoCr orthodontic alloys were used in testing the capacity of metal-ions as
oxidative stress-inducing agents using wild-type yeast Saccharomyces cerevisiae and two
mutant ∆Sod1 and ∆Ctt1 as model organisms, to determine whether the lack of defense
system from superoxide anions and H2O2 contributes to metal ion-induced toxicity [32].
Indeed, mutants lacking the Sod1-Ctt1 gene should be more sensitive to transition metal
ion-induced ROS cytosolic SOD (Sod1) scavenges O2

−and converts it to H2O2, which is
further degraded to H2O and O2 by cytosolic catalase (Ctt1) [66]. A 1000 µM metal ion
treatment with SS, Co-Cr-Ni resulted in significantly higher ROS values in all yeast strains
than in the untreated control group, but the treatment using equal and lower concentrations
of Ti-Mo did not significantly affect the ROS value. While SS, Co-Cr-Ni showed a significant
increase in oxidative lipid damage in all yeast strains at the concentration of 1000 µM in
comparison to the control group, and in the mutants (∆Sod1 and ∆Ctt1) lipid oxidation
presented already at 100 µM. Yeast mutants without the Sod1 gene have greater intracellular
ROS levels than the Ctt1-lacking mutants although the same amount of lipid oxidation was
observed in both mutants. Lipid oxidation and intracellular formation of ROS was almost
twice as high in the mutants compared to the wild type.

Stainless steel bands, with (SSB) or without (NSB) silver soldered joints, were inves-
tigated for the cytostatic, cytotoxic, genotoxic, and DNA damage-inducing effects on the
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HepG2 and HOK cell lines [67]. After performing MTT reduction assay, alkaline and modi-
fied comet assay, cytokinesis block micronucleus assay, cytostasis assay and cytotoxicity
assay, the results showed higher cytotoxicity and genotoxicity of SSB eluates in comparison
to NSB samples. Ni and Fe were found in the SSB as well as NSB medium samples, while
Cd, Cr, Ag, Cu, and Zn were found only in the SSB medium samples.

It can be concluded that oxidative stress during orthodontic treatment can be caused by
exposure to heavy metals (e.g., Cr, Fe, Co, Ni, and Ti), both locally and systemically. It can
be induced also by many other factors, including aseptic inflammation in the periodontal
ligament by cause of mechanical force and inflammation of periodontal tissues as a result
of improper oral hygiene [30]. We would also like to draw attention to the occurrence
of a synergistic effect when cells are simultaneously exposed to two or more metal ions.
This is because their toxic effect not only adds up with simultaneous exposure, but it can
even be multiplied or potentiated. According to Rinčić Mlinarić et al. (2019), the collective
concentration of Ni and Ti in concentrations of at least 162 µg/L is necessary for synergism,
provoking moderate to strong cytotoxicity and a notable induction of free radicals [68].
Terpilovska and Siwicki reported that Cr3+ and Fe3+ show synergistic effects in cytotoxicity,
genotoxicity, and mutagenicity assays, but in some other combinations metal ions can act
antagonistically—Cr3+ and Mo3+ or Cr3+ and Ni2+ show antagonistic effect—Cr3+ protects
from Ni2+ or Mo3+ toxicity [69].

6. Risk Assessment

The Acceptable Daily Intake (ADI), also known as the Tolerable Daily Intake (TDI), is
a “measure of the amount of a particular substance in food or drinking water that can be
ingested daily (orally) over a lifetime without posing a significant health risk” [70]. The ADI
is based on the NOAEL (no-observed-adverse-effect level) calculated from animal studies
and observations in humans. NOAEL is a dose defined on experiments and observations
where no statistically or biologically significant adverse effects have been found. When a
NOAEL cannot be determined experimentally, the term “lowest-observed-adverse-effect
level (LOAEL)” is used [71]. The NOAEL is numerically divided by a safety factor (SF)
to explicate and justify differences found in experimental animals and humans (factor of
10) and potential dissimilarities in sensitivity among humans (factor of 10). An additional
factor of 10 may be considered if the NOAEL has not been established because adverse
effects are detected at all dose levels tested. Instead of the NOAEL, the lowest observed
adverse effect level (LOAEL) is employed to determine the ADI divided by 10-fold safety
factor. The safety factor of 10 shall also apply in cases where no satisfactory results of
chronic toxicological tests are available, and the NOAEL is consequently determined on
the basis of subchronic studies [71]. The level of the safety factor used shall depend on the
reliability of the data collected and the severity of the adverse reactions observed.

ADI (human dose) = NOAEL (experimental dose)/SF (3)

NOAEL and LOAEL values derived from toxicological studies on metal ions are
shown in Table 1. It should be noted that Table 1 does not include studies investigating the
leaching of metal ions from orthodontic appliances, but all kind of studies investigating
the toxicity of metal ions.
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Table 1. NOAEL *, LOAEL * values, tested concentration range, type of study (chronic vs. acute) and model organism
tested to determine the toxicity of specific metal ions.

Source of
Metal Ions NOAEL LOAEL Concentration (Dose) Study Type Model Organism Ref.

Fe

FeSO4
10 µM 250 µM 10–1000 µM acute toxicity human leukocytes [72]

50 µM 100 µM 0, 10, 25, 50, 100 µM acute toxicity microglia cells [73]

FeCl3·6H2O 3.2 µM 11.1 µM 3.2, 11.1, 111, 1111 µM chronic toxicity rats [74] *

100 µM 200 µM 0–1400 µM acute toxicity BALB/3T3, HepG2
cells [75]

iron sucrose
injection 1790 µM 3580 µM 360, 890, 1790, 3580,

8950 µM acute toxicity hemodialysis
patients [76] *

Ni

NiCl2

27.2 mg/kg 54.4 mg/kg 3.4, 6.8, 13.6, 27.2, 54.4,
108.8 mg/kg acute toxicity mice [77]

100 µM 250 µM 0, 100, 250, 500, 600, 750,
1000 µM acute toxicity human HeLa cells [78]

10 µM 100 µM 0–10,000 µM acute toxicity human
keratinocytes [79]

NiCl2·6H2O 100 µM 200 µM 0–1400 µM acute toxicity BALB/3T3 cells [75]

NiSO4 1.25 mg/kg/day 2.5 mg/kg/day 1.25, 2.5, 5 mg/kg/day sub-acute
toxicity rats [80]

Ni(NO3)2 150 µM 300 µM 0, 30, 75, 150, 300, 600
µM acute toxicity chromatin from rat

liver cells [81]

Cr

K2Cr2O7

1 µM 10 µM 0–1000 µM acute toxicity human
keratinocytes [79]

50 µM 400 µM 50, 100, 200, 400, 600,
1000 µM acute toxicity lymphocytes [82]

CrCl3 400 µM 600 µM 50, 100, 200, 400, 600,
1000 µM acute toxicity lymphocytes [82]

CrCl3·6H2O 100 µM 200 µM 0–1400 µM acute toxicity BALB/3T3 cells [75]

Mo

MoO3 100 µM 200 µM 0–1400 µM acute toxicity BALB/3T3, HepG2
cells [75]

Na2MoO4 60.7 µM 121.4 µM 0, 60.7, 121.4, 242.7,
485.4, 970.9 µM

Sub- acute
toxicity mice [83] *

MoCl5 100 µM 500 µM 50, 100, 500, 1000, 5000
µM acute toxicity human CD4þ T

lymphocytes [58] *

Ti

Ti particles 13 µM 26 µM 13, 26, 52, 104, 209 µM acute toxicity Osteoblasts
MC3T3-E1 [84] *

Co

CoCl2 50 µM 100 µM 50, 100, 500, 1000, 5000
µM acute toxicity human CD4þ T

lymphocytes [58] *

CoCl2 / 1 µM 1–100 µM acute toxicity Balb/3T3 mouse
fibroblasts [85]

* Abbreviations: NOAEL no-observed-adverse-effect level; LOAEL lowest-observed-adverse-effect level.

Similarly, the U.S. EPA has introduced the Reference Dose (RfD), which by defini-
tion is the maximum acceptable oral dose of a toxic substance derived from the formula:
RfD = NOAEL/UF (uncertainty factor) [86]. A useful additional measure in risk assess-
ment is also the exposure margin (MOE), which presents the amount by which the NOAEL
of the critical toxic effect exceeds the estimated exposure dose (EED), both expressed in the
same units: MOE = NOAEL (experimental dose)/EED (human dose) [86]. According to
Food and Nutrition Board from the Institute of Medicine, National Academy of Sciences
defines Dietary Reference Intakes (DRI) as the general term for a set of reference values
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used to plan and evaluate the nutrient intake of healthy people. These values, which vary
by age and gender, additionally include [87,88].

Recommended Dietary Allowance (RDA): “average daily intake sufficient to meet the
nutrient requirements of almost all (97–98%) healthy people”.

Adequate Intake (AI): “a value based on observed or experimentally determined
approximations of the nutrient intake of a group (or groups) of healthy people-used when
an RDA cannot be determined”.

Tolerable Upper Intake Level (UL): “the highest daily nutrient intake that is unlikely
to pose a risk of adverse health effects for almost all individuals in the general population.
As intake increases above the UL, the risk of adverse effects increases”.

The derived no objection level (DNEL) is the level of exposure to a substance to which
people should not be exposed [89].

Table 2 shows the limits of intake for each element, expressed in units of mass per
day. Table 3 includes orthodontic studies showing the leaching of metal ions mainly in
artificial saliva. The results are presented in different units (ppm, ng/mL, g/L, ng/cm2)
and the observation period included different time intervals (1 day–90 days). The studies
also differed in the fact that some examined leaching from whole orthodontic appliances,
while others examined only individual parts (archwire/bands/brackets). These differences
restrict the possibility of comparison of individual studies and extrapolate the data for
human safety as well as the comparison of data with the limits presented in Table 2. In
addition, it should be noted that the leaching of metals over time is not simply linear.

Table 2. Limit intake levels for selected metals.

Metal Threshold ReferencesMen Women

Iron

RDA * = 8 mg/day RDA = 18 mg/dayRDA = 8 mg/day
(postmenopause) [90]

UL * = 45 mg/day UL = 45 mg/day [90]
RDA = 17 mg/day RDA = 17 mg/day [91]

AI * = 11 mg/day AI = 16 mg/dayAI = 11 mg/day
(postmenopause) [92]

RDA = 10 mg/day RDA = 10–15 mg/day [93]
DNEL * = 710 µg/kg bw/day (chronic exposure) DNEL * = 710 µg/kg bw/day (chronic exposure) [94]

Nickel
UL = 1.0 mg/day UL = 1.0 mg/day [95]
GL = 0.26 mg/day GL = 0.26 mg/day [91]

DNEL = 11 µg/kg bw/day (chronic exposure) DNEL = 11 µg/kg bw/day (chronic exposure) [96]

Chromium
AI = 35 µg/day AI = 25 µg/day [97]

RDA = 30–100 µg/day RDA = 30–100 µg/day [93]
GL = 10 mg/day GL = 10 mg/day [91]

Titanium DNEL = 350 mg/kg bw/day (chronic exposure) DNEL = 350 mg/kg bw/day (chronic exposure) [98]

Molybdenum
AI = 45 µg/day AI = 45 µg/day [99]

RDA = 65 µg/day RDA = 65 µg/day [100]
RDA = 50–100 µg/day RDA = 50–100 µg/day [93]

DNEL = 3.4 mg/kg bw/day DNEL = 3.4 mg/kg bw/day [101]

Cobalt GL = 1.4 mg/day GL = 1.4 mg/day [91]
DNEL = 29.8 µg/kg bw/day (chronic exposure) DNEL = 29.8 µg/kg bw/day (chronic exposure) [102]

* Abbreviations: RDA Recommended Dietary Allowance; UL Tolerable Upper Intake Level; AI Adequate Intake; DNEL The derived no
objection level; ADI Acceptable Daily Intake.

The highest quantities of released metal ions were observed in the study of Mikulewicz et al.
Metal concentrations observed in saliva compared to the maximum acceptable concen-
trations of metal ions in drinking water (80/778EEC/; 98/83/ES; 2020/2184) [103,104]
should be of concern. For example, the set levels for Ni (573 µg/L) and Cr (101 µg/L)
were exceeded 11 times and twice, respectively. Additionally, the concentration of Mn was
(68 µg/L) 1.4 times higher and Fe (2382 µg/L) concentration was 12 times higher than the
maximum acceptable values for drinking water as set in the EU Drinking Water Directive
98/83/EC. Following American standards, the concentration of Ni ions was 5.5 times
higher, while other elements were at an acceptable level [105]. The volume of artificial
saliva (in milliliters) that the recommended daily doses of these elements would provide,
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would amount to 61 for Ni, suggesting that the only possible exposure risk to orthodontic
patients is from it [34], suggesting that the latter presents the sole potential exposure risk to
the treated patients. Nevertheless, the amount of ions released by orthodontic appliances
may induce delayed allergic reactions, which should be considered when selecting the
type of archwire, with special attention to patients with metal hypersensitivity or limited
oral hygiene [38]. Finally, it should be noted that the individual reaction to metal ions may
occur in some individuals at much lower concentrations than indicated in the legal limits
for the general population.

Table 3. Average concentrations of leached metal ions from orthodontic appliances.

Metal Ion Release from Orthodontic Appliances
Fe Ni Cr Ti Mo Co Alloy Type Time Ref.

310 ± 123.1
ppb

1292 ± 437.5
ppb 0 ppb / / 4 ± 5.477

ppb
SS wire + SS brackets +

SS band

90 days [106]
450 ± 222.8

ppb
1864 ± 600.2

ppb
18 ± 34.9

ppb / / 10 ± 7.071
ppb

NiTi wire + SS brackets +
SS band

614 ± 531.7
ppb

2466 ± 867.8
ppb

30 ± 51.9
ppb / / 12 ± 4.47

ppb
Co-NiTi wire + SS
brackets + SS band

534 ± 558 ppb 2132 ± 1143
ppb

20 ± 44.72
ppb / / 12 ± 4.472

ppb
Elgiloy wire + SS

brackets + SS band

2382 ppb 573 ppb 101 ppb / / /
SS wires, SS brackets, SS

bands, SS metal
ligatures 30 days [34]

1107 ppb 15 ppb 8 ppb / / / control

/ 18.5 ± 13.1
ppb

2.6 ± 1.6
ppb / / / SS brackets and bands;

SS + NiTi archwires 16 ± 2
months

[29]
/ 11.9 ± 11.4

ppb
2.2 ± 1.8

ppb / / / control

10.78 ± 17.66
µg

28.33 ± 29.19
µg

12.66 ±
4.61 µg / 133.33 ±

57.7 µg / NiTi archwire +
Dentaurum brackets

28 days [107]

21.33 ± 8.73
µg

17.66 ± 11/59
µg

<10 ± 0
µg / 110 ± 17.32

µg /
NiTi archwire +
American Ortho

brackets
14.33 ± 5.33

µg
76.66 ± 62.52

µg
16.66 ±
11.54 µg / <130 ± 0 µg / NiTi archwire + Shinye

brackets
<10 ± 0 µg 22 ± 7.54 µg 30 ± 0 µg / 120 ± 17.32

µg / NiTi archwire + ORJ
brackets

16 ± 5.29 µg 37 ± 20.042 µg 26 ± 6.92
µg / 110 ± 17.32

µg / SS archwire +
Dentaurum brackets

11 ± 1.73 µg 45 ± 31 µg 26 ± 6.92
µg / 0 ± <100 µg / SS archwire + American

Ortho brackets

<10 ± 0 µg 293.2 ± 365.6
µg

15.33 ±
4.61 µg / 0 ± <100 µg / SS archwire + Shinye

brackets
<10 ± 0 µg 44.66 ± 35.50

µg
15.33 ±
4.61 µg / 110 ± 17.32

µg / SS archwire + ORJ
brackets

67.7 ± 9.6 ppb 10 ± 6.3 ppb 4.5 ± 0.5
ppb

2 ± 0.6
ppb / / NiTi New brackets +

new archwire

45 days [41]
64.3 ± 8 ppb 15 ± 3.3 ppb 4 ± 0.7

ppb
2 ± 0.7

ppb / / NiTi Recycled brackets +
new archwire

115 ± 11.9 ppb 20 ± 6.5 ppb 7.3 ± 0.6
ppb

3.5 ± 1.3
ppb / / NiTi New brackets +

recycled archwire

140 ± 9.4 ppb 20 ± 3.3 ppb 7.5 ± 0,6
ppb

4 ± 0.7
ppb / / NiTi Recycled brackets +

recycled archwire

/ 2 ppb / / / / NiTi archwire

28 days [108]
/ / / / / / TMO archwire

289 ppb 6 ppb 11 ppb / / / SS archwire
/ 4 ppb 3 ppb / / / Cu-NiTi archwire

/ 67 ± 10.8 ppb 30.8 ± 4.3
ppb / / / SS brackets, bands NiTi

& SS archwires 1.5 years [31]
/ 5.02 ± 0.001

ppb
1.27 ±

0.09 ppb / / / control

/ 0.93 ± 0.04 µg / / / / NiTi archwires

21 days [35]
/ 0.66 ± 0.02 µg / / / / SS archwires
/ 0.67 ± 0.02 µg / / / / CuNiTi archwires

/ 0.77 ± 0.05 µg / / / / Ion implanted NiTi
archwires

/ 125 ± 22 µg 112 ± 18
µg / / / SS 1

4 archwire + bands +
brackets

12 days [40]
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Table 3. Cont.

Metal Ion Release from Orthodontic Appliances
Fe Ni Cr Ti Mo Co Alloy Type Time Ref.

96.06 ± 57.4
ppb/day

41.66 ± 33.99
ppb/day

33.43 ±
24.05

ppb/day
0 ± 0 / /

SS archwire

1st day

[38]

25.55 ± 10.00
ppb/day

10.21 ± 2.68
ppb/day

3.83 ±
1.93

ppb/day
0 ± 0 / / 6th day

11.08 ± 5.89
ppb/day

5.28 ± 1.87
ppb/day

1.43 ±
0.69

ppb/day
0 ± 0 / / 7th day

5.62 ± 1.47
ppb/day

3.84 ± 0.86
ppb/day

0.70 ±
0.10

ppb/day
0 ± 0 / / 14th day

38.47 ± 15.67
ppb/day

11.77 ± 2.84
ppb/day

10.49 ±
3.90

ppb/day

0.14 ±
0.04

ppb/day
/ /

NiTi archwire

1st day

[38]
26.93 ± 5.44

ppb/day
10.83 ± 3.49

ppb/day
3.30 ±

0.95
ppb/day

0.01 ± 0
ppb/day / / 6th day

13.07 ± 4.01
ppb/day

6.13 ± 1.39
ppb/day

1.76 ±
0.34

ppb/day
0.01 ± 0.01
ppb/day / / 7th day

6.81 ± 1.70
ppb/day

3.38 ± 1.67
ppb/day

1.06 ± 0.21
ppb/day

0.01 ± 0
ppb/day / / 14th day

21.18 ± 6,43
ppb/day

7.12 ± 1.33
ppb/day

4.39 ±
1.99

ppb/day

0.12 ±
0.02

ppb/day
/ /

Termo NiTi archwire

1st day

[38]

19.11 ± 6.28
ppb/day

7.26 ± 1.10
ppb/day

2.10 ±
0.84

ppb/day
0.01 ± 0
ppb/day / / 6th day

8.79 ± 3.79
ppb/day

5.06 ± 1.57
ppb/day

1.23 ±
0.80

ppb/day
0.01 ± 0
ppb/day / / 7th day

2.50 ± 0.59
ppb/day

2.33 ± 0.77
ppb/day

0.40 ±
0.15

ppb/day
0 ± 0 / / 14th day

42.33 ± 27.06
ppb

0.00 ± 0.00
ppb

0.36 ±
0.33 ppb

6.64 ±
2.00 ppb

0.80 ± 0.27
ppb

0.00 ±
0.00 ppb control

30 days [25]
520.0 ± 210.1

ppb
416.9 ± 133.5

ppb
8.97 ±

6.73 ppb
9.03 ±

2.08 ppb
3.11 ± 1.47

ppb
1.38 ±

1.25 ppb SS brackets + SS bands
49.67 ± 29.29

ppb
0.00 ± 0.00

ppb
0.06 ±

0.05 ppb
5.35 ±

3.96 ppb
0.11 ± 0.07

ppb
0.03 ± 0.01

ppb Ti brackets + Ti bands
179.49 ± 99.1

ppb
5.79 ± 2.07

ppb
0.91 ±

0.28 ppb
3.79 ± 3.11

ppb
0.60 ± 0.21

ppb
0.00 ±

0.00 ppb Ni-free brackets + bands

7. Indications for Antioxidant Therapy: Pros and Cons

The awareness that leaching of metal ions occurs in the treatment with fixed orthodon-
tic appliances, and the evidence of the resulting elevated oxidative stress and oxidative
impairment require a careful consideration of the antioxidant application in patients during
treatment. Based on the present literature review and risk assessment, an increased intake
of antioxidants one week before and one week (as well as after each reactivation of the
device/wire change) after treatment with fixed orthodontic appliances would be advo-
cated, while prolonged intake of synthetic antioxidants is not recommended for several
reasons (reviewed in [6,109]). Although several in vitro studies indicate that supplementa-
tion with synthetic antioxidants or plant extracts reduces oxidative stress and oxidative
damage (reviewed in [110]), the results of epidemiological and human studies are conflict-
ing [111–114]. Moreover, the effect of antioxidants as free radical scavengers in vitro is well
studied, but their effect on ROS -induced damage prevention in vivo is still controversial.
ROS effects various vital physiological processes in a human, including pathogen defense,
stress response induction, regulation of glucose, cellular growth and proliferation, and
systemic signaling [115]. Both excessive “antioxidant/reductive stress” and oxidative
stresses can be harmful to organisms because antioxidants have no capacity to discriminate
among physiologically beneficial and harmful radicals, which induce oxidative damage to
biomolecules [6]. Antioxidants can cause similar damage as oxidants when present in large
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concentrations or in the presence of redox cycling metal ions that can induce the creation
of highly reactive free radicals through the Fenton-like reaction. For example, vitamins C
and E reduce iron, which generate free radicals through the Fenton-like reaction [116,117].

2 Fe3+ + Ascorbate→ 2 Fe2+ + Dehydroascorbate (4)

2 Fe2+ + 2 H2O2 → 2 Fe3+ + 2 OH· + 2 OH− (5)

The estimated half-life of the same ROS is very short (e.g., for OH is 10−9 s), which
means that low weight synthetic antioxidants (e.g., vitamins C, E) are unable to specifically
scavenge such ROS in vivo due to their extreme reactivity [118,119]. In contrast, enzymatic
antioxidants have the ability to accelerate chemical reactions. This ability to eliminate ROS
is, therefore, much higher than that of low molecular weight antioxidants ingested through
the diet. Therefore, activation of enzymatic antioxidant defenses in vivo is more relevant
than radical scavenging by exogenous antioxidants consumed through the diet [120].

Although there are no official guidelines regarding the necessary quantity of antiox-
idants [121], it is recommended to primarily follow a diverse and balanced diet. Daily
consumption of at least 400 g of fruits and vegetables is recommended by the World
Health Organization to gain adequate protective compounds from the normal diet to
scavenge ROS.

Since preventing the formation of ROS is considered to be more effective in reducing
oxidative stress than the suppression of already created free radicals with antioxidants,
metal chelating antioxidants (e.g., transferrin, albumin, ceruloplasmin) could be used to
prevent radical formation by inhibiting the Fenton reaction catalyzed by transition metal
ions. In addition, various flavonoids act as chelators of transition metal ions involved in
Fenton chemistry [122–124].

In any case, the justification and appropriateness of supplemental intake of antioxi-
dants or topical application of antioxidants should be confirmed by the results of human
studies that would establish the most effective antioxidants, the most appropriate con-
centration, combination and timing of intake of antioxidants in patients treated with
non-removable orthodontic appliances. Antioxidant therapy during dental treatment
proved to be effective in the reduction of oxidative stress and cytotoxicity during tooth
whitening and in restorative dentistry (reviewed in [125]).

Another approach that may be effective in preventing oxidative stress in the oral
cavity is the direct application of antioxidants to metal parts of orthodontic appliances,
which could intercept free radicals directly in the vicinity of their formation before they
can damage surrounding tissues. On the other hand, the application of antioxidants to
the metal parts of orthodontic appliances may lead to the damage of the protective layer,
corrosion, and increased leaching of metal ions. Further research into these domains is,
therefore, to be undertaken.

8. Conclusions

The broad topic was considered from many different perspectives, as the narrative
review was divided into various sections. To summarize: The results of in vitro and
in vivo studies that examined the release of metal ions show differences in the amount
of metal ions released due to different study designs. Metal ions released from corroded
orthodontic appliances could be exposed to redox cycling reactions and cause oxidative
stress. Therefore, the safety of such appliances should be investigated, the risk assessed,
and the justification and appropriateness of additional antioxidant intake confirmed by
the results of future human studies to demonstrate the efficacy of antioxidant therapy
in reducing oxidative stress during dental treatment. The consumer growing awareness,
interest and knowledge impels the manufacturing industry to confront the challenges of
choosing adequate orthodontic appliance materials to minimize their impact on health.

Although Žukowski et al. [126] reported some beneficial effects of generating ROS in
the oral cavity during dental treatment (e.g., stimulation of immune response and wound
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healing, cytotoxic effect on pathogenic bacteria), the metal ions released into the oral cavity
from fixed orthodontic appliances due to corrosion and biodegradation pose a health risk
to patients. This risk is, however, a minor one, as only very high metal concentrations
induce cytotoxicity and oxidative stress, which was found in the studies on cell cultures.
On the other hand, several studies reported that orthodontic treatment can induce transient
imbalance in the ratio between oxidants and antioxidants in saliva as well as at the systemic
level of clinically healthy subjects.

Nevertheless, the increased ROS levels can occur at a local level in the oral cavity,
which could pose a problem to patients with lower efficiency of endogenous antioxidant
defense systems, metal ions hypersensitive individuals, or patients with decreased salivary
antioxidant power [127]. This topic should be further investigated, since there is currently
only scarce scientific research on the effect of orthodontic materials on the formation of
oxidative stress.
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32. Kovač, V.; Poljšak, B.; Primožič, J.; Jamnik, P. Are metal ions that make up orthodontic alloys cytotoxic, and do they induce

oxidative stress in a yeast cell model? Int. J. Mol. Sci. 2020, 21, 7993. [CrossRef]
33. Greenwald, A.S. Biological Performance of Materials: Fundamentals of Biocompatibility, 3rd ed.; Taylor Francis Group: Abingdon, UK,

2001; Volume 83.
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Abstract: Genetic association studies have discovered the GTF2I-NCF1 intergenic region as a strong
susceptibility locus for multiple autoimmune disorders, with the missense mutation NCF1 rs201802880
as the causal polymorphism. In this work, we aimed to perform a comprehensive meta-analysis
of the association of the GTF2I-NCF1 locus with various autoimmune diseases and to provide a
systemic review on potential mechanisms underlying the effect of the causal NCF1 risk variants.
The frequencies of the two most extensively investigated polymorphisms within the locus, GTF2I
rs117026326 and NCF1 rs201802880, vary remarkably across the world, with the highest frequen-
cies in East Asian populations. Meta-analysis showed that the GTF2I-NCF1 locus is significantly
associated with primary Sjögren’s syndrome, systemic lupus erythematosus, systemic sclerosis, and
neuromyelitis optica spectrum disorder. The causal NCF1 rs201802880 polymorphism leads to an
amino acid substitution of p.Arg90His in the p47phox subunit of the phagocyte NADPH oxidase.
The autoimmune disease risk His90 variant results in a reduced ROS production in phagocytes.
Clinical and experimental evidence shows that the hypoactive His90 variant might contribute to the
development of autoimmune disorders via multiple mechanisms, including impairing the clearance
of apoptotic cells, regulating the mitochondria ROS-associated formation of neutrophil extracellular
traps, promoting the activation and differentiation of autoreactive T cells, and enhancing type I IFN
responses. In conclusion, the identification of the association of NCF1 with autoimmune disorders
demonstrates that ROS is an essential regulator of immune tolerance and autoimmunity mediated
disease manifestations.

Keywords: neutrophil cytosolic factor 1; reactive oxygen species; genetic association

1. Introduction

Genome-wide association studies (GWAS) have revolutionized the dissection of the
genetic basis of autoimmune disorders. GWAS often lead to the discovery of a large
number of susceptibility loci, each of which shows a mild contribution to the disease.
For example, multiple GWAS in the last 15 years have uncovered more than 200 genetic
loci that are independently associated with multiple sclerosis, while none of them show
a odds ratio (OR) of more than 1.5 [1,2]. In 2013, a strong susceptibility loci within the
GTF2I–NCF1 intergenic region at 7q11.23 was identified for primary Sjögren’s syndrome
(pSS), with the GTF2I rs117026326 as the most significant polymorphism (OR = 2.20,
p = 1.31 × 10−53) [3]. Subsequently, this strong association has been confirmed [4] and
extended to other autoimmune disorders, including systemic lupus erythematosus (SLE) [5],
systemic sclerosis (SSc) [6], and neuromyelitis optica spectrum disorder (NMOSD) [7].

Since the GTF2I rs117026326 is an intronic SNP, efforts have been made to identify
the causal variant of this novel susceptibility locus for multiple autoimmune diseases. In
2017, two studies reported that a missense mutation in neutrophil cytosolic factor 1 (NCF1)
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within the locus is associated with SLE, pSS and rheumatoid arthritis (RA) [8,9]. The NCF1
rs201802880 G > A polymorphism that is associated disease susceptibility, age at diagnosis
but not disease activity in SLE leads to a shift from Arg to His at position 90 which is a
evolutionarily conserved residue in the p47phox subunit of the phagocyte NADPH oxidase
complex [8,10]. The disease risk His90 variant reduces the production of reactive oxygen
species (ROS) and increases the expression of type 1 interferon (IFN-I)-regulated genes [8,9],
suggesting it is a putative causal variant of the GTF2I–NCF1 intergenic susceptibility locus.
This notion was verified by experimental evidence obtained from NCF1-His90 knock-in
(KI) mice [11]. Compared to wild type (WT) littermate controls, NCF1-His90 KI mice
show a reduced ROS production, elevated type IFN-I scores, splenomegaly, and increased
germinal center B cells and plasma cells. Moreover, NCF1-His90 KI mice but not WT
littermate controls develop autoantibodies and SLE-like kidney pathology after challenge
with pristane [11]. In the current study, we performed a comprehensive meta-analysis to
evaluate the association of the GTF2I–NCF1 intergenic susceptibility locus with various au-
toimmune diseases. In addition, we aimed to provide an overview of potential mechanisms
underlying the role of the causal NCF1-His90 variant in autoimmune conditions.

2. Methods
2.1. Identification of Eligible Studies

To obtain an overview of the association between the GTF2I–NCF1 locus and autoim-
mune diseases, we carried out a comprehensive meta-analysis. A search of the Medline
database (https://www.ncbi.nlm.nih.gov/pubmed (accessed on 30 March 2022)) was per-
formed to identify eligible studies. First of all, the keyword ‘rs117026326’ and ‘(Arg90His)
OR (rs201802880)’ were used for the search without any limitations. In a second step, the
full text of all articles from step one were reviewed to identify eligible studies. The fol-
lowing studies were excluded: (a) review articles or comment, (b) non-genetic association
studies, and (c) genetic studies for non-autoimmune diseases.

2.2. Data Extraction

Data extraction was conducted as described previously [12]. Briefly, the following
information was collected from each study: first author’s name, year of publication, the
population of origin, type of autoimmune disease, the number of cases and controls, and
frequencies of the rs117026326 and rs201802880 allele in both cases and controls. For
studies including several case–control populations, each case–control population was
extracted separately. Two participants searched whole the articles that needed to be
extracted independently, and the extracted data were checked by a third participant.

2.3. Data Evaluation and Statistical Analysis

Cochran’s Q-statistics was applied to evaluate the heterogeneity across studies. The
random-effect model was used for meta-analysis when heterogeneity was indicated by
a significant Q-statistic (p < 0.10), otherwise the common/fixed effect model was used.
By comparing frequencies of alleles, the odds ratio (OR), 95% confidence intervals (CI),
and p values were estimated for each individual case–control study. Meta-analysis was
performed to calculate the pooled OR, 95% CI and p values. The presence of publication
bias was evaluated by examining the asymmetry of the funnel plot using Egger’s regression
test. All statistical analyses were performed using the R software (version 4.1.2) and
Comprehensive Meta-Analysis computer program (Biosta, Englewood, NJ, USA).

3. Results
3.1. Frequency Distribution of the GTF2I and NCF1 Polymorphisms across Populations

Notably, although the GTF2I-NCF1 locus at 7q11.23 is strongly associated with pSS in
Chinese [3], such an association has not been observed in Caucasians [13], suggesting that
susceptibility variants within the locus might be remarkably less prevalent in Caucasians
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than in Chinese. This notion is supported by the frequency distribution of the GTF2I
rs117026326 and NCF1 rs201802880 polymorphisms across populations.

The allele frequency of the GTF2I rs117026326 polymorphism varies considerably
across the world (Figure 1). The highest frequency (17.6%) was reported in Changchun,
a city in Northeast China [7]. The frequency decreases toward the south and west China,
showing 14.9% and 13.9% in Beijing [5,6], and 11.9% in Shanghai [9], 11.9% and 9.4% in
Chengdu [14,15], 11.5% in Xiamen [4], and 10.4% in Taiwan [16]. This polymorphism is also
prevalent in other Eastern Asia populations, with allele frequencies of 11.4% in Korean [9]
and 8.0% in Japanese [17]. In line with this finding, the frequency in Chinese American in
Los Angeles was reported to be 11.4% [9]. By contrast, those values in European American
and African American are only 0.7% and 0.0%, respectively [9].
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Figure 1. Heat map of the allele frequencies of the GTF2I rs117026326 (diamond) and the NCF1
rs201802880 (circle) across the world. Each color dot represents frequency of the GTF2I rs117026326
or the NCF1 rs201802880 in a single population. ChiAm: Chinese American; EurAm: European
American; AfrAm: African American.

Due to highly homologous sequences among NCF1 and its two pseudogenes, NCF1B
and NCF1C, genotyping of the NCF1 rs201802880 polymorphism is not possible with
conventional methods [9]. To obtain the correct genotypes of the polymorphism, a NCF1-
specific genomic fragment needs to be amplified and, subsequently, subjected to sequencing
or TaqMan SNP Genotyping Assay [8,9,17]. The highest allele frequency of the NCF1
rs201802880 polymorphism was reported in Japan (19.6%) [17], followed by Beijing, China
(18.3%); Korea (18.1%); and Shanghai, China (16.7%). The frequency in Chinese American
(15.6%) is considerably higher than in African American (8.2%) and European American
(2.3%). As expected, the frequencies in Swedish (2.45%) and German (1.8%) populations
are comparable to that in European American [8,18] (Figure 1).

Taken together, allele frequencies of GTF2I rs117026326 and NCF1 rs201802880 poly-
morphisms are population dependent, with higher frequencies in East Asian populations
than in others, which explains the strong association of the GTF2I-NCF1 locus with autoim-
mune diseases in China, Korea, and Japan.
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3.2. Meta-Analysis for the Association of the GTF2I-NCF1 Locus with Autoimmune Diseases

The keyword ‘rs117026326´ and ‘(Arg90His) OR (rs201802880)’ were used for the
search without any limitations, which identified 11 and 8 articles, respectively. Further
review of the 19 articles led to the identification of 11 eligible studies for the meta-analysis
(Figure 2). To access potential publication bias, the asymmetry of the funnel plot was
examined. All p values of Egger’s regression test were >0.05, suggesting that there was no
publication bias for the association of the two polymorphisms within the GTF2I-NCF1 loci
with pSS or SLE (Figure 3).
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3.2.1. Meta-Analysis for the Association of the GTF2I rs117026326 Polymorphism with
Autoimmune Diseases

Since the GTF2I rs117026326 polymorphism exerts the strongest association with pSS
in the discovery study of the susceptibility locus [3], this SNP has been extensively studied
for its association with various autoimmune diseases, including pSS, SLE, SSc, NMOSD,
multiple sclerosis (MS), and antineutrophil cytoplasmic antibody (ANCA)-associated vas-
culitides (AAV) [3–5,7,9,14–17]. The association of the GTF2I rs117026326 polymorphism
with pSS, SLE, SSc and NMOSD has been investigated in at least two case–control studies,
making them applicable for meta-analysis (Figure 4).

For the meta-analysis of the association between the GTF2I rs117026326 polymorphism
and pSS, 8 case–control studies were recruited. All of them showed that the minor allele
is associated with an increased risk of pSS [3,4,9,16]. As expected, our meta-analysis
confirmed a highly significant association between the GTF2I rs117026326 polymorphism
and pSS (OR = 2.17; 95% CI = 2.00–2.34, p < 1 × 10−16) (Figure 4A). The association
between the GTF2I rs117026326 polymorphism and SLE has been investigated in 9 case–
control studies, and 8 of them showed a significant association [5,9,14,17]. Our meta-
analysis showed a strong association of the GTF2I rs117026326 polymorphism with SLE,
where the minor allele conferred an approximate 3-fold risk for the disease (OR = 3.04;
95% CI = 2.81–3.30, p < 1 × 10−16) (Figure 4B). Meta-analysis also revealed a significant
association between the GTF2I rs117026326 polymorphism and SSc with two case–control
studies [6,16] (OR = 1.77; 95% CI = 1.49–2.11, p = 9.36 × 10−11) (Figure 4C). The association
between the GTF2I rs117026326 polymorphism and NMOSD has been investigated in
two case–control studies where both have shown a significant association [7,15]. The
meta-analysis with the two studies revealed a marginally significant association of the
GTF2I rs117026326 polymorphism with NMOSD (OR = 1.92; 95% CI = 0.99–3.73, p = 0.054)
(Figure 4D).

Unlike the four autoimmune diseases mentioned above, MS and AAV are reported
not to be associated with the GTF2I rs117026326 polymorphism [7,17]. The difference
between two autoimmune demyelinating diseases of the central nervous system, MS and
NMOSD, in their association with GTF2I is supported by our recent studies reporting
that the GTF2I rs73366469, another Taq-SNP of the intergenic locus, is associated with
NMOSD, but not with MS, myelin oligodendrocyte glycoprotein-associated disorders or
anti-N-Methyl-D-Aspartate receptor encephalitis [19,20].
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Figure 4. Association of the GTF2I rs117026326 polymorphism with pSS (A), SLE (B), SSc (C), and
NMOSD (D). Data derived from the meta-analysis are presented as forest plot. Odds ratios (OR) and
95% confidence intervals (CI) of individual studies are represented by squares and horizontal lines,
respectively. Size of the square represents the weight of the individual study in the meta-analysis.
Diamonds represent the OR (center line of the respective diamond) and 95% CI (lateral tips of the
respective diamond). The OR, 95% CI and p values for the meta-analysis are indicated by bold text.
Information regarding individual case–control studies, including the first author name and year of
publication, are indicated [3–7,9,14–17].

3.2.2. Meta-Analysis for the Association of the NCF1 rs201802880 Polymorphism with
Autoimmune Diseases

Since it was discovered in 2017 [9], the missense mutation NCF1 rs201802880 has been
investigated for its association with 5 autoimmune conditions, namely SLE, pSS, RA, SSc, and
AAV [8,9,17]. As shown in Figure 5A, the association of the NCF1 rs201802880 polymor-
phism with SLE has been investigated in 9 case–control studies, and all of them reported
that the minor allele is significantly associated with an increased risk of SLE [8,9,17].
Accordingly, our meta-analysis showed a strong association of the NCF1 rs201802880
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polymorphism with SLE, where the minor allele conferred a more than 3-fold risk of de-
veloping the disease (OR = 3.20; 95% CI = 2.79–3.66, p < 1 × 10−16). Meta-analysis of the
association between the NCF1 rs201802880 polymorphism and pSS was performed with
two case–control studies [9]. The result showed a strong association of the mutant allele
with an increased risk for pSS (OR = 2.63; 95% CI = 2.16–3.20, p < 1 × 10−16) (Figure 5B).
Association of the NCF1 rs201802880 polymorphism with other three autoimmune diseases
was investigated in only one case–control study, where SSc and RA, but not AAV, are
reported to be associated with the missense mutation [17].
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Figure 5. Association of the NCF1 rs201802880 polymorphism with SLE (A) and pSS (B). Data
derived from the meta-analysis are presented as forest plot. Odds ratios (OR) and 95% confidence
intervals (CI) of individual studies are represented by squares and horizontal lines, respectively.
Size of the square represents the weight of the individual study in the meta-analysis. Diamonds
represent the OR (center line of the respective diamond) and 95% CI (lateral tips of the respective
diamond). The OR, 95% CI and p values for the meta-analysis are indicated by bold text. Information
regarding individual case–control studies, including the first author name and year of publication,
are indicated [8,9,17].

4. Discussion

In the present study, we performed a meta-analysis demonstrating that the GTF2I-
NCF1 intergenic locus is associated with multiple autoimmune diseases, including pSS,
SLE, SSc, and NMOSD. A major limitation of this study is the relative small number of
studies retrieved for the analysis. Since the causal mutation within the GTF2I-NCF1 locus
was identified in 2017, its association with autoimmune diseases has not been extensively
investigated. It is conceivable that some other autoimmune disorders are also associated
with the susceptibility locus, and examination of the pattern of the association will help to
understand the underlying mechanisms of the association.

Both clinical and experimental evidence have shown that the causal variation is the
NCF1 rs201802880 polymorphism which leads to the p.Arg90His substitution. NCF1
encodes the p47phox which is one of five subunits of the NADPH oxidase 2 (NOX2),
and the p.Arg90His residue is located in the phox domain which mediates binding of
p47phox to the cellular membrane. It has been shown that the evolutionary conserved
Arg90 residue is essentially involved in the binding to the cellular membrane and the
NAPDH oxidase activity in response to various stimuli [21]. Compared to Arg90, the
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His90 variant reduces the ROS production and leads to an increased risk of developing
multiple autoimmune diseases including SLE, pSS, SSc, and RA [8,9,22]. In accordance
with these findings, NCF1 variants that reduce NOX2-derived ROS production in rat
and mice have also been shown to promote multiple experimental autoimmune diseases,
such as pristane-induced arthritis, experimental autoimmune encephalomyelitis, and SLE-
like disease [23–25]. The causal relationship between the human and rodent hypoactive
NCF1 mutations and various autoimmune disorders suggests an essential role of NOX2-
derived ROS in the regulation of development of autoimmune disorders [26]. Clinical and
experimental evidence have demonstrated that the NOX2-derived ROS might contribute to
the pathogenesis of autoimmune diseases via multiple mechanisms.

4.1. Regulation of Apoptotic Cell Clearance

The phagocyte NOX2 complex is composed of two catalytic transmembrane subunits
and three regulatory cytosolic subunits, including the p47phox encoded by NCF1 [27].
ROS-reducing NCF1 variants that lead to hypofunction of the NOX2 might impair the
physiological function of phagocytes. Very recently, Geng and colleagues reported that
bone marrow-derived macrophages from NCF1 His90-KI mice result in an impaired effe-
rocytosis [11]. Compared to WT controls, macrophages from the His90-KI mice show a
decreased ROS production, reduced Hv1-dependent acidification, impaired maturation
and proteolysis of phagosomes, which lead to a slower digestion of apoptotic cells [11]. This
observation is in line with the finding that macrophages from mice carrying loss-of-function
mutation in gp91phox encoding another NOX2 subunit show an impaired ability to clear
apoptotic cells [28].

Under physiological condition, most tissue undergoes routine turnover of cells which
mainly die via apoptosis, and the rapid removal of those apoptotic cells by phagocytes
via efferocytosis is an essential step for the maintenance of tissue homeostasis. Defective
clearance of apoptotic cells is associated with many pathological conditions, including
autoimmune diseases, such as SLE [29]. For example, it has been shown that macrophages
from patients with SLE are featured by a decreased phagocytic clearance of apoptotic
cells [30,31]. Moreover, mice deficient in genes encoding molecules involved in apoptotic
cell recognition and binding on the cell membrane of phagocytes develop spontaneously
lupus-like disease [32–34]. Therefore, it is conceivable that the ROS-reducing NCF1 variant
causes a defective efferocytosis and thus impairs clearance of apoptotic cells, which further
contributes to the development of SLE. This concept is supported by the observation
that mice carrying hypoactive NCF1 variant produce SLE-associated autoantibodies and
develop chronic kidney inflammation spontaneously or after application of pristane [11,25].
In line with these findings, macrophages from SLE patients carrying the His90 variant
show a decreased phagocytic ability compared to those from Arg90-carrying patients with
SLE [11].

4.2. Regulation of Mitochondrial ROS-Associated NET Formation

As a crucial component in the first line of defense against micro-organisms, neutrophils
are equipped with multiple anti-infective strategies, including phagocytosis, generation
of ROS, proteases, and formation of neutrophil extracellular traps (NETs) [35]. Apart
from their essential role in infection, neutrophils have been emerged as a player in the
development of various autoimmune disorders [36].

In SLE, neutrophils from patients are characterized with multiple abnormalities in their
functions, such as increased apoptosis, elevated release of NETs, aberrant NETosis, impaired
phagocytosis, and enriched circulating low-density granulocytes [37–40], supporting a
crucial role of these cells in the disease pathogenesis. Among the different neutrophil
functions, the role of NET formation in the pathogenesis of SLE has been extensively
investigated. As complex three-dimensional structures committed to trap circulating
micropathogens, NETs are composed of chromosome DNA, histone, and cytoplasmic
granule proteins, providing a potential resource of SLE autoantigens [41,42]. Despite
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extensive investigation, the role of NETs in SLE remains elucidative. On the one hand,
increased NET release and impaired clearance of NET components have been observed in
SLE [43,44] and immune complexes formed by autoantibodies and NET-derived antigen
can stimulate the production of IFN-α [40] and activate autoreactive B cells [45], favoring
disease-promoting role of NETs in SLE. On the other hand, studies using murine models of
SLE have shown that NET deficiency can promote [46], inhibit [47] or have no impact [48]
on lupus-like disease, suggesting that NETs are not an indispensible component but may
contribute to the development of SLE depending on the respective pathological condition.

Neutrophils from patients with CGD are unable to produce NETs [49], highlighting an
essential role of NOX2 activity in NET formation. Recently, Linge et al. reported that human
neutrophils with the hypoactive NCF1 His90 variant show a decreased NET formation in
response to PMA stimulation, compared to Arg90 neutrophils [10]. Moreover, an increased
dependence on mtROS in PMA-mediated NET formation has been observed in His90
neutrophils [10]. Apart from ROS produced via NOX2, neutrophil activation also leads
to the generation of mitochondria-derived ROS (mtROS) [50]. When NOX2-derived ROS
are impaired, mtROS are likely involved in the formation of NETs [50]. By contrast to the
anti-inflammatory role of the NOX2-derived ROS, mtROS are potentially inflammatory
because it causes oxidation of mitochondrial DNA [51–53], implicating that imbalance
in the usage of NOX2-derived ROS and mtROS might affect autoimmune inflammatory
processes. Therefore, it is likely that the involvement of mtROS in the formation of NETs
in His90 neutrophils makes the NETs pathogenic. This concept is partially supported by
evidence that mtROS-associated NETs containing mtDNA aggravates lupus-like disease in
mice [51]. However, it needs to be further validated in future studies.

4.3. Regulation of T Cell Responses

Dysregulated autoreactive T cell responses have been observed in mice carrying His90
allele or other ROS-reducing variants [11,23,54], suggesting a role of autoimmune disease
risk NCF1 variants in the regulation of T cell homeostasis. Although T cells do not exert
oxidative burst, multiple evidence show that NCF1 mutation are able to regulate T cell
homeostasis via antigen presenting cells (APCs).

As compared with WT mice, His90 KI mice are featured by increased ratios of splenic
follicular T helper 2 (Tfh2) to either T follicular regulatory (Tfr) or Tfh1 cells [11], suggesting
a role of the hypoactive His90 variant and reduced ROS in the regulation of differentiation
of follicular T helpers. In line with this experimental observation, SLE patients carrying
His90 variant have increased frequencies of circulating Tfh and Tfh2 cells but decreased
frequencies of Tfh1 and Tfr cells [11]. Expanded Tfh2 cell populations are likely caused
by the interaction between T cells and APCs with defective efferocytosis. Mechanistically,
the His90 variant causes defective efferocytosis and persistence of apoptotic cell proteins
within phagosomes of APCs, which leads to the enhanced presentation of an apoptotic
cell-associated antigen with increased CD40 expression and consequent expansion of Tfh
and Tfh2 cells [11,55].

Hypoactive NCF1 variants also promote the expansion of autoreactive effector T
helpers. In 2017, Sarelia and colleagues reported that KI mice carrying a ROS-reducing
NCF1 variant originated from rat, develop severe collagen induced arthritis (CIA) while
mice expressing functional NCF1 develop only mild symptoms [54], demonstrating a protec-
tive role of ROS in the development of autoimmune arthritis. Notably, the hypoactive NCF1
variant promotes the expansion of immunodominant collagen II-specific Th17 cells [54]
which are a major contributor to the pathogenesis of CIA [56]. The effect of promoting
the expansion of collagen II-specific CD4 effector T cells has also been reported in mice
expressing another hypoactive NCF1 variant [23]. A possible mechanism underlying the
role of reduced ROS in regulation of CD4 effector T cells has been proposed by Gelder-
man and colleagues [57,58]. According to their hypothesis, APCs with lower capacity to
produce ROS are associated with an increased number of reduced thiol groups (-SH) on
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membrane surfaces of T cells, which lowers the threshold for T cell reactivity and enhances
proliferative responses [57,58].

In addition to the regulation of T helper cells, NOX2-derieved ROS is also involved in
the induction of regulatory T cells (Tregs). Compared to controls with functional NCF1, ani-
mals carrying hypoactive NCF1 variant show similar levels of naïve Tregs but a decreased
levels of induced Tregs, suggesting that NOX2-derived ROS is require for the induction
of Tregs [59]. This notion is supported by in vitro evidence that macrophages induce
CD4+CD25+FoxP3+ Tregs in a ROS-dependent manner [59]. Taken together, the hypoactive
NCF1 variant might contribute to T cell autoimmunity by promoting autoreactive T helpers
and inhibiting the induction of Tregs.

4.4. Regulation of Type 1 IFN Signaling

In 2014, Kelkka and colleagues reported that both chronic granulomatous disease
(CGD) patients and mice lacking functional NOX2 complex exhibit a prominent type I
interferon (IFN) response signature and elevated levels of autoantibodies [25], suggesting
for the first time that type I IFN signaling as a potential mediator connecting ROS defi-
ciency to autoimmunity. In line with this finding, the hypoactive NCF1 His90 variant is
associated with an increased expression of type 1 interferon-regulated genes in patients
with autoimmune diseases, such as RA and SLE [8,10]. Furthermore, NCF1 His90 KI mice
show an elevated type I IFN response and SLE-associated autoantibodies compared to WT
littermate controls [11]. Therefore, the prominent type I IFN response might be a potential
contributor to the His90 variant-caused autoimmune conditions. The type I IFN response
is committed to combat viral infection, and it can be induced by both environmental and
endogenous factors [60,61]. By investigating germ-free NCF1 mutated mice, Kelkka and
colleagues showed that the upregulated type I IFN response associated with reduced ROS
is of endogenous origin [25].

There is an increasing body of evidences that type I IFN response is associated with
autoimmune conditions, especially autoimmune rheumatoid diseases, such as SLE, pSS,
and RA [62,63]. Elevated levels of circulating IFN-α have been observed in patients with
SLE and they are associated with disease activity and clinical manifestations [64]. In murine
models of SLE, increased type I IFN response has been observed [65], and application of
IFN-α increases immune complex deposition in the kidneys and consequently exacerbates
the disease [66,67]. In addition to in SLE, unregulated expression of type I IFN and IFN-
stimulated genes has been observed in pSS [68,69]. In addition, elevated IFN signature is
regarded as a biomarker for disease activity and response to therapy in RA [70,71]. Type
I IFNs are capable to promote multiple immunological processes, including maturation
of myeloid DCs (mDCs), CD4 T helper cell differentiation, B cell activation, plasma cell
differentiation, antibody production, and Ig class switching [72–74]. Specifically with
regard to defective NCF1-caused type I IFN responses, it has been shown that hypoactive
NCF1 variant leads to elevated type I IFN responses and the expansion of germinal center
(GC) B cells in mice [11]. Given that type I IFN is capable to induce B cells to express
CD38 [75] that prevents apoptosis of GC B cells [76], and that B cells from CDG patients
expressed higher levels of CD38 [25], it is conceivable that type I IFN response contributes
to the NCF1-associated autoimmunity via inhibiting apoptosis of autoreactive GC B cells.

5. Conclusions

The meta-analysis in this study demonstrates that the GTFI-NCF1 susceptibility locus
is associated with multiple autoimmune diseases. The causal NCF1 His90 variant leads
to an impaired NOX2 activity and confers a risk for various autoimmune conditions.
Experimental and clinical evidence suggests that the hypoactive NCF1 His90 variant might
contribute to autoimmune conditions via multiple pathways, including impairing apoptotic
cell clearance, regulating the formation of N.

ETs, promoting the differentiation of autoreactive T cells, and increasing type I IFN
responses. In addition, since NOX2-derived ROS play an important role in autophagy and

110



Antioxidants 2022, 11, 1589

aberrations of autophagy has been observed in autoimmune diseases, such as SLE [77,78],
a potential mechanism underlying hypoactive NCF1 variant-caused autoimmune condi-
tions might be regulating the homeostasis of autophagy. Of note, the NCF1 His90 variant
might contribute to different autoimmune diseases via different mechanisms, e.g., impair-
ment of apoptotic cell clearance likely contributes to SLE. Since NOX2 is expressed in all
phagocytes, the hypoactive His90 variant might contribute to autoimmune diseases via
other mechanisms which need to be explored in future studies. In addition, given that
susceptibility polymorphisms may impact the treatment of disease [79], it is interesting
to explore the association of NCF1 His90 variant with response to treatment in autoim-
mune diseases. In conclusion, the identification of the autoimmune disease risk NCF1
His90 variant demonstrates an essential role of NOX2-derived ROS in the development of
autoimmune diseases.
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Abstract: Congenital central hypoventilation syndrome (CCHS) is a rare neurological genetic disorder
that affects sleep-related respiratory control. Currently, no drug therapy is available. In light of
this, there is a need for lifelong ventilation support, at least during sleep, for these patients. The
pathogenesis of several chronic diseases is influenced by oxidative stress. Thus, determining oxidative
stress in CCHS may indicate further disorders in the course of this rare genetic disease. Liquid biopsies
are widely used to assess circulating biomarkers of oxidative stress. In this study, ferric reducing
ability of plasma, thiobarbituric acid-reactive substances, advanced oxidation protein products
(AOPPs), and advanced glycation end-products were measured in the serum of CCHS patients to
investigate the relationship between oxidative stress and CCHS and the significance of this balance in
CCHS. Here, AOPPs were found to be the most relevant serum biomarker to monitor oxidative stress
in CCHS patients. According to this communication, CCHS patients may suffer from other chronic
pathophysiological processes because of the persistent levels of AOPPs.

Keywords: CCHS; rare disease; oxidative stress; circulating biomarkers; TBARS; FRAP; AOPP

1. Introduction

The development and the progression of several chronic diseases are often associated
with oxidative stress (OS), a phenomenon defined as an imbalance between the formation
of reactive oxygen species (ROS) and antioxidant defense systems [1,2]. ROS are biomarkers
of OS; however, being highly reactive and with a short half-life, the measurement of the
products of oxidative damage caused by ROS to lipids, proteins, and nucleic acids is the
preferred approach to assess oxidative stress in clinical samples [3].

Advanced oxidation protein products (AOPPs), derived from the action of hypochlor-
ous acid and chloramine produced by neutrophil myeloperoxidase, are regarded as both
oxidative stress and inflammatory biomarkers in clinical samples [4]. Lipid peroxidation is
commonly used as an indicator of ROS-induced damage to polyunsaturated fatty acids in
the cell membrane [5]. Malondialdehyde (MDA) is one of the best-studied end-products
of lipid peroxidation and can be measured using thiobarbituric acid-reactive substances
(TBARS) [6].

Advanced glycation end-products (AGEs) are heterogeneous compounds generated
from the nonenzymatic glycation of macromolecules (proteins, nucleic acids, and lipids)
through the Maillard reaction; despite being often associated with hyperglycemia, increased
AGEs have also been documented in normoglycemic subjects suffering from other condi-
tions characterized by increased OS such as inflammatory diseases and obstructive sleep
apnea [4,7].
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Physiological homeostasis is maintained by sophisticated enzymatic and nonenzy-
matic antioxidant defenses that counteract excessive ROS levels [8]. The FRAP assay
measures the ferric reducing ability of plasma, provides estimates of the total nonenzymatic
antioxidants in plasma, and represents an indication of the intrinsic ability of plasma to
prevent and limit the negative effects of oxidative stress [9]. FRAP values have been found
to correlate with the clinical status in several metabolic, cardiovascular, and respiratory
diseases [10–13].

Congenital central hypoventilation syndrome (CCHS) is a rare autosomal dominant
genetic disorder (ORPHA:661) that affects respiratory control (with an incidence of about
1/200,000 live births [14,15]. Heterozygous polyalanine repeat expansion (PolyALA) in the
paired-like homeobox 2b (PHOX2B) gene is present in 90% of CCHS patients [16]. PHOX2B
is a key gene for the neuronal formation and differentiation, especially in the autonomic
nervous system. Indeed, CCHS patients manifest episodes of apnea/hypopnea during
sleep and during routine activities of daily living. This pathological condition results from
abnormal control of breathing with reduced sensitivity to hypercapnia and hypoxemia [17].
CCHS has no resolving drug therapy [16,18], but lifelong ventilation support during sleep
and, in severe cases, also during wakefulness supplants the “forgotten breathing” in CCHS
patients [14,15], allowing CCHS patients to live a dignified life.

In 2018, we demonstrated for the first time that erythrocytes and leukocyte subpopula-
tions of CCHS patients had increased levels of ROS [19].

Blood cells reflect the condition of the whole organism and are an outstanding model
for evaluating oxidative status, but ROS determination in blood cells requires complex and
time-consuming techniques such as cytofluorimetric analysis. Therefore, there is much
emphasis on circulating biomarkers of oxidative stress because they can be easily examined
in liquid biopsies (e.g., serum and urine), whereas determination of ROS levels requires
very rapid sample processing (within 2 h from collection). In light of these considerations,
we recently performed an HPLC–MS/MS analysis to detect the three major oxidative
biomarkers, i.e., o,o′-dityrosine, malondialdehyde, and 8-hydroxy-2′-deoxyguanosine, in
the CCHS urine. This study showed higher levels of urinary MDA in young adults with
CCHS than in control subjects of the same age, but not in minors [20].

According to the assumption that OS contributes to the onset of chronic-degenerative
diseases [21,22], the determination of OS in CCHS may indicate the risk of suffering from
additional disorders during the course of the CCHS rare genetic disease [23].

Therefore, in this study, circulating antioxidant/oxidant status was evaluated by
measuring FRAP, TBARS, AOPP, and AGEs in CCHS patients to evaluate the relationship
between OS and CCHS, and to investigate the significance of this balance in this rare genetic
disease.

2. Materials and Methods
2.1. Subject Enrollment and Sample Collection

For this study, four minor healthy controls, five adult healthy controls, and nine
CCHS patients (five minors and four adults) with confirmed PHOX2B gene mutation were
enrolled. Enrolled subjects received detailed explanations of the study, and all subjects
signed a written, informed consent form; for minors, a parental written informed consent
form was signed. The Institutional Review Board of Meyer Children’s Hospital (Florence,
Italy) approved the study protocol (Ethics Committee registration number 99/2017).

All subjects were Italian and of the same ethnicity; they had no differences in height,
weight, body mass index (BMI), and lipid profiles. Healthy controls were age-matched
subjects without diseases, not taking drugs or alcohol, and nonsmokers. All CCHS patients
had no additional phenotypic features of CCHS (i.e., neural crest tumor or Hirschsprung’s
disease). Table 1 reports the demographic and clinical features of CCHS patients.
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Table 1. Demographic and clinical characteristics of enrolled CCHS patients.

ID Age Sex PHOX2B Gene Mutation Type of Ventilation

3 30 F PolyALA 20/25 Pacemaker/noninvasive ventilation
8 26 M PolyALA 20/26 Pacemaker/noninvasive ventilation
7 20 F PolyALA 20/33 Pacemaker/noninvasive ventilation
2 27 F PolyALA 20/25 Noninvasive ventilation
5 8 M PolyALA 20/25 Noninvasive ventilation
1 11 F PolyALA 20/26 Tracheostomy
6 11 M PolyALA 20/26 Tracheostomy
4 1 F Frameshift Tracheostomy
9 11 M PolyALA 20/25 Noninvasive ventilation

ROS production is influenced by daily activities or individual-dependent factors [24].
CCHS patients were admitted to the hospital the day before sample collection to exclude
ROS production due to acute exposure to other factors or daily activities. The respiratory
parameters, i.e., apnea–hypopnea index, oxygen desaturation index, and carbon dioxide
levels, of all CCHS patients were within normal limits after they underwent full nocturnal
polysomnographic examinations and capnography to exclude any possible interference
from recent hypoxic episodes.

All blood samples were collected fasting in the morning; for CCHS patients, blood was
sampled after the polysomnography analysis. Blood was collected in nonadditive serum
preparation tubes (red top). The serum tubes were kept at room temperature for 60 min
before centrifugation (1000× g, 15 min). Serum samples were stored at −20 ◦C within 2 h
of collection.

2.2. Thiobarbituric Acid-Reactive Substances (TBARS) Determination

TBARS are markers of lipid peroxidation, and they were determined as reported in our
previous work [25]. Briefly, the serum sample (100 µL) was deproteinized by adding 100 µL
of trichloroacetic acid (Merck KGaA, Darmstadt, DA, Germany) (1:1 v/v), and 160 µL of
the resulting supernatant was added to 32 µL of thiobarbituric acid (0.12 M) (Merck KGaA,
Darmstadt, DA, Germany) in 0.26 M Tris, before heating at 100 ◦C for 15 min. A 10 min ice
bath and centrifugation (1600× g, 4 ◦C, 10 min) stopped the reaction, and the absorbance
of the supernatant was measured at 532 nm (Perkin Elmer Wallac 1420 Victor3 Multilabel
Counter).

The molar absorption coefficient (1.56 × 10−5 M·cm−1) was used to calculate TBARS
content. TBARS were expressed as pmol/mg protein.

2.3. Advanced Oxidation Protein Product (AOPP) Determination

For AOPP measurement, the serum sample (20 µL) was diluted in 1 mL of PBS, and
then mixed with 50 µL of KI (1.16 M) and 100 µL of acetic acid. The absorbance value was
immediately read at 340 nm. Chloramine-T (Merck KGaA, Darmstadt, DA, Germany), as
the standard for the calibration curve, was used to quantify AOPPs. AOPPs were expressed
as nmol of chloramine per mg protein [26].

2.4. Advanced Glycated End-Products (AGEs)

According to Cournot and Burillo [27], AGEs were determined by spectrofluorometric
detection of fluorescent products. A 96-well black plate was loaded with 100 µL of serum,
and fluorescence was measured at 460 nm after excitation at 355 nm. As a result, the results
were expressed in arbitrary units (AU)/mg protein.

2.5. Ferric Reducing Ability of Plasma (FRAP) Determination

Assays based on Benzie and Strain’s method were used to determine FRAP [28]. As
previously described [25], serum samples (10 µL) were added to 90 µL of distilled water. A
FRAP solution (300 mM acetate buffer (pH 3.6), 10 mM 2,4,6-tripyridyl-S-triazine (TPTZ) in

117



Antioxidants 2022, 11, 1497

40 mM HCl, and 20 mM FeCl3·6H2O (10:1:1)) was freshly prepared incubated for 30 min at
37 ◦C. The ferric–tripyridyl–triazine complex is reduced into the ferrous form, developing
an intense blue color. The absorbance value was measured at 595 nm using the Wallac
1420 Victor 3 Multilabel Counter (Perkin Elmer, Waltham, MA, United States). FeSO4·7H2O
was used for the standard curve, FRAP was expressed as nmol/mg protein. Merck KGaA
(Darmstadt, DA, Germany) supplied all reagents.

2.6. Statistical Analysis

Statistical analyses were performed using Graph-Pad Prism 7.00. A p-value < 0.05 was
considered statistically significant. Normality was verified with the Kolmogorov–Smirnov
test. Comparison of continuous variables between the two groups was performed using
the Student’s t-test or Mann–Whitney test as applicable according to data distribution.

3. Results and Discussion

Oxidative Damage and Antioxidant Capacity in the Serum of CCHS Patients
Biomarkers of systemic OS and total antioxidant capacity are of great value in assessing

a physiologically altered or increased disease state [29].
As shown in Table 2, the mean age of CCHS patients was similar to that of the controls

(15.61 ± 3.3 vs. 17.89 ± 3.62), and the two groups were also matched for sex. AOPP levels
were significantly higher in the CCHS serum when compared to age- and sex-matched
healthy subjects (12.18 ± 1.81 vs. 2.76 ± 0.72, p < 0.001). This finding is consistent with the
elevated ROS levels we previously detected in blood cells of CCHS patients [19]. On the
contrary, no significant differences were observed when comparing TBARS and AGE levels
in the two groups; similarly, the total antioxidant power of CCHS patients was similar to
that of the healthy controls.

Table 2. Demographic features, and serum biomarkers in CCHS patients and healthy controls.

Demographic Characteristics and
Oxidative Markers CCHS Patients Healthy Controls

n 9 9
Sex (males, %) 44% 33%

Age (years) 15.61 ± 3.3 17.89 ± 3.62
TBARS (pmol/mg) 4.46 ± 1.21 2.52 ± 0.38
AOPP (nmol/mg) 12.18 ± 1.81 *** 2.76 ± 0.72

FRAP (nmol Fe2+/mg) 4.40 ± 0.77 5.42 ± 1.01
AGEs (AU/mg) 1.63 ± 0.12 1.84 ± 0.22

Data are reported as the mean ± SE. *** p < 0.001 vs. healthy controls according to Student’s t-test. TBARS:
thiobarbituric acid-reactive substances; AOPPs: advanced oxidation protein products; FRAP: ferric reducing
ability of plasma; AGEs: advanced glycation end-products; AU: arbitrary units.

Since we recently demonstrated increased urinary MDA levels in young adult CCHS
compared with age-matched control subjects [20], in this study, we evaluated serum OS
biomarkers and antioxidant status according to two age groups: minors (<18 years) and
adults (>18 years).

As depicted in Figure 1A, AOPP levels were significantly higher in both minor
CCHS patients (mean age 7.9 ± 1.73 years) compared to age-matched controls (mean
age 7 ± 2.16 years) (13.35 ± 3.48 nmol/mg vs. 3.99 ± 1.24 nmol/mg; p < 0.05) and adult
CCHS patients (mean age 25.25 ± 2.13 years) compared to adult healthy controls (mean
age 26.60 ± 1.28 years) (11.01 ± 1.50 nmol/mg vs. 1.78 ± 0.63 nmol/mg; p < 0.05).
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Figure 1. Levels of serum (A) AOPP, (B) FRAP, (C) TBARS, and (D) AGEs in healthy controls (Cntr)
and CCHS patients aged <18 years and >18 years. Data are expressed as the mean ± SEM. * p < 0.05
vs. healthy minors; # p < 0.05 vs. healthy adults; ˆ p < 0.05 vs. healthy minors.

AOPPs resulting from myeloperoxidase activation and hypochlorous acid production
during inflammation are capable of binding to pattern recognition receptors (PRRs) whose
downstream effects result in the activation of OS and inflammatory pathways including
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and nuclear factor-κB
(NF-κB) activation [30]. Among the PPRs activated by AOPPs, the receptor of advanced
glycation end-products (RAGE) is implicated in diverse chronic inflammatory states and
has been linked to vascular lesions in diabetes, renal diseases, and atherosclerosis [31,32];
AOPPs have been also found increased in patients with inflammatory conditions such as
Crohn’s disease [4], rheumatoid arthritis [33], and obstructive sleep apnea syndrome [34].

In addition, FRAP values were significantly lower in CCHS aged below 18 years
compared to healthy minors (4.01 ± 0.57 nmol Fe2+/mg vs. 8.17 ± 1.25 nmol Fe2+/mg,
p < 0.05) whereas no difference was observed when comparing FRAP levels from adult
CCHS to adult controls (Figure 1B). Comparing FRAP values between healthy subjects,
adults showed significantly lower levels compared to minors (3.22 ± 0.26 nmol Fe2+/mg
vs. 8.17 ± 1.25 nmol Fe2+/mg, p < 0.05). Reports on FRAP values in healthy children
and young adults are lacking, and data on antioxidants plasma levels are contradictory.
The concentration of total thiols in the plasma of females, but not of males, progressively
decreased in the group aged 20–39 compared to groups aged 6–13 and 14–19 [35]; on
the contrary, a slight increase in total antioxidant capacity, measured by TAC assay, was
observed in the plasma of healthy children (aged 2–14) compared to adults (aged 25–45) [36].
FRAP levels are indicative of antioxidants such as ascorbic acid, α-tocopherol, uric acid,
and bilirubin, while thiols (including GSH and albumin) react slowly in this assay [9]. The
relative contribution of each single antioxidant that may react in the FRAP assay deserves
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to be further evaluated to understand which specific antioxidant may account for the
decreased FRAP levels observed in minor CCHS patients. This further analysis could also
shed light on the physiological processes responsible for the reduced FRAP values in young
healthy adults compared to healthy minors.

However, our data suggest that, in CCHS minors, nonenzymatic antioxidant sources
were impaired, which could have contributed to the increased AOPP levels detected in
these patients. We can hypothesize that while, in minors, the depletion of antioxidants
could be a major contributor to AOPP formation, in adults, this seems more linked to a
direct activation of inflammatory processes.

In our previous study, increased urinary MDA levels, detected by means of an HPLC–
MS/MS analysis, were demonstrated in young CCHS adults compared with controls [20].
In this study, it was found that serum TBARS were not affected by the clinical status in
minors or in adults (Figure 1C).

This could be explained by the different biological fluids analyzed (serum vs. urine),
but most probably by the detection method; in fact, spectrophotometric TBARS determina-
tion is nonspecific for MDA since the thiobarbituric acid test measures reactive substances
other than MDA, such as 2-alkenals and 2,4-alkadienals [37]. It was also demonstrated that
the lack of specificity of the spectrophotometric TBARS determination limited the detection
of differences in the level of lipid peroxidation in biological samples observed by HPLC
detection [38].

Furthermore, this study showed that AGEs levels were not altered between patients
with CCHS and healthy controls but were increased in healthy adults compared with
healthy minors (Figure 1D). This event is in line with the knowledge of AGEs increase with
advancing age, including the transition from pediatric to adult age, contributing to the
aging process [39]. Another interesting aspect, which deserves further evaluation, is the
lack of significant differences in all the measured parameters between minor and adult
CCHS patients. This result suggests that OS, particularly the AOPP/RAGE axis, which
operates at the crossroad between OS and inflammation, might be intrinsically linked to
the CCHS pathogenesis and the role of PHOX2B mutations in this disease.

Overall, our results suggest increased OS in CCHS patients and that AOPPs are the
most relevant serum biomarker for monitoring OS in these patients. It is noteworthy that
AOPPs can cause cellular dysfunction, cell death, and tissue damage in different organs,
thus representing promising biomarkers of the redox imbalance associated with CCHS and
its complications.

In this study, the enrolled patients did not have hypoventilation during wakefulness;
the apnea index and dyspnea index, oxygen desaturation index, and carbon dioxide levels
in these patients were in the normal range during night ventilation. Therefore, we can rule
out an association between the results obtained in this study and the possible ineffectiveness
of artificial ventilation and sleep quality. However, to date, very little is known about the
downstream cellular and molecular consequences of PHOX2B mutations, although some
studies have suggested that transcriptional dysregulation and protein misfolding may
underlie pathogenesis [18,40]

4. Conclusions

The biochemical mechanisms underlying rare diseases are generally poorly under-
stood. In most cases, the chronic pathophysiological conditions associated with the disease,
in addition to the patient’s clinical manifestations, are generally asymptomatic. However,
they could be responsible for the onset of other chronic collateral disorders causing patients’
clinical worsening over the lifetime.

Discoveries about molecules or signaling pathways associated with these latent patho-
physiological processes could provide fundamental knowledge to intervene early against
worsening clinical status.
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This communication adds new insights about the systemic oxidative state in CCHS
patients and demonstrates for the first time that AOPPs are one of the key serum biomarkers
of oxidation in CCHS.

Because AOPPs are known to be stimulating factors of inflammatory responses, this
study suggests a possible involvement of the inflammatory process in CCHS. In light of
these considerations, further evaluation on the inflammatory state in these patients could
contribute to the understanding of the pathophysiology of this rare genetic disease.

Overall, the results obtained so far on CCHS generate hypotheses for future clinical
trials aimed at improving the CCHS outcomes by hindering increased oxidative stress
through the promotion of a healthy lifestyle, adequate diet, and the possible therapeutic
use of antioxidant agents or pharmacological strategies targeting the AOPP/RAGE axis
and activation of its downstream inflammatory pathways.
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Abstract: Current evidence suggests that salivary markers of oxidative stress are indicative of clinical
disease indices such as the papillary bleeding index (PBI) and the caries index (CI). The aim of this
study was to assess the relation of oxidative stress markers with oral dental caries and periodontal
problems in a pediatric population. In our case-control study, unstimulated whole saliva was
collected from individuals aged 3–18 years (n = 177); 14 individuals were excluded. Study subjects
were divided into those with caries (CI = 2, n = 78) and those who were caries-free (n = 85). These
groups were then divided into another subset consisting of children (mean age 7.3 years, n = 121) and
adolescents (mean age 16.1 years, n = 42). The PBI was determined in all groups. We then assessed
salivary levels of oxidative stress markers. Our results showed that, the total antioxidant capacity
(TAC) level increased in patients with more gingival bleeding (p < 0.05) in the study group aged
3–18 years. In addition, TAC showed a significant decrease in samples with caries when compared
to the caries-free group in adolescents (p = 0.008). In conclusion, TAC levels may be a marker of
both gingival bleeding and dental caries in young adult populations. We hope that in the near
future, prophylaxis, control, follow up and even possible therapeutic use of oxidative stress markers
in a chairside way will become possible as antioxidants have been shown to be effective against
oral diseases.

Keywords: oxidative stress; dental caries; saliva; periodontal diseases; child dentistry

1. Introduction

Dental caries is the most common oral disease found in children and adults. Although
preventable, it is still the most common chronic disease in the world and results in pain
and tooth loss [1]. Dental caries is five times more prevalent than asthma, which is
the second common disease after dental caries in children [2]. Periodontal disease is
another frequent oral problem—11% of the global population are suffering from it [3].
Bacteria can cause dental caries and periodontal problems; however, both diseases have
a multifactorial etiology, with different biomarkers, that affect saliva [1,4,5]. From these
biomarkers, oxidative agents such as reactive oxygen/nitrogen substances (ROS/RNS)
take part [6]. They interact and are neutralized by antioxidants such as glutathione, uric
acid alpha lipoic acid or vitamin C. [7] Remnants of these free radicals which are not
neutralized can cause damage to biochemical molecules such as DNA, lipids, and proteins.
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This produces different biochemical markers as a byproduct of the damaging process [8].
The imbalance between free radicals and antioxidants is called oxidative stress [9].

Previous studies confirm the role of oxidative stress in diabetes, cardiovascular disease,
chronic inflammatory diseases, and oral diseases such as dental caries and periodontal
problems [10–13]; however, it is not yet known whether oxidative stress is a cause or a
result of the inflammatory response, specifically in oral diseases. Three main possible
sources have been introduced for oxidative stress so far: neutrophils, plasma, and bacteria.
Among different oxidative stress markers, tiobarbituric acid reactive substances (TBARS)
are related to periodontal diseases as a marker for lipid oxidation in saliva [14,15], advanced
oxidation protein products (AOPP) are related to dental caries as a marker for protein
oxidation [16,17], and total antioxidant capacity (TAC) is a marker for antioxidant agents
as it relates to both dental caries and periodontal diseases. Multiple antioxidant agents
play a role throughout the body but measuring all of them in saliva is impractical. TAC
is a good source to measure overall antioxidant activity [8,18,19], (Figure 1). There is still
not enough evidence, however, to use these markers as a way of risk assessment for dental
caries or periodontal problems [8].
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Lack of research on oxidative stress markers, specifically in a pediatric population,
makes it necessary to study them in relation to dental caries and periodontal problems in the
valuable fluid of saliva, specifically in children, as early care must be taken to prevent these
diseases; thus, this study was designed to assess the possible relation between oxidative
stress markers and clinical indices such as PBI and CI in a novel population of children
and adolescents with the mean age of 7.3 and 16.1 years, respectively.

2. Materials and Methods
2.1. Study Group

In this case-control study, 177 healthy children and teenagers between the ages of
3 and 18 were included who had at least one dental cavity infecting the dentin or were
caries-free after dental examination (Table 1). The number of cases with at least one tooth
with a cavity infecting the dentin that could be identified during routine oral examination
was 78 (caries index (CI) = 2). Within the control group, the number of caries-free cases
was 85 (CI = 0). All of the borderline cases with possible proximal caries were excluded
from the study. Examination and collection of saliva was performed in kindergartens,
schools and high schools in Zanjan, Iran. All dental examinations were performed using
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a single-use sterile oral examination kit and a WHO-type periodontal probe (KerrHawe®

SA, Bioggio, Switzerland) by one dental student in their final year of studies under the
observation of a periodontist. All kids/teenagers were prohibited from food consumption
2 h prior to saliva collection. Parents were informed with written consent prior to sampling.
This procedure was confirmed by the ethical committee of Zanjan University of Medical
Sciences (ZUMS.REC.1395.252).

Table 1. Characteristic information of the study.

Males Females p-Value

CI = 0 41 (48.8%) 43 (51.2%)
0.75CI = 2 40 (51.3%) 38 (48.7%)

PBI = 0 28 (49.1%) 29 (50.9%)
0.32PBI = 1 34 (51.5%) 32 (48.5%)

PBI = 2 11 (35.5%) 20 (64.5%)
CI = Caries Index, PBI = Papillary Bleeding Index.

Five milliliters of whole, unstimulated saliva were collected from all children between
9 a.m. and 12 p.m. Saliva samples were stored in Eppendorf tubes and transferred to
Tehran University of Medical Sciences, where they were stored at −20 degrees Celsius
until the lab test day. PBI examination was performed after saliva sampling to avoid blood
contamination using standardized protocols. We assigned PBI = 0 for no bleeding on
probing, PBI = 1 for mild bleeding and PBI = 2 for moderate to severe bleeding. The highest
score achieved during in the examination period was assigned to each person. Afterwards,
the plaque index (PI) was measured on all teeth, using Fuchsin pills and was reported in
a percentage.

2.2. Lab Procedures

All lab procedures were collected and followed to use the same path to compare the
results with the work of Celec et al. and use a standardized method [16]. TBARS, as the
marker for lipid oxidation, AOPP, as the marker for protein oxidation and TAC, as the
marker for antioxidants, were measured using spectrophotometry and spectrofluorometric
methods in this study. A Synergy 4 BioTek multi-mode reader (Winooski, VT, USA) was
used to measure the absorbance and fluorescence. All the lab procedures were conducted in
Tehran University of Medical Sciences, School of Pharmacy. Briefly, TBARS was measured
with n-butanol, along with the heating procedure at excitation: 515 nm and emission at
553 nm, AOPP with glacial acetic acid at 340 nm, and TAC with TROLOX at 660 nm. Lab
procedures are shown in Figure 2.

2.3. Statistical Analysis

Kolmogorov–Smirnov tests were used first to determine the normal distribution of
the data. TAC, TBARS and PI had a normal distribution whereas age and AOPP did not.
Independent t-tests and Mann–Whitney U tests were performed for CI, one-way ANOVA
and Kruskal–Wallis tests were performed for PBI, chi-squared tests were performed for
gender, and post-hoc Tukey’s tests were performed for two-by-two comparisons. SPSS
software version 20.0 was used to analyze the data. A p value of less than 0.05 was
considered a significant relation. In addition to statistical analysis for all samples, samples
taken from individuals aged 3–12 and 13–18 was assessed separately as well due to data
that suggested different immune system functioning between these ages [20].
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3. Results

Fourteen samples were excluded from the study due to the exclusion criteria:
1—consumption of any drugs including antibiotics in the past two weeks, 2—food con-
sumption in the two hours prior to sampling, 3—history of any kind of medical or oral
diseases except dental caries or periodontal problems. We assessed the relation between
CI and oxidative stress markers’ levels in saliva. AOPP, TBARS and TAC level changes
were not significant between the caries-free (CI = 0) and caries-infected dentin (extreme
caries) (CI = 2) group in overall samples aged between 3 and 18. This made us curious to
investigate further; we decided to separate the adolescents (13 to 18, n = 42) from children
(3 to 12, n = 121) due to different immune system functioning between these two age groups.
After separating the groups, TAC levels, which represent the total antioxidant capacity of
saliva, expressed a significant decrease in adolescents with a caries index of 2 (p = 0.008)
when compared to the caries-free samples of the same age.

This significant TAC decrease was not expressed in the children’s group aged 3 to 12.
AOPP and TBARS did not have significant changes. Plaque index increased significantly in
overall samples with caries infecting dentin (p = 0.04). Individual results and comparisons
are available in Table 2.

Table 2. Individual relation of CI with oxidative stress markers, age and plaque index.

CI = 0
Average ± Standard

Deviation

CI = 2
Average ± Standard

Deviation
p-Value

Age 4.4 ± 9.8 9.4 ± 4.5 0.39
Age (3–12) 7.6 ± 2.6 7.1 ± 2.4 0.34

Age (13–18) 16 ± 1.1 16.3 ± 1.2 0.33
Plaque index 24.3 ± 11.3 30.1 ± 16.5 0.04 *

Plaque index (3–12) 23.7 ± 11.4 27.4 ± 15.5 0.27
Plaque index (13–18) 25.5 ± 11.4 35.2 ± 17.5 0.05

TBARS (µmol/L) 3 ± 1.4 3.1 ± 1.4 0.75
TBARS (3–12) (µmol/L) 2.9 ± 1.4 3.2 ± 1.3 0.28

TBARS (13–18) (µmol/L) 3.4 ± 1.1 2.9 ± 1.5 0.21
AOPP (µmol/L) 75.9 ± 65.3 71.8 ± 78 0.48

AOPP (3–12) (µmol/L) 74.6 ± 67.6 74.6 ± 85.1 0.99
AOPP (13–18) (µmol/L) 79.8 ± 59.6 63.4 ± 53.3 0.36

TAC (µmol/L) 541.4 ± 228 522.5 ± 204.1 0.57
TAC (3–12) (µmol/L) 494.1 ± 229.7 520 ± 216 0.52
TAC (13–18) (µmol/L) 675 ± 163.9 530.1 ± 166.8 0.008 *

* Indicates p-value < 0.05.

Comparing oxidative stress markers and PBI, TAC showed a significant positive
correlation with PBI using the ANOVA test (p = 0.02). Plaque index also showed a positive
significant correlation with PBI (p = 0.03). Age of samples had a significant relation with
PBI (p = 0.0001). No tendency was visible between CI/PBI and gender. Individual results
and comparisons for PBI are shown in Table 3. Figure 3 shows the decrease and increase in
TAC levels in relation to CI and PBI, respectively.

Table 3. Individual PBI relation to oxidative stress markers, age and plaque index.

PBI = 2
Average ± Standard

Deviation

PBI = 1
Average ± Standard

Deviation

PBI = 0
Average ± Standard

Deviation
p-Value

Age 14.1 ± 2.9 10.8 ± 3.2 5.25 ± 1.9 0.0001 *
Plaque index 32.1 ± 16.7 25.4 ± 12.7 19.1 ± 7.8 0.03 *

TBARS (µmol/L) 3.1 ± 1.1 3.1 ± 1.5 3 ± 1.2 0.97
AOPP (µmol/L) 84.5 ± 90.9 68.4 ± 75.3 73.7 ± 54.8 0.31
TAC (µmol/L) 623.4 ± 176.3 507.3 ± 210.4 509.2 ± 233.2 0.02 *

* Indicates p-value < 0.05.
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Figure 3. TAC level (µmol/L) fluctuation in relation to periodontal diseases and dental caries. * Indicates p-value < 0.05.

4. Discussion

We found that AOPP as a marker for protein oxidation level was less in the CI = 2
group when compared with caries-free children aged between 3 and 18, though this
reduction was not significant. These findings are in opposition to the hypothesis that dental
caries can release the marker of protein oxidation in saliva due to the demineralization of
dentin proteins. Celecova et al. also reported a significant reduction in AOPP levels. They
measured the AOPP level in adults aged between 19 and 83, whereas we measured it in
children [21]. A possible explanation for this contrast could be the existence of different
mechanisms of inflammation between children and adults. Vahabi et al. showed that
during the inflammation process in children, bone/dental degrading materials such as
prostaglandins and cytokines will not be secreted; therefore, most of the periodontal
diseases will remain at only a gingivitis level in children and will not progress further [20].
Since the inflammation process will not develop completely in children, we did not observe
a significant change in the AOPP level. Tothova et al. also did not find any significant
relation between CI and AOPP when studying on children between 4 and 18. In their study,
the only significant relation between AOPP and CI was observed in adults [16]. Whether
significant or not significant, AOPP levels only showed a decrease in these studies, and this
makes the hypothesis of AOPP release into saliva during the dental caries process negative.
Selmeci et al. explained that AOPP might not even be a proper marker for protein oxidation
and may be one of the non-enzymatic oxidative markers’ system [22]. This finding can be a
possible explanation for the reduction in AOPP levels in recent studies. More studies are
needed, however, to confirm the role of AOPP in oral diseases.

One of the advantages of this study was to divide children and adolescents. As
mentioned above, studies show different results when studying children or adults [21,23].
Pyati et al. and Ahmadi-Motamayel et al. showed in their studies that TAC levels increased
in the caries active group when studying children and adolescents [24,25]. This made us
separate children aged 3 to 12 years and adolescents aged 13 to 18. Again, after separate
assessment in children aged 3 to 12 years old, no significant relation was expressed between
oxidative stress markers and CI. This might be due to an immature immune system, lack of
plasma cell production and an incomplete inflammation process. However, we found that
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adolescents aged 13 to 18 have a significant decrease in TAC (antioxidant) levels in CI = 2
group, which is counter to the results of the observed studies. A possible explanation for
the reduction in TAC levels in teenagers with more severe dental caries could be due to
the excess production of free radicals and consumption of antioxidants simultaneously.
This is in line with Ahmadi-Motamayel et al.’s work, as they also reported that during the
dental caries process, antioxidant levels can decrease [26]. The key point is that during
the dental caries procedure, only hard tissue destruction is taking place and the immune
system cannot overcome the consumption of antioxidants during the caries process due to
lower interaction and involvement. However, periodontal diseases frequently involve the
immune system as soft tissue destruction takes place.

We found a significant relation between the TAC marker and the PBI as well. In our
study, samples taken from individuals aged 3 to 18 years old with more bleeding upon
probing expressed more antioxidant markers (TACs) in their saliva. This is against the
finding of multiple studies that expressed lower antioxidant (TAC) levels in the saliva of
periodontal patients with more bleeding. Su et al. also showed an increase in antioxidant
levels when studying 58 adult periodontal patients and 234 healthy adults. They observed
more TAC in the saliva of periodontal patients. First, they attributed this to the possible
consumption of antioxidant foods by the periodontal patients, but when they performed
the correlation test to remove this effect, they still observed significantly higher TAC levels
in periodontal patients [27]. The only explanation that can be given to the TAC increment
is the overproduction of antioxidants by the immune system to protect gingival tissues
against free radicals. In periodontal diseases, soft and hard tissue destruction takes place
simultaneously and the immune system, unlike in dental caries, becomes more involved in
the inflammation process, thus increasing the antioxidant agents.

Zhang et al. had a different result. In their study, TAC levels decreased in the
saliva of periodontal patients. They attributed this to the consumption of antioxidants
already available in saliva by the immune system to neutralize the free radicals during the
inflammation process [28]. More studies are needed to answer the question of whether
TAC levels will increase or decrease in severe periodontal conditions.

Antioxidants have been shown to be a possible effective agent in treating and eval-
uating oral diseases in recent studies [16]. De Caro et al. showed, in their study, that
antioxidants can be used as a thin film to improve the condition of oral diseases in the
simple use of cosmetics and nutraceuticals [29]. Zukowski et al. suggested the use of
antioxidants in their study as a supplement for people who are exposed to more ROS in
their oral cavity [30]. In our study, TAC levels showed both a significant increase and
decrease in relation to PBI and CI, respectively. This is in line with the use of antioxidants
in oral diseases as suggested by the above studies; thus, these markers can be a proper
modifying and controlling factor in determining the oral health status of diseased children.

Celecova et al. did not find any significant relation between CI and TBARS as well but
expressed a significant positive relation between TBARS and PBI. In their study, as more
bleeding occurs, more periodontal destruction is taking place, and this will release more
TBARS in saliva [21]. Celec et al. had the same results. Our results did not emphasize any
significant relation between PBI and TBARS in comparison with other studies [26].

It is known that different factors affect oxidative stress markers, free radicals, and
antioxidants and future studies should focus on elucidating the bidirectional relationship
between them and oral diseases to find the actual source of these markers. The possible
sources suggested for production of the free radicals are: 1—the immune system, 2—the
actual bacteria present in the inflammation site causing destruction via the free radicals
and 3—the exchange between plasma and saliva [8,31]. Alakin et al. studied these markers
in chronic periodontitis patients. They compared oxidative stress markers’ levels in saliva,
serum and gingival crevicular fluid (GCF). GCF had the highest level of oxidative stress
markers in their study. Therefore, the source for the interaction between antioxidants and
free radicals can be from localized onsite inflammation [32]. All these factors need to be
assessed further to better understand oxidative stress markers.
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Plaque index in our study showed a significant increase in more severe bleeding
(PBI = 2) and caries-infected dentin (CI = 2) groups. As these plaques are sources of bacteria,
it may have affected the production of oxidative stress markers in saliva. Nonetheless,
these bacteria and plaque are a part of the inflammation process which contributes to
periodontal disease and dental caries originally, and thus can affect the production of
oxidative stress markers, but to what extent is still unknown. Interestingly, in adolescents
(13–18) the plaque index increased in the CI = 2 group almost significantly (p = 0.05) and in
the children’s (3–12) group, it had an insignificant increase. Further studies are needed in
order to be able to determine the level of effect that plaques can have on this matter.

A possible explanation for different results we found in our study could be external
factors that can affect oxidative stress markers and might be a reason for discrepancies.
Kamodyova et al. showed that day rhythm can affect oxidative stress markers’ levels.
As an example, the AOPP level reached its maximum at 2 p.m. in their study. Another
contributing factor in their study was tooth brushing; tooth brushing will increase TAC
level as it will wash away the gingival crevicular fluid (GCF) and replace it with fresh
saliva full of antioxidants [33]. In our study, we took saliva between 9 a.m. and 12 p.m.
to prevent day rhythm difference. We prohibited children to use any food or brush two
hours prior to saliva collection; thus, these factors could not have affected our results, but
external factors are not limited to these two.

This is one of the first studies that assessed oxidative stress markers and their relation
to dental caries and periodontal diseases that differs children and adolescents by consider-
ing the effect of puberty and dental system change from deciduous to permanent teeth. All
the lab methods were selected from the Celec et al. team who have the most published work
on oxidative stress markers regarding oral diseases in order to standardize the methods.
Celec et al. mentioned in their recent review article that even the sources of these free
radicals are not yet determined and mentions that more interventional studies are needed
in the field of oxidative stress [34]. We recommend that antioxidants and their markers
can play a key role in relation to oral diseases. Kumar et al. suggested the use of future
drugs which rely on understanding the pathway of inflammation and oxidative stress
more clearly [35]. We recommend using more interventional studies in relation to oxidative
stress markers in all three possible fluids: plasma, saliva and GCF for future studies.

5. Conclusions

To conclude, we found a significant positive relation between antioxidant marker
(TAC) and PBI, but a negative significant relation was expressed in adolescents aged
between 13 and 18 when assessed with dental caries index in this study. TAC level
increases in the PBI = 2 group may be associated with the overproduction of antioxidants
by the immune system, whereas the TAC level reduction in the adolescent group with
severe dental caries (CI = 2) can be attributed to consumption of antioxidant capacities.
The incapacity of the immune system to regulate those variations can be influenced by the
fluctuations induced by puberty and a change in the dental system.

Our study opens promising perspectives regarding the important role of a potential
therapeutic use of oxidative stress markers in a chairside way, as antioxidants have shown
to be effective against oral diseases.
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Abstract: Mastitis is the inflammation of one or several mammal lobes which can be accompanied by a
mammary gland infection, and is the leading cause of undesired early weaning in humans. However,
little information exists regarding the changes that this disease may induce in the biochemical
composition of human milk, especially in terms of oxidative status. Given that newborns are
subject to a significant increase in total ROS burden in their transition to neonatal life and that
their antioxidant defense system is not completely developed, the aim of this study was to evaluate
antioxidant defense (glutathione peroxidase (GPx), reduced glutathione (GSH), total polyphenol
content (TPP), and total antioxidant capacity (TAC)) in milk samples from mothers suffering from
mastitis and controls. We also measured the oxidative damage to lipids (malondyaldehyde (MDA))
and proteins (carbonyl group content (CGC)) in these samples. Finally, we tested whether dietary
supplementation with cranberries (a product rich in antioxidants) in these breastfeeding mothers
during 21 days could improve the oxidative status of milk. GPx activity, TPP, and TAC were increased
in milk samples from mastitis-affected women, providing a protective mechanism to the newborn
drinking mastitis milk. MDA concentrations were diminished in the mastitis group, confirming this
proposal. Some oxidative damage might occur in the mammary gland since the CGC was increased
in mastitis milk. Cranberries supplementation seems to strengthen the antioxidant system, further
improving the antioxidative state of milk.

Keywords: mastitis; human milk; oxidative status; cranberry

1. Introduction

Human milk is characterized by a huge variability in its composition, as it includes
nutrients as well as bioactive compounds and a vast array of microbes known as the
human milk microbiota. As the neonatal immune system develops, this milk variability
and composition provides the infant with well-balanced nutrition and protection against
potential infectious pathogens [1,2]. The World Health Organization (WHO) recommends
that infants be exclusively breastfed for the first six months of life for optimal growth,
development, and health, and that breastfeeding continues to be an important part of the
diet until the infant is at least two years old [3].

With regard to bioactive compounds, the antioxidant content of breast milk has been
the subject of a number of studies, confirming the presence of different components that
have been reported to modulate the effects of oxidative stress [4–10]. Birth represents a
significant oxidative challenge because it involves the transition from the relatively hypoxic
intrauterine conditions to the oxygen-rich extrauterine environment. Thus, newborns
are subject to a significant increase in total ROS burden in their transition to neonatal
life [11,12].
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This situation is especially relevant in premature newborns due to their undeveloped
antioxidant defense system [13,14]. Moreover, increasing evidence also indicates that some
pathological conditions appearing in adulthood (such as type 2 diabetes, hypertension,
obesity, and others) associated with oxidative stress may have their origin in the fetal or
neonatal period of life [15–17].

Mastitis is the inflammation of one or several mammal lobes which can be accompa-
nied by a mammary gland infection, and is the leading cause of unwelcome early human
weaning. The primary origin of mastitis is milk stasis [18], and its incidence varies from 2%
to 33% according to different authors, being more frequent during the early postpartum
weeks. Infective mastitis is usually associated with the growth of certain species of staphy-
lococci, streptococci, and/or corynebacteriae in the milk [19,20]. Treatment traditionally
consists of antibiotic therapy, analgesic medication, and proper milk removal [21]. How-
ever, the WHO has highlighted significant concerns regarding the adverse side effects of
antibiotics due to the emergence of antibiotic-resistant strains of microorganisms. In this
context, more recently specific probiotic bacteria have been postulated to prevent mastitis
due to their anti-inflammatory and immunomodulatory properties [22].

In fact, almost all of our knowledge regarding the biology of human mastitis is extrapo-
lated from bovine or goat studies [23]. The group of Gelasakis and colleagues demonstrated
lower fat and lactose content in milk from goats with subclinical mastitis, together with a
mild increase in protein content [24]. Similar results were obtained by Sun et al. in bovine
mastitis [25]. Furthermore, it has been reported that subclinical mastitis in goats upreg-
ulates nitric oxide-derived oxidative stress and reduces milk antioxidant properties [26].
However, it is noteworthy that two recent studies also described the effect of lactational
mastitis on the macronutrient content of human breast milk [27,28] in accordance with the
above-mentioned results reported in bovine and goats. In addition, Perez et al. reported
that mastitis modifies the biogenic amine profile of human milk [29]. Interestingly, it has
been described that human mastitis milk has the same anti-inflammatory components
and characteristics of normal milk, with elevations in selected components/activities (not
including antioxidant activity in terms of spontaneous cytochrome c reducing activity)
that may help protect the nursing infant from developing clinical illness due to feeding
on mastitis milk [30]. This work aims to study oxidative status in milk from mothers with
mastitis. Moreover, we extended the present investigation to study whether dietary sup-
plementation with cranberries (Vaccinium sp.) a product known to be rich in antioxidants,
could improve oxidative status in human milk [31,32].

2. Materials and Methods
2.1. Experimental Design

In total, 60 non-smoking lactating mothers who had delivered to term and breastfed
their babies starting from the first day postpartum were included in the study. The study
was approved by the Research Ethics Committees from both, Hospital General Universitario
from Castellón (4/2015) and Hospital Universitario Dr. Peset from Valencia (23/16). All
the participants were fully informed of the procedure and gave their written consent
to participate. They were also allowed to withdraw from the study at will. Of these
mothers, 30 were healthy lactating mothers and the other 30 referred to symptoms of
mastitis which included breast swelling and redness together with pain or a burning
sensation continuously or while breast-feeding. No fever or abscess were present in
any case. The microbiological culture confirmed the bacterial infection in all cases, and
therefore all subjects in the mastitis group received antibiotic treatment during the study.
A total of 15 subjects from each group accepted dietary supplementation with cranberries
(20 g/day) for 21 days. Thus, subjects were finally assigned to 4 groups (n = 15): control
(C), control + cranberries (C + C), mastitis (M), and mastitis + cranberries (M + C).

Vaccinium berry fruits are widely known for their health benefits. These particular,
berry species present high concentrations of antioxidants, including phenolic compounds,
and the presence of specific, particularly potent polyphenolic compounds [31,32].
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Two samples of mature milk were obtained from each mother, with one taken at
the beginning of the study and another after 21 days. Prior to sampling, all donors gave
informed consent regarding participation in the study and completed a questionnaire on
nutritional habits, with the purpose of confirming the homogeneity of the population.
Furthermore, the demographic characteristics of the subjects were recorded, and dietary
intake was assessed using 24 h recall. This dietary assessment was performed over 3 days
(1 holiday and 2 working days). The food ingested on the different days was processed
by the “Alimentador” software of the Sociedad Española de Dietética y Ciencias de la
Alimentación (SEDCA).

2.2. Collection of Samples

Approximately 10 mL of mature milk was collected prior to feeding of the nursing
infant using an electric breast pump fitted with a vacuum regulator (MEDELA) connected
to polypropylene containers in which the samples were collected directly. After milk ex-
traction, the samples were immediately transported to liquid N2 storage in dark conditions
to avoid oxidative processes. The samples were subsequently divided into 4 aliquots and
frozen at −80 ◦C.

2.3. Methods

The oxidative status of human milk samples was assessed in this study. For this
purpose, on one hand the total antioxidant capacity (TAC), glutathione peroxidase (GPx)
activity, reduced glutathione (GSH) concentration, and total polyphenol content (TPP)
values were measured. On the other hand, oxidative damage to macromolecules was
assessed by measuring malondialdehyde (MDA) as a lipid peroxidation product and
carbonyl group content (CGC) as a marker of oxidative damage to proteins.

2.4. TAC Determination

The ABTS assay to determine TAC was modeled after the method proposed by Miller
and Rice Evans [33] and modified by Re et al. [34]. Briefly, the assay is based on the oxida-
tion of ABTS by potassium persulphate to form the radical monocation ABTS•+, which is
reduced in the presence of hydrogen-donating antioxidants. The reagent ABTS•+ was gener-
ated by exposing a 7 mM solution of ABTS to a solution of 2.45 mM potassium persulphate
at a 1:1 ratio. The assay included 2.970 mL of ABTS•+ and 30µL of plasma. Antioxidant
activity was determined by measuring the decolorization of the ABTS•+ (reduction of the
radical cation) through the absorbance at 734 nm.

2.5. Assay of GPx Activity

Glutathione peroxidase activity, which catalyzes the oxidation by H2O2 of GSH to its
disulfide (GSSG), was assayed spectrophotometrically as reported by Lawrence et al. [35]
by monitoring the oxidation of NADPH at 340 nm. The reaction mixture consisted of
240 mU/mL of GSH disulfide reductase, 1 mM GSH, and 0.15 mM NADPH in 0.1 M
potassium phosphate buffer at pH 7.0 containing 1 mM EDTA and 1 mM sodium azide. A
50 µL sample was added to this mixture and allowed to equilibrate at 37 ◦C for 3 min. The
reaction was started by the addition of hydrogen peroxide to adjust the final volume of the
assay mixture to 1 mL.

2.6. Assay of GSH Concentration

GSH concentration was quantified following the method of Reed et al. [36] based on
the reaction of iodoacetic acid with the thiol groups followed by a chromophore deriva-
tization of the amino groups with Sanger reactant (1-fluoro-2,4-dinitrobencene), giving
rise to derivatives which are quickly separated by means of high-performance liquid
chromatography (HPLC).

136



Antioxidants 2022, 11, 51

2.7. TPP Determination

To measure the total content of polyphenols in breast milk, the method of Folin
Ciocalteu was used [37]. This method is based on the oxidation of polyphenols with the
Folin reagent. When milk is mixed with the reagent, the formation of a blue complex
is achieved, for which absorbance is measured at 750 nm. Briefly, milk samples were
centrifuged at 12,000× g for 5 min. Then, 500 µL of supernatant was taken and 100 µL
of 1.32 M metaphosphoric acid was added for protein precipitation. The mixture was
centrifuged at 2700 rpm for 3 min, and the supernatant was collected. Then, 20 µL of the
supernatant, 80 µL of distilled water, and 500 µL of reagent were mixed. Subsequently,
400 µL of 7.5% sodium carbonate was added and measured at 750 nm, using gallic acid
as standard.

2.8. Assay of MDA Concentration

MDA concentration was measured by liquid chromatography according to a modifica-
tion [38] of the original method of Richard et al. [39]. Briefly, 0.1 mL of sample (or standard
solutions prepared daily from 1,1,3,3-tetramethoxypropane) and 0.75 mL of working solu-
tion (thiobarbituric acid 0.37% and perchloric acid 6.4%; 2:1, v/v) were mixed and heated
to 95 ◦C for 1 h. After cooling for 10 min in an ice water bath, the flocculent precipitate was
removed by centrifugation at 3200× g for 10 min. The supernatant was neutralized and
filtered (0.22 µm) prior to injection on an ODS 5 µm column (250 × 4.6 mm). The mobile
phase consisted of 50 mM phosphate buffer (pH 6.0): methanol (58:42, v/v). Isocratic
separation was performed with 1.0 mL/min flow and detection at 532 nm.

2.9. Quantification of CGC

Carbonyl groups were determined to evaluate protein oxidation in milk samples. The
CGC released during incubation with 2,4-dinitrophenylhydrazine was measured using the
method reported by Levine et al. [40]. Briefly, the samples were centrifuged at 13,000× g
for 10 min. Then, 20 mL of brain homogenate was placed in a 1.5 mL Eppendorf tube, and
400 mL of 10 mM 2,4 dinitrophenylhydrazine/2.5 M hydrochloric acid (HCl) and 400 mL
of 2.5 M HCl were added. This mixture was incubated for 1 h at room temperature. Protein
precipitation was performed using 1 mL of 100% TCA, and the mixture was washed twice
with ethanol/ethyl acetate (1/1, v/v) and centrifuged at 12,600× g for 3 min. Finally, 1.5 mL
of 6 N guanidine (pH 2.3) was added and the samples were incubated in a 37 ◦C water bath
for 30 min and centrifuged at 12,600× g for 3 min. The carbonyl content was calculated
from peak absorption (373 nm) using an absorption coefficient of 22,000 M−1 cm−1 and
was expressed as nmol/mg protein.

2.10. Protein Concentration Measurement

Protein content was determined using Bradford method.

2.11. Statistical Analysis

The statistical analyses were performed using SPSS 24 (IBM SPSS, Chicago, IL, USA).
The Kolmogorov test was used to check the normal distribution of each population
(p > 0.100) to analyze the data based on parametric analysis of variance (ANOVA).

Generally, multifactorial ANOVA is applied to analyze the differences between data
groups (in this case for example according to the influence of the cranberry supplement
and considering time as a second factor). However, given that the “time” factor includes
only two measurements, we finally decided to use 1-way ANOVA using the factor of
“treatment”, with the studied variable being the difference in the results for each parameter
measured at the beginning and the end of the study. Statistical significance was considered
at p < 0.05. Significant differences in each sampling group were assessed using the least
significant difference (LSD) procedure.
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3. Results

The obtained anthropometric measurements and dietetic assessment results are listed
in Table 1. There were no differences in age, weight, height, and BMI among the different
groups in the study. Significant differences were not found in terms of macronutrient and
micronutrient intakes among the four groups.

Table 1. Anthropometric measurements and dietetic assessment (daily average).

C C + C M M + C

Age 36.5 ± 4.1 33.8 ± 3.7 33.7 ± 3.9 36.4 ± 3.3
Weight (kg) 60.6 ± 7.2 64.6 ± 8.8 66.2 ± 10.5 63.9 ± 10.5
Height (cm) 164.6 ± 4.7 165.5 ± 6.2 163.2 ± 4.8 164.6 ± 6.7

BMI 22.3 ± 2.5 23.6 ± 2.6 24.8 ± 3.9 23.6 ± 4
Kcal 1595 ± 394 1510 ± 265 1659 ± 248 1631 ± 428

Carbohydrates (g) 166.2 ± 54.5 167.8 ± 48 191.2 ± 44.7 188.6 ± 40
Proteins (g) 73.8 ± 15.9 71.6 ± 16 82.7 ± 12.5 80.8 ± 19.6

Fat (g) 77.6 ± 23 67 ± 11.2 68.9 ± 16.7 68.2 ± 30.1
Cholesterol (mg) 227.5 ± 76.3 238.7 ± 109.2 249.7 ± 90.6 231.8 ± 86.1

Fiber (g) 12.4 ± 6 9.5 ± 3.5 14.6 ± 7.5 11.5 ± 5.6
C: Control group; C + C: Control group supplemented with Cranberries; M: Mastitis group; M + C: Mastitis group
supplemented with Cranberries. BMI: Body Mass Index. The results are expressed as mean ± standard deviation.

Regarding the oxidative status of human milk, TAC was higher at the beginning of the
study in milk from the mastitis group than in control milk. Twenty-one days later the values
for this parameter were similar to those of the control. When the TAC evolution in every
group throughout the study was analyzed, a significant decrease in TAC in milk samples
from the mastitis group was observed when compared to the control group (Figure 1b).
Furthermore, Figure 1b shows that cranberry intake significantly increased TAC in control
and mastitis milk samples.
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Figure 1. (a) Total antioxidant capacity of human milk of Control and Mastitis groups (p < 0.05 vs. C). (b)
Variation of total antioxidant capacity of human milk along the study of Control, Control + Cranberries,
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Mastitis + Cranberries (M + C). * p < 0.05 vs. M and M + C, ** p < 0.05 vs. rest of groups.

An increase in TPP content in mastitis samples at the beginning of the study was
observed (Figure 2a). Similar to what occurs to TAC, TPP content normalized after 21 days.
Cranberry intake increased TPP content in milk samples during the study, although this
was significant only in the mastitis group (Figure 2b).
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The GSH concentration of milk was not significantly affected by mastitis (Figure 3a).
In contrast, GPx activity was increased in the milk of the mastitis group as compared to
the control at the beginning of the study (Figure 3c), but again normalized 21 days later.
No significant changes were observed in the evolution of this parameter in any group over
the 21 days of the study. Cranberry intake had no effect on GSH concentrations nor GPx
activity (Figure 3b,d, respectively).
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Greater oxidative damage to proteins was observed in mastitis milk samples as com-
pared to the control at the beginning of the study (Figure 4a). However, this difference
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was not statistically significant in the samples obtained after 21 days. Nor were signifi-
cant differences observed in the evolution of this parameter within groups throughout
the study (Figure 4b). Contrary to the findings of CGC, MDA concentration in milk was
significantly lower in the mastitis group at the beginning of the study as compared to the
control (Figure 4c). Similar to CGC, after 21 days MDA concentration was normalized.
Figure 4d shows that MDA concentrations were not affected by cranberry intake.
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4. Discussion

In recent decades there have been significant lifestyle changes in the human pop-
ulation, with a tendency towards an increased consumption of processed foods and a
consequent rearrangement of dietary patterns [41,42]. The results from the present study
demonstrate insufficient nutrient intake in the study population with respect to WHO
recommendations [3], i.e., daily fruit and vegetables, as well as carbohydrate intakes were
below those recommended by WHO, whereas fat and protein consumption was above
WHO recommendations [3].

It has been widely reported that breast milk has a powerful and essential antioxidant
composition, which is related to the combination of both exogenous and endogenous
molecules including, among others, enzymes, vitamins, protein components and deriva-
tives, oligoelements, carotenoids, and polypohenols [7,17]. Mastitis is associated with
inflammatory processes and innate immune cell recruitment and activation, which in turn
results in the release of proinflammatory cytokines [43]. Although leukocyte recruitment
can also increase the local free radical production to unbalanced levels, thus compromis-
ing the oxidative status of milk, as has been previously described in cows, goats, and
sheep [44–46], it is not clear whether the anti-inflammatory content of human milk in
mastitis affected women, provides an extra protection against these changes [30]; these
authors proposed that the increased contents of selected components in womens’ mastitis
milk (e.g., TNFa or IL-1RA) might help protect the nursing infant from clinical illness due
to feeding on mastitis milk [30].

To the best of our knowledge our study shows for the first time that total antioxidant
capacity (TAC) was increased (Figure 1), along with GPx activity and TPP content in
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milk samples from women suffering from mastitis when compared to the control group
(Figures 2 and 3a,b). These results may be explained as a compensatory adaptation to
oxidative stress that has previously been described in other pathological conditions, in
which the antioxidative response is stimulated to reduce the oxidant content and reestablish
the redox balance [47,48], or a breast-specific mechanism that increases permeability of
the mammary gland for certain components. Regarding the GPx increase, it has been
previously reported that lactoferrin (LF) concentration is increased in human breast milk
during mastitis [27,49]. This protein is known to upregulate the expression of GPx [50]
and to enhance its activity [51]. On the other hand, recent studies have demonstrated
that mastitis is associated with an increase in milk selenium (Se) concentrations [27];
selenocysteine is present in the active site of GPx [52]. Therefore, the increase in milk Se
concentration could certainly contribute to the enhanced GPx activity in milk from the
mastitis group as compared to the control.

Polyphenols are present in human milk, of which flavonoids represent the largest
subgroup [53]. Li et al. compared polyphenol content in human breast milk with that in
formula [54]. However, as mentioned above, at present there are no studies addressing the
effect of mastitis on human milk TPP content.

In contrast to the findings on GPx activity and TPP content, no increase in GSH
concentration was observed in milk from the mastitis group (Figure 3c,d), in agreement
with former results in bovine milk [44]; although these authors reported a decrease of
TAC in bovine milk. Furthermore, Dimri et al. also described a decrease in milk TAC
together with lower GPx activity in buffaloes [55]. These discordances may be due to
interspecies differences.

Interestingly, 21 days after mastitis onset, values for all the parameters studied re-
turned to normal, probably due to the effect of antibiotics. Moreover, 21 days cranberry
supplementation increased TTP content in milk samples from both the control and mastitis
group (Figure 2), since cranberries are fruits that are especially rich in polyphenols [56].
Other authors have previously demonstrated that dietary supplementation with foods rich
in these compounds are able to increase the quantities of flavonoids in human milk [57,58].
Similar results were obtained for TAC in milk after supplementation with cranberries
(Figure 1). Other studies in animal models of mastitis have also focused on the role of
natural antioxidants such as vitamin E or ginsenoside Rg1 in protecting the oxidative status
of milk [55,59], although no studies are available on human milk.

With regard to oxidative damage to macromolecules, there are no reports at present
showing the effects of mastitis in terms of oxidative damage to proteins. We have demon-
strated that mastitis induces oxidative damage to milk proteins (Figure 4). This result
is consistent with the increase in mastitis milk protein content reported by Samuel and
cols. [27]. In contrast to the observed oxidative damage to proteins, lipid peroxidation
(MDA concentration) was diminished in milk from the mastitis group when compared to
the control (Figure 4a,b). This is a surprising result, given that lipids are more sensitive to
oxidative damage than proteins. In this respect, it is noteworthy that Say et al. recently evi-
denced that lactational mastitis is associated with lower breast milk fat [28], and therefore it
is possible that the decrease in MDA concentration in the mastitis group was due, at least in
part, to the diminished fat content. Furthermore, as mentioned above, recent studies have
reported that mastitis increases LF concentrations [27,50]. LF sequesters Fe3+, preventing
the formation of hydroxyl radicals via the Fenton reaction, and in turn prevents lipid
peroxidation [51,60]. Therefore, the increase in LF content in milk could also contribute to
the decrease in MDA concentration observed in the mastitis group (Figure 4a,b). Again,
these consequences of mastitis could be specific to lactating human females, since lipid
peroxidation products are increased in milk samples from rats or cows with mastitis [61,62].

Both CGC and MDA concentrations normalized at the end of the study, after antimi-
crobial therapy (Figure 4), which probably reduces the macronutrient content impairment
described previously [27,28]. It is remarkable that cranberry supplementation had no effect
on these oxidative damage parameters (Figure 4), probably because cranberries are able
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to attenuate the oxidative insult by increasing overall antioxidant defense. Many studies
have assayed therapies with antioxidants in different animal models to prevent the effects
of mastitis on the oxidative status of milk [55,59,63]. The results have been mainly success-
ful, but some controversial results have also been reported regarding the use of several
antioxidants such as vitamin E [64,65]. However, at present there are no studies reporting
on the antioxidative status of milk from women with mastitis or the effects of antioxidant
supplementation on this status in human milk.

In conclusion, during mastitis there is a compensatory mechanism in human milk
in which antioxidant defenses are increased, providing the nursing infant with further
protection while feeding on mastitis milk. In addition, the use of cranberries as supplement
for antibiotic therapy seems to strengthen the antioxidant system of milk.
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Abstract: Oxidative stress-related conditions associated with lung cells, specifically lung cancer, often
lead to a poor prognosis. We hypothesized that platinum nanoparticles (PtNPs) can play a role in
reversing oxidative stress in human lung adenocarcinoma A549 epithelial lung cell lines. Hydrogen
peroxide (H2O2) was used to induce oxidative stress in cells, and the ability of PtNPs to lower the
oxidative stress in the H2O2 treated epithelial lung cell line was determined. The differential capacity
of PtNPs to remove H2O2 was studied through cell viability, nanoparticle uptake, DNA damage, ROS
production, and antioxidant enzymes (superoxide dismutase, glutathione peroxidase, and catalase).
Results indicated that a higher concentration of PtNPs exhibited a higher antioxidant capacity and
was able to reduce DNA damage and quench ROS production in the presence of 350 µM H2O2. All
antioxidant enzymes’ activities also increased in the PtNPs treatment. Our data suggested that PtNPs
could be a promising antioxidant in the treatment of lung cancer.

Keywords: platinum nanoparticles; lung cancer; A549 epithelial lung cell; antioxidant; oxidative
stress; reactive oxygen species

1. Introduction

The balance between oxidant and antioxidant defense mechanisms is important to
maintain the metabolic state of normal cells. Oxidative stress conditions or diseases are the
endpoints of the imbalance between these mechanisms [1]. This is due to changes in the
structure of proteins and nucleic acids and an increased permeability of the membrane to
injury and lipid peroxidation [1]. The accumulation of reactive oxygen species (ROS) takes
place and subsequently induces cellular oxidative damage. Reactive oxygen species (ROS)
are highly reactive molecules generated from the oxidation process when molecular oxygen
(O2) is reduced to produce superoxide (O2

•−), which is the precursor to most other reactive
oxygen species [2]. Cells that undergo oxidative stress are unable to function normally and
ROS will attack various cell components including lipids, enzymes, and DNA [3]. Some
organs will prevent oxidative damage through enzymatic and non-enzymatic antioxidant
defense mechanisms [4]. Enzymatic antioxidant defense mechanisms consist of superoxide
dismutase (SOD), glutathione peroxidase (GPx), and catalase (CAT), while non-enzymatic
antioxidant defense mechanisms originate from various sources such as vitamin C, vitamin
E, and uric acid [5].

Lung cancer remains one of the most common types of cancer and the leading cause
of cancer-related deaths worldwide despite considerable advancements in diagnostics and
management [6]. Oxidative stress in lung cells can be a deleterious process that leads
to lung cancer that carries a poor prognosis. It plays a crucial role in carcinogenesis by
promoting tumor growth and inducing neoplastic transformation [7]. While exogenous
antioxidants through daily diet consumption and derivatives of medicinal plants have been
intensively explored as potential preventive agents [8], the role of endogenous antioxidants
in lung cancer is ambiguous as various antioxidant enzymes have been found to promote
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neoplastic cell viability [9]. Hence, ROS regulation is one of the essential fields of study,
especially in the presence of antioxidant agents as a pharmacological manipulation in lung
inflammation and injury.

The use of cisplatin and platinum-based chemotherapy has been the fundamental
treatment of lung cancer, but it has also been shown to cause organ toxicities, especially
in the kidney, gastrointestinal, and neuron cells [10]. These adverse events can interfere
with the treatment of lung cancer. Therefore, the elucidation of its mechanism to treat lung
cells is important to explore the potential of platinum nanoparticles (PtNPs) in reducing
cell toxicity. Metal nanoparticles have raised considerable interest in research due to their
material properties, availability, capabilities, specific targeting, and sustainable release [11].
PtNPs specifically are chosen as an antioxidant candidate in this study as PtNPs can reverse
antioxidant activity in several induced oxidative conditions [12–15] and have quenched the
production of free radicals, thus reducing the impact of oxidative damage [16,17]. PtNPs
have garnered attention in medicine due to their reactivity to cells and are renowned for
their therapeutic application in different cell lines. PtNPs have successfully induced cell
death in cervical cancer cells [18], breast cancer cells [19], and human colon carcinoma cell
lines HT29 [20,21], notified by reduced DNA damage and antioxidant response. In addition,
PtNPs do not show a cytotoxicity effect in several established cultured cells (TIG-1, WI-38,
MRC-5, HeLa, and HepG2) whilst the cellular uptake of PtNPs does occur in a time- and
dose-dependent manner [22]. The exposure of PtNPs through in vivo experiments has been
found to only affect lung cells but not the brain, the kidney, the heart, and liver cells [13]. It
was first discovered as an antioxidant through the ability to protect the inflamed lung cells
from further oxidation-induced inflammation by scavenging superoxide anions (O2

•−) and
hydroxyl radicals (OH•) from aqueous solutions [13].

Thus, this study aimed to determine the antioxidant properties of PtNPs in balancing
oxidative status in human lung adenocarcinoma A549 epithelial lung cell line as an in vitro
model; an area in which the available evidence is scarce. As such, the tests that were being
carried out included the Ferric Reducing Antioxidant Power (FRAP) assay, the MTS assay,
the comet assay, and antioxidant enzymes (superoxide dismutase, glutathione peroxidase,
catalase) activity to further elucidate the antioxidative role of PtNPs.

2. Materials and Methods
2.1. Platinum Nanoparticles and Hydrogen Peroxide

Platinum nanoparticles (PtNPs) colloids were purchased from Sigma-Aldrich, St.
Louis, MI, USA. The PtNPs were 3 nm in size, without any prior modification or purifica-
tion done. This is according to a study made by the previous literature that suggested a
similar size of diameter of each PAA-Pt nanoparticle (2.0 ± 0.4 nm) as these PtNPs exhibit
the chemical composition, biological reactivity, and antioxidant properties of the nanoparti-
cles [13]. Hydrogen peroxide (H2O2) was purchased from Merck, Germany. This was to
induce an oxidative condition in the cell line.

2.2. Treatment Procedure

A549 cells were cultured between passages P17 to P25 that were at the growth phase.
Six treatment groups were used during this study that were the untreated group (control),
cells with PtNPs and H2O2, respectively, and H2O2/PtNPs treatment. There were two
durations, 3 h representing the acute treatment, and 24 h for the chronic treatment.
The number of cells used per well is 0.5 × 106 for a petri dish and 5 × 103 for each of
the 96-well.

2.3. Cell Culture

Human lung adenocarcinoma epithelial cell line A549 was purchased from Amer-
ican Type Culture Collection (ATCC), item number CCL-185. A549 cells were cultured
in Dulbecco’s Modified Eagle’s Medium-F12 (DMEM-F12), with additional L-glutamine
supplemented with 10% Fetal Bovine Serum (FBS), 1% penicillin/streptomycin, and 1%
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amphotericin B. Cells were incubated in a humidified atmosphere at 37 ◦C in 5% CO2. All
chemicals for cell culture were obtained from Biowest, USA.

2.4. Ferric Reducing Antioxidant Power (FRAP) Assay

FRAP assay was carried out to study the antioxidant capacity, based on the ability of
the sample to reduce Fe3+ to Fe2+. FRAP reagent was freshly prepared by mixing acetate
buffer, FeCl3·6H2O solution, and 2,4,6-Tris(2-pyridyl)-s-triazine (TPTZ) in a 10:1:1 ratio [23].
The concentration of PtNPs stock used was 1000 µg/mL and the concentration of ascorbic
acid (Sigma-Aldrich) stock was 5000 µg/mL. Ascorbic acid acts as a positive control for
antioxidant properties. Absorbance readings were taken at 593 nm using a microplate
reader (PerkinElmer, Waltham, MA, USA). The antioxidant capacity of the sample was
determined by plotting a standard curve of FeSO4·7H2O.

2.5. MTS Assay

This colorimetric assay was used to determine the number of living cells through
the how much NAD(P)H-dependent cellular oxidoreductase enzymes convert 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)
(Invitrogen, Paisley, UK) to formazan and is soluble in aqueous media cell culture [24].
Thus, the number of living cells can be measured directly by measuring the quantity of
formazan produced at an absorbance of 490 nm. After treatment duration, cells were
washed with phosphate-buffered saline (PBS). The mixture of 20 µL MTS solution and
100 µL media was added to each well for 2 h. Cell viability percentage was calculated
based on the ratio of mean optical density from each treatment group to the mean OD
control group.

2.6. Nanoparticles Uptake

This protocol is adapted from the processing tissue and cells for transmission electron
microscopy protocol [25]. A549 cells were treated with 100 µg/mL PtNPs for 3 and 24 h.
After the treatment duration, cells were washed with PBS three times. Next, the cells were
trypsinized and washed with PBS again to get rid of unbound PtNPs. Cells were fixed
with 3% glutaraldehyde for 30 min and underwent the second fixation with 1% osmium
tetroxide for 20 min. Cells were washed with PBS before being blocked by 0.5–3.0% uranyl
acetate for an hour. Serial ethanol percentage was carried out before infiltration with resin.
Cells were embedded in a 100% resin capsule and hardened at 70 °C. Subsequently, cells
were cut ultrathin and stained with uranyl acetate. Cells in grid form were analyzed using
a transmission electron microscope (Philips, Hillsboro, OR, USA).

2.7. Comet Assay

DNA damage in A549 cells was measured by the comet assay based on the protocol
by Olive and Banáth, 2006 [26]. Cells were embedded in agarose and lysed by lysis
solution in a Coplin jar. Electrophoresis was done in an alkaline solution to separate
DNA in the nucleus. DNA damage formed a comet-like tail due to DNA fragments
that move faster than the nucleus. After undergoing the neutralization process, cells
were stained with Ethidium Bromide (EtBr). Cells with intact nucleus appeared as intact
orange dots under a fluorescence microscope (Carl Zeiss, Jena, Germany). A total of
500 cells that did not overlap were selected randomly from each of the slides. Grading
was done on each cell according to a scale of 0 to 4 based on DNA damage level. The
total cell count for each grade was multiplied by the number of each grade and summed
together for total DNA damage.

2.8. Reactive Oxygen Species (ROS) Production

2′,7′-dichlorodihydrofluorescein diacetate (H2DCF-DA) and dihydroethidium (DHE)
were used to detect ROS production. DHE produced red fluorescence when oxidized by
superoxide radicals while H2DCFDA emitted green fluorescence when oxidized by H2O2.
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After treatment, cells were washed with 50 mM PBS before staining with either 5 mM DHE
or 50 mM H2DCFDA. Plates were incubated for 30 min. Then, cells were washed again to
remove the excess dye in the cell before the media was added to each well for 30 min. Next,
cells were washed before being trypsinized using 500 µL trypsin. The cell suspension was
added to 800 µL of 50 mM PBS before being transferred into 1.5 mL centrifuge tubes and
spun at 3000× g for 5 min. The supernatant was removed, and the pellet was dissolved
in 200 µL of 50 mM PBS. Changes in the fluorescence intensity of the cell population to
the right side of the X-axis than in the control group showed ROS production increased.
A total of 10,000 cells were used for each sample and results were obtained using a flow
cytometer (BD Facsverse). This protocol was adapted from Wojtala et al. [27].

2.9. Antioxidant Enzymes

Superoxide dismutase (SOD) and glutathione peroxidase (GPx) activity were measured
using the commercially available kit (Cayman Chemicals, USA) following the protocol
provided by the manufacturer. Catalase (CAT) enzyme activity was determined by using
50 mM PBS buffer, pH 7.0, based on a protocol by Aebi et al. [28]. The protein concentra-
tion of each sample was determined in advance using the Bradford reagent. During the
experiment, 1.5 ug/mL of extract enzymes were added to each well. Control wells were
added to with 50 mM PBS buffer meanwhile 0.01 M H2O2 was inserted into the sample
wells. Absorbance readings were recorded at 240 nm at 0 and 30 s.

2.10. Statistical Analysis

All data were analyzed as mean ± standard deviation for the value obtained at least
in three independent experiments. The data were analyzed using the one-way analysis of
variance (ANOVA) by SPSS version 22. p-values of less than 0.05 (p < 0.05) were accepted
as significant results and denoted as a comparison between two groups in an alphabet.

3. Results
3.1. Antioxidant Capacity of PtNPs was Lower Than Ascorbic Acid

An antioxidant capacity of PtNPs was first initiated to determine the optimal dosage
prior to subsequent experiments. The half-maximal inhibitory concentration (IC50) has
been determined through the half percentage of the cell viability in the oxidation of
H2O2 at 350 µM (Figure 1A). The percentage of cell viability reduces when the duration
of different PtNPs concentration treatments is increased. PtNPs treatment groups that
are pre-treated with H2O2 also show a lower percentage of cell viability in prolonged
treatment (Figure 1B).

Next, the antioxidant capacity of the PtNPs that was measured with the FRAP assay
was significantly lower than ascorbic acid (Figure 1B). PtNPs were able to convert ferric
ions to ferrous ions lower than in ascorbic acid. The scavenging of free radical activity
of PtNPs was still durable even though the reading of the FRAP value in PtNPs was
much lower than ascorbic acid. The amount of PtNPs in the FRAP assay can only be
measured up until 1000 µg/mL as that was the highest concentration in the initial stock.
Ascorbic acid (AA) shows higher antioxidant capacity at all concentrations than platinum
nanoparticles (PtNPs).

3.2. Cell Viability Was Better in Acute PtNPs

The half-maximal inhibitory concentration (IC50) had shown the half percentage of
the cell viability through the oxidation of H2O2 was at 350 µM (Figure 1A). Based on this
data, this dosage was used in all experiments. We had chosen two different durations,
acute (3 h) and chronic (24 h) exposure of PtNPs. A longer incubation of PtNPs revealed
less cell viability (Figure 2B) as compared to 3 h (Figure 2A). In the acute treatment (3 h),
100 ug/mL showed the highest cell viability where the 50% cell viability is noted at
300 ug/mL (Figure 2C). In the prolonged treatment (24 h), all ranges of concentration used
in this experiment have shown low cell viability (Figure 2D). When PtNPs were introduced
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in an oxidized condition (pre-treated with H2O2), PtNPs can reverse the effect caused by
the oxidant in 100 µg/mL (Figure 2C).
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Figure 1. (A) Cell viability percentage of H2O2 concentration (n = 3). A statistically significant
difference (p < 0.05) denoted in alphabet a–e represents a comparison between a group to, a: untreated
H2O2 (0 µM), b: 100 µM, c: 200 µM, d: 300 µM, and e: 400 µM. (B) antioxidant capacity of PtNPs
and ascorbic acid using FRAP assay (n = 3). A statistically significant difference (p < 0.05) denoted in
alphabet f–i (ascorbic acid) and l–n(PtNPs) that represents a comparison between a group to, f and l:
untreated cells (0 µg/mL), g and m: 200 µg/mL, h and n: 400 µg/mL, i: 600 µg/mL.
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Figure 2. Cell viability in different PtNPs concentrations in two different time points (n = 3), (A) 3 h
and (B) 24 h are measured by determining antioxidant capacity using FRAP assay. The 50% cell
viability is determined at 400 ug/mL for 3 h and in 24 h, 300 and 400 ug/mL have shown minimal
cell viability as compared to other dosages. Subsequently, several concentrations of PtNPs were
introduced after cells were pretreated with H2O2 in two different durations, (C) 3 h and (D) 24 h. A
statistically significant difference (p < 0.05) denoted in alphabet a–c (A), f–h (B), k–m (C), and p–r
(D) that represents a comparison between a group to, a/f/k/p: untreated H2O2 (0 µg/mL), b/g/l/q:
100 µg/mL, c/h/m/r: 200 µg/mL.

3.3. The Level of Antioxidant Enzymes was Elevated in the Presence of PtNPs

For the analysis of the level of antioxidant enzymes, the PtNPs treatment had signifi-
cantly increased the antioxidant activity of SOD, GPx, and CAT in pre-treated H2O2 cells
when compared to the H2O2 treatment group (Figure 3A–C).

3.4. PtNPs Uptake was Seen in the Nucleus

This study was conducted using 3 nm PtNPs without any surface protectant during
PtNPs synthesis. We aimed to show the direct effect of PtNPs on the cells. Indeed, we
found that PtNPs can penetrate the epithelial cell in as early as 3 h of treatment and can
enter the nucleus membrane in both treatments (Figure 4A). However, 24 h of treatment
allowed more time for PtNPs to accumulate in the cytoplasm and nucleus (Figure 4B).

3.5. PtNPs Can Reduce Oxidative Condition in H2O2 Treated Cells

DNA damage can be seen clearly in the H2O2 treatment group, but this damage is
reduced significantly both qualitatively (Figure 5A) and quantitatively (Figure 5B) in the
presence of PtNPs. The PtNPs treatment group showed significantly lower DNA damage
as compared to the control group. The production of ROS was significantly reduced by
the H2O2/PtNPs treatment group as compared to the H2O2 treatment group. In parallel
with DNA damage data, the PtNPs treatment group also showed a significant reduction in
H2DCFDA (Figure 5C) and DHE (Figure 5D) compared to the control group.
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Figure 3. Cells were treated with H2O2 and PtNPs for 3 h and subjected to the level of antioxidants
activity. PtNPs were shown to increase the activity of antioxidants enzymes of (A) superoxide
dismutase, (B) glutathione peroxidase, and (C) catalase activities. A statistically significant difference
(p < 0.05) denoted in alphabet a–c (A), e–g (B), and i, k (C) that represents a comparison between a
group to, a/e/i: untreated cells, b/f: PtNPs, and c/g/k: H2O2.
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Figure 4. TEM image of PtNPs uptake by A549 cells (A) 3 h and (B) 24 h treatment (Scale bar:
whole cell, 2 nm). The scale was enlarged to focus on the nucleus (500 µm). Red arrows indicate
the accumulation of PtNPs. PtNPs can penetrate the cells as early as 3 h however the cells keep
accumulating in the cytoplasm and nucleus in prolonged treatment (24 h).
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Figure 5. (A) Oxidative status through DNA damage represented with comet assay qualitatively.
Comet tail can be seen in DNA damaged cells and quantitatively measured in (B) total DNA damage
and ROS production represented (C) H2DCFDA and (D) DHE, respectively. A statistically significant
difference (p < 0.05) denotes in alphabet a–c (A), e–g(B), i–k (C) that represents a comparison between
a group to a/e/i: untreated cells, b/f/j: PtNPs, and c/g/k: H2O2.
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4. Discussion

Platinum-based compounds, mainly cisplatin and carboplatin, have been the most
commonly used chemotherapeutic agents in the practice of lung cancer treatment. Never-
theless, there are several profound complications, especially neuro- and nephrotoxicity [10],
whilst the response and survival rate among lung cancer patients are still poor. Hence, our
study studied the prospective role of PtNPs against lung cancer through an in vitro model
to see its antioxidative effect in an oxidant condition. Our study revealed that PtNPs have
exhibited antioxidant properties by scavenging free radicals induced by hydrogen peroxide.
Whilst its antioxidant capacity is relatively lower than vitamin C, results from SOD, GPx,
and CAT were significantly increased when compared to the untreated control group.
This is parallel to the first finding suggesting that PtNPs exhibit antioxidant properties in
reducing oxidative damage in mouse lung models induced by inflammation [13]. This data
is also in parallel to the previous study where they found a similar reduction in antioxidant
status but with a different lung cell line model [29,30]. Besides, our study also revealed a
significant reduction in ROS production with PtNPs treatment that was similar to other
studies worldwide [16,17]. Among all metal nanoparticles, PtNPs were seen to be the
strongest quencher of reactive oxygen species, namely hydrogen peroxide and superoxide
anion, and able to act as SOD mimetics in a dose-dependent manner [16] whilst another
study also demonstrated the capability of PtNPs in inhibiting hyperthermia-induced apop-
tosis in lymphoma cells [31]. The superoxide dismutase and catalase activities exhibited
by PtNPs have also been shown in studies to further potentiate its interventional effect
in aging-related skin [12], skeletal muscle [32], vascular endothelium [33], and monocytic
leukemia [34] in vitro models. This is evident by our study that also revealed that PtNPs
had significantly increased the antioxidant activity of SOD, GPx, and CAT in the A549 cell
line in supporting the capability of PtNPs as antioxidants, as established in other stud-
ies [35–39]. In comparison to different metal nanoparticles that exhibit antioxidant activities,
platinum nanoparticles are among one the best antioxidants to increase all CAT, GPx, and
SOD [39]. PtNPs were also proposed to be a catalase (CAT) mimicker and have been
used to enhance radiation efficacy in the treatment of cancer [38,39]. PtNPs are a suitable
candidate as the smaller size of PtNPs produces a lower oxidation of H2DCFDA compared
with the bigger size due to the larger surface area to enhance the catalytic activity [29].
Looking at numerous data that support PtNPs as a potential antioxidant, it is worth to
further scrutinize the mechanisms involved in between exerting the antioxidant properties
and inducing apoptosis. This could be due to the blockage in different stages of the cell
cycle, changes to the cell membrane, disruption and alteration in the cell homeostasis, and
enzyme activity. Hence, it is worth to subsequently perform cell cycle analysis and establish
the mechanism of cell death in various concentrations of PtNPs and exposures.

The unique features of PtNPs, such as surface functionalities; size; size distribution;
shape; porosity; surface area; composition; crystalline nature; agglomeration; and electro,
catalytic, thermal, and plasmonic properties, making their application desirable in vari-
ous fields [40,41]. The capping of nanoparticles with stabilizing agents aims to prevent
aggregation while in liquid suspension. However, the porous organic capping agents have
open spaces that allow reactant and product molecules to reach the metal catalysts, causing
a reduction in catalytic activity as certain elements in the capping agents can block the
reactive sites on nanoparticles [42]. Hence, the uncapping of PtNPs was used throughout
this study to ensure better penetration to the nucleus and to observe its antioxidant capacity,
which fits the main aim of our study. A study was also conducted on pure PtNPs in vitro,
which showed that there was no release of metal ions into the media [43]. This suggests
that unmodified PtNPs do not contribute to cytotoxicity based on metal ion release. Even
though different sizes of PtNPs (5–10 nm) can penetrate A549 and HaCaT cells within
24 h of treatment, these nanoparticles were not found to be present in the nucleus in acute
treatments [43], which coincides with our data.

The efficacy of PtNPs treatment as an antioxidant is strongly dependent on the type of
cell, size, concentration, and duration of care settings. The size of PtNPs used in this study
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is 3 nM, which was relatively small, therefore, cytotoxicity could be caused by prolonged
exposure as it can penetrate to the cell membrane of epithelial lung cancer cells over time.
In fact, an in vitro study has shown that 1 nm PtNPs are capable of reducing superoxide
anion radicals better than 5 nm PtNPs [22]. Furthermore, our data supported that the cells
did not survive well with chronic exposure to PtNPs by keeping the PtNPs longer than
3 h. There were similar findings in other studies; notably, smaller sizes (<100 nm) of PtNPs
can penetrate directly into the cell when on the other hand, larger sizes (>100 nm) must be
taken in through conventional endocytosis [43], which could lead to a higher cytotoxicity
toward the cells.

With the chronic exposure in a longer duration, PtNPs were seen to have accumulated
in both the cytoplasm and the nucleus, which could lead to less antioxidative effects. The
coagulation and sedimentation of the nanoparticles may limit the antioxidant activity due
to the instability of the nanoparticles in the medium. Nanoparticles that tend to clump
may disrupt the function of organelles within the cell. The addition of FBS and human
serum albumin (HSA) can inhibit the clotting process thus improving the stability of the
nanoparticles [44], and this can be a suggestion to further ameliorate the effect of PtNPs
as an antioxidative agent in in vitro models. Studies have revealed that higher dosages
of PtNPs, and prolonged (48 h) exposure in the A549 lung cell line can cause less cell
viability [45], and a shorter exposure duration was able to decrease nanotoxicity to the
cells [39]. This data could serve as a great starting point for several treatments in quenching
ROS, especially in the chemodynamic therapy, synergistic therapy, and the controlled drug
release of nanomaterials [46].

This study has its own limitation in the route to decipher the antioxidative role of
PtNPs. Since the sizes of PtNPs are small, chronic exposure could lead to DNA damage
and surpass the beneficial role of PtNPs. Hence, a study needs to be conducted to further
compare different agents in the capping of PtNPs using various amphiphilic molecules
comprised of a polar head group and a non-polar hydrocarbon tail [47,48] to further
stabilize the nanoparticle and specifically target the cancer cells [49,50]. This might in-
clude polyethylene glycol (PEG) [51], polyvinylpyrrolidone (PVP) [40], polycaprolactone
(PCL) [52], chitosan [53], and plant extracts [15,54–56]. All of these capping agents are
capable of further alleviating cellular toxicity [57] through minimal agglomeration of the
nanoparticles [58], especially in the nucleus.

5. Conclusions

The present study has shown the antioxidant property of PtNPs in reversing oxidative
stress conditions in epithelial lung cancer in an in vitro model. Despite the low antioxidative
effect shown by the PtNPs, the nanoparticles are capable of reversing the oxidative stress
status at a lower concentration. The small size of PtNPs exhibited better penetration of the
nucleus and was able to reduce DNA damage and ROS production when cells were under
oxidative stress. Hence, we recommend the potential of PtNPs as an antioxidant in reducing
oxidative stress, subjected to further testing on different cell lines and in vivo models. This
antioxidative potential should be observed in a low concentration of PtNPs to ensure a non-
toxic environment for the cells. Modification of PtNPs, especially through encapsulation,
can reduce the reaction time and energy required and offer ambient conditions of fabrication
that would be another promising way forward in the treatment of lung cancer.
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Abstract: Human gingival mesenchymal stem cells (hGMSCs) and endothelial committed hGMSCs
(e-hGMSCs) have considerable potential to serve as an in vitro model to replicate the inflammation
sustained by Porphyromonas gingivalis in periodontal and cardiovascular diseases. The present
study aimed to investigate the effect of ascorbic acid (AA) on the inflammatory reverting action of
lipopolysaccharide (LPS-G) on the cell metabolic activity, inflammation pathway and reactive oxygen
species (ROS) generation in hGMSCs and e-hGMSCs. Cells were treated with LPS-G (5 µg mL−1) or
AA (50 µg mL−1) and analyzed by 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide
(MTT) assay, immunofluorescence and Western blot methods. The rate of cell metabolic activity was
decreased significantly in LPS-G-treated groups, while groups co-treated with LPS-G and AA showed
a logarithmic cell metabolic activity rate similar to untreated cells. AA treatment attenuated the
inflammatory effect of LPS-G by reducing the expression of TLR4/MyD88/NFκB/NLRP3/Caspase-
1/IL-1β, as demonstrated by Western blot analysis and immunofluorescence acquisition. LPS-G-
induced cells displayed an increase in ROS production, while AA co-treated cells showed a protective
effect. In summary, our work suggests that AA attenuated LPS-G-mediated inflammation and ROS
generation in hGMSCs and e-hGMSCs via suppressing the NFκB/Caspase-1/IL-1β pathway. These
findings indicate that AA may be considered as a potential factor involved in the modulation of the
inflammatory pathway triggered by LPS-G in an vitro cellular model.

Keywords: periodontal disease; NLRP3 inflammasome; ascorbic acid; gingival mesenchymal stem
cells; Porphyromonas gingivalis

1. Introduction

Ascorbic acid (AA) is well known to perform a key role in the maintenance of tissue
integrity, scavenging free radicals, and has demonstrated immunomodulatory properties
during chronic inflammatory diseases. In periodontitis, AA showed a deceleration in the
progression of tissue loss and induced regeneration by stimulating the progenitor cells of
the periodontal ligament commitment [1]. Periodontal disease (PD) can be defined as a
complex oral disease and its treatment represents a challenging condition for clinicians [2].
Periodontal disease involves chronic inflammation sustained by various types of bacteria
that accumulate in dental plaque and cause localized inflammation by producing various
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pro-inflammatory factors, which include C-reactive protein (CRP), interleukin (IL)-1β, IL-6,
tumor necrosis factor (TNF)-α and matrix metalloproteinases (MMP) [3]. The progression
of periodontitis leads to the destruction of deep periodontal pockets and causes systemic
disease processes upon the increased expression of pro-inflammatory factors. Indeed,
periodontitis represents a possible risk factor for several systemic diseases, including
cardiovascular disease (CVD) [4].

There are a wide range of disorders that affect the heart and blood vessels with
complex pathogenic mechanisms. The pathogenesis is based on the presence of a high level
of low-density lipoprotein cholesterol in the blood, which affects the cellular permeability
and modulates the integrity of arterial walls. A strong link has been found between
periodontitis and cardiovascular diseases as both diseases show common inflammatory
pathways, share similar risk factors and start with tissue damage [5–7].

The presence of Gram-negative anaerobic pathogens in the periodontal pockets is
critical for the invasion of the deeper tissues, reaching the blood circulation and inducing a
systemic immune response away from the original niche [8].

Several studies reported that periodontal pathogens are associated with chronic in-
flammation and lead to epithelial barrier dysfunction, causing a loss of epithelial sheet
integrity and producing microulceration [9–11]. Porphyromonas gingivalis (P. gingivalis) is
one of the bacteria involved in the biofilm development of bacterial plaque and plays a
vital part in the advancement of periodontal illness. Lipopolysaccharide (LPS-G) is the
virulence factor of P. gingivalisis, which induces the host immune response via activating
the innate and acquired immunity [12].

To study the in vitro response to LPS-G and inflammatory pathway modulation,
different mesenchymal stem cell (MSC) populations have been used [13,14]. Recently,
human gingival mesenchymal stem cells (hGMSCs) have attracted the attention of many
researchers. They met the minimal criteria proposed by Dominici et al. [15] to characterize
MSCs. hGMSCs showed self-renewal capacity, mesengenic differentiation ability under
induction conditions and the expression of MSC markers [16].

The inflammasome NLRP3 is activated during periodontal disease, which is most
often associated with TLR4 activation. NLRP3 initiates the inflammatory cascade by
activating the release of interleukin (IL)-1β that regulates the degree and progression of
the inflammation.

Ascorbic acid is a water-soluble molecule required for human health. The human
body is unable to synthesize vitamin C endogenously and thus requires external sources of
vitamin C from dietary intake and supplementation [17]. AA is an effective antioxidant that
relieves oxidative stress and participates in a variety of biochemical reactions. Moreover,
AA is able to decrease the responses of some inflammatory biomarkers and several pro-
inflammatory cytokines [18–20].

The role of AA in the suppression of the activation of inflammasome cascade TLR4/NFκB
signaling that leads to the release of IL-1β in periodontitis is yet to be determined. Ac-
cordingly, the aim of our research was to explore the role of AA in LPS-G-stimulated
hGMSCs and endothelial differentiated hGMSCs (e-hGMSCs) to evaluate the regulation of
the inflammatory cascade.

2. Materials and Methods
2.1. Ethic Statement

The present research project was approved by the Medical Ethics Committee at the
Medical School, “G. d’Annunzio” University, Chieti, Italy (n◦266/14). All enrolled subjects
signed an informative consent form.

2.2. Cell Culture

Cells were isolated from human gingival tissue biopsies from two different donors
as previously described [21]. Biopsies were washed with phosphate-buffered saline (PBS)
(Lonza, Basel, Switzerland), cut into small pieces and then placed in a TheraPEAK™MSCGM-

160



Antioxidants 2021, 10, 797

CD™ Bullet Kit serum free, chemically defined medium for the growth of human mes-
enchymal stem cells (MSCGM-CD, Lonza, Basel, Switzerland) at 37 ◦C in a controlled
atmosphere (5% CO2). The medium was refreshed twice a week. After 2 weeks of culture,
cells were spontaneously migrated from the tissue explants. After reaching around 80%
of confluence, cells were trypsinized using trypsin-EDTA (Lonza, Basel, Switzerland) and
subcultured until passage 2 (P2). All the following experiments were conducted in triplicate
and were repeated 3 times.

2.3. Cell Characterization

Human Gingival Mesenchymal Stem Cells (GMSC)s were characterized by cytofluori-
metric and morphological analysis and the capacity to differentiate into osteogenic and
adipogenic lineage. Fluorescence-Activated Cell Sorting (FACS) analysis showed the ex-
pression of CD14, CD34, CD45, CD73, CD90 and CD105 as previously reported [22]. Briefly,
cells were stained for CD45, CD73 and CD90 with fluorescein isothiocyanate-conjugated
anti-human antibodies and for CD14, CD34 and CD105 with phycoerythrin-conjugated
antibodies. After staining procedures, a FACStar-plus flow-cytometry system running
Cell-Quest software (version 5.2.1, Becton-Dickinson, Mountain View, CA, USA) was used.
All reagents used for flow cytometry were purchased from Becton Dickinson (Milan, Italy).
To study the morphological features, hGMSCs were fixed with paraformaldehyde, stained
with toluidine blue and observed with a Leica microsystem microscope. To evaluate the
capacity to differentiate into osteogenic and adipogenic lineages, hGMSCs were incubated
with MSCGM-CD (Lonza, Basel, Switzerland) medium with osteogenic supplements and in
adipogenesis induction/maintenance medium (Lonza, Basel, Switzerland), respectively. Os-
teogenic differentiation was evaluated using alizarin red S staining (Sigma-Aldrich, Milan,
Italy) and the adipogenic commitment was stained with oil red O solution (Lonza Basel,
Switzerland). To validate the colorimetric detection, a real-time polymerase chain reac-
tion (RT-PCR) was performed, evaluating the expression of Runt-related transcription
factor-2 (RUNX-2), alkaline phosphatase (ALP), fatty acid-binding protein 4 (FABP4)
and peroxisome proliferator-activated receptor γ (PPARγ) after 28 days of differentiation.
Commercially available TaqMan Gene Expression Assays (RUNX-2Hs00231692_m1; ALP
Hs01029144_m1; FABP4 Hs01086177_m1;PPARγ Hs01115513_m1) and the TaqManUni-
versal PCR Master Mix (Applied Biosystems, Foster City, CA, USA) were used according
to standard protocols. Beta-2 microglobulin (B2MHs99999907_m1) (Applied Biosystems,
Foster City, CA, USA) was used for template normalization [23].

2.4. Endothelial Differentiation

Endothelial differentiation procedures to obtain the e-hGMSCs were started with
50–60% of cell confluency. Endothelial Growth Medium (EGM-2, Lonza, Basel, Switzer-
land), composed of EGM-2 Bullet Kit (Lonza, Basel, Switzerland) growth supplements con-
taining hydrocortisone, human Fibroblast Growth Factor (hFGF-b), R3-Insulin-like Growth
Factor-1 (R3-IGF-1), ascorbic acid, human Epithelial Growth Factor (hEGF), GA-1000, hep-
arin, 5% FBS and 50 ng/mL of Vascular Endothelial Growth Factor-165 (VEGF-165), was
used. Cells were maintained at 37 ◦C with 5% CO2 for 14 days [24].

2.5. Tube Formation Test

In this study, 12-well culture plates pretreated with Cultrex® Basement Membrane
Extract (Trevigen Inc., Gaithersburg, MD, USA) (300 µL/well) were used in the tube
formation assay. Human GMSCs and e-hGMSCs were seeded at a density of 2 × 105 cells
per well after matrix solidification (at 37 ◦C for 30 min). Capillary-like tube structures have
been observed using an inverted light microscope at phase contrast after 4 h of culture to
24 h [24].

2.6. Study Design

All experiments were performed in triplicate with hGMSCs at P2.
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The study was organized with the following groups:

- Untreated hGMSCs, used as negative control (CTRL);
- hGMSCs treated for 24 h with 50 µg mL−1 AA (AA);
- hGMSCs treated for 24 h with 5 µg mL−1 ultrapure LPS-G from P. gingivalis (tlrl-

ppglps, InvivoGen, San Diego, CA, USA) (LPS-G);
- hGMSCs co-treated for 24 h with 50 µg mL−1 AA and 5 µgmL−1 LPS-G (AA + LPS-G);
- Untreated e-GMSCs, used as negative control (e-CTRL);
- e-hGMSCs treated for 24 h with 50 µg mL−1 AA (e-AA);
- e-hGMSCs treated for 24 h with 5 µg mL−1 ultrapure LPS-G (tlrl-ppglps, InvivoGen,

San Diego, CA, USA; e-LPS-G);
- e-hGMSCs co-treated for 24 h with 50 µgmL−1 AA and 5 µg mL−1 LPS-G (AA + e-LPS-G).

Based on our previously obtained data (data not shown), we found, after an LPS-G
titration tested on oral stem cells, that 5 µg mL−1 LPS-G was the optimal concentration to
be utilized in the current study [25].

2.7. Cell Metabolic Activity

3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) colorimetric
assay was used for all experimental groups to determine the cell viability as previously
reported [26]. Human GMSCs were seeded with a density of 2 × 103 cells/well in a 96-well
plate. At 24, 48 and 72 h of culture, 20 µL of MTT (CellTiter 96 AQueous One Solution
reagent, Promega, Milan, Italy) solution was added to each well. Plates were maintained in
the incubator for 3 h and then were read at 490 nm wavelength using a microplate reader
(Synergy HT, BioTek Instruments, Winooski, VT, USA).

2.8. Molecular Pathway

Samples were fixed with 4% paraformaldehyde in 0.1 M of PBS (Lonza, Basel, Switzerland).
Then, cells were permeabilized with 0.5% Triton X-100 in PBS (Lonza, Basel, Switzerland)
for 10 min and blocked with 5% skimmed milk in PBS for 30 min [27]. The following
primary antibodies were used in the study: anti-TLR4 (1:200; Santa Cruz Biotechnology,
Dallas, TX, USA), anti-MyD88 (1:200; Santa Cruz Biotechnology, Dallas, TX, USA), anti-
NFκB (1:200; Santa Cruz Biotechnology, Dallas, TX, USA), anti-NLRP3(1:500; Novus,
Centennial, CO, USA), anti-Caspase-1 (1:200; Santa Cruz Biotechnology, Dallas, TX, USA)
and anti-IL-1β (5 µg/mL; ThermoFisher, Waltham, MA, USA). Cells were incubated with
primary antibody for 2 h at room temperature. Then, samples were incubated with Alexa
Fluor 568 red fluorescence conjugated goat anti-rabbit secondary antibody (1:200; Molecular
Probes, Invitrogen, Eugene, OR, USA) for 1 h at 37 ◦C. To stain the cytoskeleton actin, cells
were treated with Alexa Fluor 488 phalloidin green fluorescent conjugate (1:400, Molecular
Probes, Invitrogen, Eugene, OR, USA) for 1 h, and to stain the nuclei, cells were stained
with TOPRO (1:200; Molecular Probes, Invitrogen, Eugene, OR, USA) for 1 h. The Zeiss
LSM800 confocal system (Zeiss, Jena, Germany) was used to acquire microphotographs.

2.9. Western Blot Analysis

Proteins (50 µg) from all samples were processed as previously described [28]. Mem-
branes were incubated for 12 h at 4 ◦C with primary antibodies to anti-TLR4 (1:500; Santa
Cruz Biotechnology, Dallas, TX, USA), anti-MyD88 (1:500; Santa Cruz Biotechnology, Dal-
las, TX, USA), anti-NFκB (1:500; Santa Cruz Biotechnology, Dallas, TX, USA), anti-NLRP3
(3 µg/mL; Novus, Dallas, TX, USA), anti-Caspase-1(1:500; Santa Cruz Biotechnology, Dal-
las, TX, USA), anti-IL-1β (1 µg/mL; Thermo Fisher, Waltham, MA, USA) and β-actin
(1:1000; Santa Cruz Biotechnology, Dallas, TX, USA). Samples were maintained at room
temperature for 30 min with peroxidase-conjugated secondary antibody diluted 1:1000
in 1 × Tris Buffered Saline (TBS), 5% milk and 0.05% Tween-20 (Signa-Aldrich, Milan,
Italy) [29]. To visualize protein bands, the Electrochemiluminescence (ECL) method was
used, and the protein levels were measured by means of the Bio-Rad Protein Assay (Bio-Rad
Laboratories, Hercules, CA, USA).
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2.10. Reactive Oxygen Species (ROS) Evaluation

Human and endothelial differentiated GMSCs were seeded in a 35 mm imaging
dish (µ-Dish, ibidi GmbH, Gräfelfing, Germany) and treated for 24 h in culture medium
containing 5 µg mL−1 LPS-G (hGMSCs + LPS-G or e-hGMSCs + LPS-G) or 5 µg mL−1

LPS-G plus 50µg/mL ascorbic acid (hGMSCs + AA/LPS-G or e-hGMSCs + AA/LPS-
G) or 50µg/mL ascorbic acid (hGMSCs + AA or e-hGMSCs+ AA) or culture medium
alone (hGMSCs, or e-hGMSCs). At the end of the expected time, incubation medium
was removed and the cells were washed with Normal External Solution (NES) con-
taining (in mM) 125 NaCl, 5 KCl, 1 MgSO4, 1 KH2PO4, 5.5 glucose, 1 CaCl2, 20 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 7.4 and incubated with 10 µM
of 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA, Thermo Fisher, Waltham, MA,
USA) at 37 ◦C in a humidified incubator (for 30 min) maintaining for all procedures the
respective culture media treatments. At the end of dye incubation, the cells were washed
with NES and observed in NES alone (hGMSCs or e-hGMSCs) or maintained in NES plus
LPS-G, LPS-G and AA or AA alone as expected. For each condition, confocal images were
randomly acquired by means of motorized table SMC 2009 and multiple single position
acquisition function (Tiles-Advanced setup, carrier 35 mm petri dish) of Zen Blue software
(Zen 3.0 SR, Carl Zeiss, Jena, Germany) using a Zeiss LSM800 microscope (Carl Zeiss,
Jena, Germany), equipped with an inverted microscope Axio-obserber D1 (Carl Zeiss,
Jena, Germany) and an objective W-Plan-Apo 40 X/1.3 DIC (Carl Zeiss, Jena, Germany).
Excitation was fixed at 488 nm and emission collected with the filter set over 505–530 nm.
The acquisition settings were kept constant between specimens. Offline image analyses
were performed using Fiji distribution of ImageJ (version 1.53c, National Institutes of
Health, Bethesda, MD, USA) measuring for each acquired cell the mean of fluorescence
intensity (arbitrary units, F) and the area of the measured cells (µm2). Quantitative data of
ROS production are expressed as ratio F/µm2.

2.11. Statistical Analysis

Statistical evaluation was performed using GraphPad Prism 4.0 software (Graph-
Pad, San Diego, CA, USA) using t-test and ordinary one-way ANOVA followed by
post hoc Bonferroni’s multiple comparisons tests. Values of p < 0.01 were considered
statistically significant.

3. Results
3.1. Immunophenotype and In Vitro Differentiation Ability of Isolated hGMSCs

Characterization analysis showed that hGMSCs were positive for CD73, CD90 and
CD105, respectively. Confirming their mesenchymal phenotype, cells were negative for
hematopoietic markers (Figure 1A). Data presented are mean ± SD (n = 3). To assay
differentiation capacity to adipocytes and osteoblasts, hGMSCs were induced with spe-
cific differentiation kit media (Lonza, Basel, Switzerland). Cells treated with adipogenic
medium produced numerous vacuoles detected with adipo oil red solution (Figure 1B,
central panel). Furthermore, after treating hGMSCs with the osteogenic differentiation
medium, the formation of calcium deposits revealed by alizarin red staining was observ-
able (Figure 1B, right panel). These results indicate that hGMSCs can differentiate into
both lineages. To validate the differentiation ability, RT-PCR was performed to evaluate the
expression for adipogenic- and osteogenic-specific markers. In differentiated cells, FABP4,
PPARγ, RUNX2 and ALP were upregulated when compared to the control cells (Figure 1B,
down panel).
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cal endothelial markers using CD31 immunofluorescence via staining. As reported, dif-
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microscopy (Figure 2A1–A4). Results of the tube formation assay showed that a number 
of capillary-like structures were observed after 24 h of differentiation induction (Figure 
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Figure 1. Human Gingival Mesenchymal Stem Cells (hGMSCs) characterization. (A) Antigen expression quantification
by flow cytometry in human Gingival Mesenchymal Stem Cells (hGMSCs). Cells do not express hematopoietic antigens
CD14, CD34 and CD45 and co-express CD73, CD90 and CD105. (B) Differentiation assay: cultured hGMSCs were induced
to differentiate into adipocytes and osteoblast. Adipogenic differentiation was demonstrated by lipid vacuole detection
with the lipid adipo oil red staining; and calcium deposits in the osteoblast differentiation were detected with alizarin red
staining. Graph bars showed the expression of specific markers in cells undergoing adipogenic and osteogenic differentiation.
Results represent three independent experiments performed in triplicate (n = 3). MSC: mesenchymal stem cell; nd: not
detectable; FABP4: fatty acid-binding protein 4; PPARγ: peroxisome proliferator-activated receptor γ; RUNX-2: Runt-related
transcription factor-2; ALP: alkaline phosphatase. Scale bar: 20 µm. ** p < 0.01.

3.2. Endothelial Differentiation and Tube Formation of hGMSCs

An evaluation of the impact of the differentiation medium kit exposure on hGMSCs
to induce the endothelial transition (e-hGMSCs) was performed by examining the typical
endothelial markers using CD31 immunofluorescence via staining. As reported, differ-
entiated cells showed the expression of CD31 observed under confocal laser scanning
microscopy (Figure 2A1–A4). Results of the tube formation assay showed that a number of
capillary-like structures were observed after 24 h of differentiation induction (Figure 2B–D).
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Figure 2. Endothelial differentiation and tube formation of hGMSCs. (A1–A4) After 14 days of exposure to endothelial
differentiation, endothelial differentiated- human Gingival Mesenchymal Stem Cells (e-hGMSCs) showed positivity for
endothelial marker, CD31. (B–D) After culture under endothelial differentiation conditions for 24 h, hGMSCs were seeded
onto Cultrex to allow the formation of capillary-like structures. Cells were observed by means light microscopy after 2 (h)
(B), 4 h (C) and 6 h (D) after seeding on dishes pre-treated with Cultrex. (A1–A4): magnification, 40×; (B–D): scale bar, 20 µm.
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3.3. LPS-G Affect the Cell Metabolic Activity of hGMSCs

At defined time points, 24, 48 and 72 h after cultivation in all considered culture
conditions hGMSCs, the cell metabolic activity was evaluated. Human GMSC and e-
hGMSC cell metabolic activity was reduced when treated with LPS-G compared to the
untreated cells. Conversely, constant cell numbers were recorded in the untreated and
AA-treated groups. In addition, cells co-treated with AA and LPS-G showed a better trend
in cell metabolic activity at all considered end points (Figure 3).
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Figure 3. Effects of Lipopolysaccharide from Porphyromonas gingivalis (LPS-G) and ascorbic acid (AA) on the cell metabolic
activity of hGMSCs and e-hGMSCs. Cell growth curve of hGMSCs and e-hGMSCs detected by absorbance at 490 nm
showed the different cell metabolic activity of cells under treatment with AA, LPS-G and LPS-G + AA. * p > 0.05; ** p < 0.01.

3.4. The TLR4/MyD88/NFκB/NLRP3/Caspase-1/IL-1β Signaling Pathway Was Involved in AA
Anti-inflammatory Effects on LPS-G-Stimulated Cells

Stimulation of hGMSCs and e-hGMSCs with LPS-G induced the expression of the
inflammatory pathway. Cells showed an overexpression of TLR4, MyD88, NF-κB, NLRP3,
Caspase-1 and IL-1β as observed under confocal microscopy (Figure 4C1–C3, Figure 5C1–C3,
Figure 6C1–C3, Figure 7C1–C3). Untreated hGMSCs and e-hGMSCs (CTRL) and AA-
treated cells showed lower positivity for TLR4, MyD88, NFκB, NLRP3, Caspase-1 and
IL-1β compared to LPS-G-stimulated cells (Figure 4A1–B3, Figure 5A1–B3, Figure 6A1–B3,
Figure 7A1–B3). The co-treatment of AA and LPS-G in all experimental groups (hGMSCS
and e-hGMSCs) showed a reduction in the expression of studied proteins, indicating a
possible protective effect exerted by AA (Figure 4D1–D3, Figure 5D1–D3, Figure 6D1–D3,
Figure 7D1–D3). This finding was further confirmed by Western blot analyses, which showed
that the expression of TLR4, MyD88, NFκB, NLRP3, Caspase-1 and IL-1β was increased in
LPS-G-treated samples. The cells co-treated with AA and LPS-G showed a reduction in the
expression of proteins involved in the inflammatory pathway (Figures 4E, 5E, 6E and 7E).

3.5. ROS Production

ROS production induced by LPS-G has been studied in hGMSCs and e-hGMSCs
loaded with the cell-permeant H2DCFDA. Once penetrated inside the cell, the cleavage of
the acetate groups by intracellular esterases makes the molecule active and able to undergo
oxidation. In this way, the nonfluorescent H2DCFDA is converted to the highly fluorescent
2′,7′-dichlorofluorescein (DCF) by ROS. Images were acquired in live cells by means of
confocal microscopy as reported in Figure 8A and the single cells’ fluorescence recorded
was analyzed offline. Quantitative results (Figure 8B) showed a significative increase in
ROS production both in 5 µg mL−1 LPS-G-treated hGMSCs and e-hGMSCs vs. the control
condition (hGMSCs and e-hGMSCs, respectively). Interestingly, the co-incubation of LPS-G
together with AA counteracted the LPS-G increase in ROS production. Of note, comparing
the results obtained in the hGMSCs and e-hGMSCs LPS-G-treated cells, we observed that
the latter were more prone to produce ROS.
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Figure 4. TLR4/MyD88/NFκB signaling pathway and differences in protein levels in hGMSCs. Expression of TLR4, 
MYD88 and NFκB, examined by confocal microscopy and Western blot experiments. (A1–D1) TLR4 expression in 
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Figure 4. TLR4/MyD88/NFκB signaling pathway and differences in protein levels in hGMSCs. Expression of TLR4,
MYD88 and NFκB, examined by confocal microscopy and Western blot experiments. (A1–D1) TLR4 expression in hGMSCs
(CTRL), hGMSCs + AA, hGMSCs + LPS-G, hGMSCs + AA/LPS-G. (A2–D2) MyD88 expression in hGMSCs (CTRL),
hGMSCs + AA, hGMSCs + LPS-G, hGMSCs + AA/LPS-G. (A3–D3) NFκB expression in hGMSCs (CTRL), hGMSCs + AA,
hGMSCs + LPS-G, hGMSCs + AA/LPS-G. (E) TLR4, MyD88 and NFκB protein levels. β-actin was used as a loading control.
Green fluorescence: cytoskeleton actin. Red fluorescence: TLR4, MYD88, NFκB. Blue fluorescence: cell nuclei. Scale bar:
20 µm. * p < 0.05; ** p < 0.01; *** p < 0.001.
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Figure 5. NLRP3/Caspase-1/IL-1β signaling pathway and differences in protein levels in hGMSCs. Expression of NLRP3,
Caspase-1 and IL-1β, examined by confocal microscopy and Western blot experiments. (A1–D1) NLRP3 expression in hGM-
SCs (CTRL), hGMSCs + AA, hGMSCs + LPS-G, hGMSCs + AA/LPS-G. (A2–D2) Caspase-1 expression in hGMSCs (CTRL),
hGMSCs + AA, hGMSCs + LPS-G, hGMSCs + AA/LPS-G. (A3–D3) IL-1β expression in hGMSCs (CTRL), hGMSCs + AA,
hGMSCs + LPS-G, hGMSCs + AA/LPS-G. (E) NLRP3, Caspase -1 and IL-1β protein levels. β-actin was used as a loading
control. Green fluorescence: cytoskeleton actin. Red fluorescence: NLRP3, Caspase-1, IL-1β. Blue fluorescence: cell nuclei.
Scale bar: 20 µm. ** p < 0.01.
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Figure 6. TLR4/MyD88/NFκB signaling pathway and differences in protein levels in e-hGMSCs. Expression of TLR4,
MYD88 and NFκB, examined by confocal microscopy and Western blot experiments. (A1–D1) TLR4 expression in e-
hGMSCs (CTRL), e-hGMSCs + AA, e-hGMSCs + LPS-G, e-hGMSCs + AA/LPS-G. (A2–D2) MyD88 expression in e-hGMSCs
(CTRL), e-hGMSCs + AA, e-hGMSCs + LPS-G, e-hGMSCs + AA/LPS-G. (A3–D3) NFκB expression in e-hGMSCs (CTRL),
e-hGMSCs + AA, e-hGMSCs + LPS-G, e-hGMSCs + AA/LPS-G. (E) TLR4, MyD88 and NFκB protein levels. β-actin was
used as a loading control. Green fluorescence: cytoskeleton actin. Red fluorescence: TLR4, MYD88, NFκB. Blue fluorescence:
cell nuclei. Scale bar: 20 µm. * p < 0.05; ** p < 0.01.
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Figure 7. NLRP3/Caspase-1/IL-1β signaling pathway and differences in protein levels in e-hGMSCs. Expression of NLRP3,
Caspase-1 and IL-1β, examined by confocal microscopy and Western blot experiments. (A1–D1) NLRP3 expression in
e-hGMSCs (CTRL), e-hGMSCs + AA, e-hGMSCs + LPS-G, e-hGMSCs + AA/LPS-G. (A2–D2) Caspase-1 expression in
e-hGMSCs (CTRL), e-hGMSCs + AA, e-hGMSCs + LPS-G, e-hGMSCs + AA/LPS-G. (A3–D3) IL-1β expression in e-hGMSCs
(CTRL), e-hGMSCs + AA, e-hGMSCs + LPS-G, e-hGMSCs + AA/LPS-G. (E) NLRP3, Caspase-1 and IL-1β protein levels.
β-actin was used as a loading control. Green fluorescence: cytoskeleton actin. Red fluorescence: NLRP3, Caspase-1, IL-1β.
Blue fluorescence: cell nuclei. Scale bar: 20 µm. ** p < 0.01; *** p < 0.001.
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Figure 8. ROS measurements. (A) Representative images of H2DCFDA-loaded cells. (B) Analysis of
ROS production calculated as arbitrary unit of fluorescence per cell surface unit (F/µm2). Data are
expressed as mean± S.E.M (hGMSCs n = 166, hGMSCs + LPS-G n = 148, hGMSCs + AA n = 100; hGM-
SCs + AA/LPS-G n = 176; e-hGMSCs n = 85, e-hGMSCs + LPS-G n = 195, e-hGMSCs + AA n = 159;
e-hGMSCs + AA/LPS-G n = 125, for each experimental condition n = 3). * p < 0.05; *** p < 0.001.
Statistical analysis was performed by one-way ANOVA and post hoc Bonferroni. Scale bar: 20 µm.

4. Discussion

Periodontitis is a form of chronic inflammatory disease that invades teeth-supporting
tissues, sustained mostly by Gram-negative microbes such as Porphyromonas gingivalis
through lipopolysaccharide (LPS-G) action, which represents one of the major virulence
factors in periodontitis progression [30]. Outer membrane endotoxins can trigger multi-
ple signaling pathways that are involved several intracellular events, which eventually
stimulate the production of many inflammatory factors and cause the destruction of the
periodontal soft tissue, the resorption of alveolar bone and, finally, tooth loss [31].

The inflammasome activation is strictly related to the development and progression of
periodontal disease. The establishment of an in vitro model of periodontal inflammation is
necessary to study periodontitis’ pathogenesis and the potential novel treatments for this
complex disease [32].
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The in vitro model established by Pizzicannella et al. [24] attempts to reproduce the
microenvironment of periodontal disease using hGMSCs and LPS-G stimulation to obtain
more meaningful data.

Human GMSCs are resident in the gingival connective tissues, showing the ability to
maintain, repair, and remodel the extracellular matrix for tissue homeostasis [33]. Several
studies reported that hGMSCs showed the features and functions of mesenchymal stem
cells, such as proliferation, migration and cell differentiation capacity. As demonstrated by
our obtained results, the hGMSCs can be considered as MSCs as they follow Dominici’s
criteria: they showed the capacity to adhere to a plastic substrate, the fibroblast-like
morphology, the capacity to differentiate into adipogenic and osteogenic lineages, positivity
to CD73, CD90 and CD105 and negativity for CD14, CD34 and CD45.

The effect of LPS-G stimulation may induce an inflammatory response in hGMSCs
that could reproduce similarly the periodontitis microenvironment [34]. The most studied
complex involved in intracellular inflammation is the NLRP3 inflammasome, which can
be activated when cells are exposed to a wide range of bacterial ligands, including LPS-
G [35]. The NLRP3 inflammasome contains a sensor molecule, which can initiate the
inflammatory responses [36]. Both the NLRP3 inflammasome and TLR4 signaling play a
key role in tissue injury. TLR4 acts as a fundamental factor that promotes the inflammatory
response chain in the body [37]. The inhibition of or decrease in the NLRP3/TLR4 signaling
pathway is a promising potential target in several chronic diseases [38,39]. Indeed, TLR4
activation triggers the myeloid differentiation factor 88 (MyD88) signaling pathway, which
initiates the rapid activation of nuclear factor-kB (NFκB), which leads to an increase in
IL-18, IL-6, IL-1β, tumor necrosis factor-α (TNF-α) and monocyte chemotactic protein-
1 (MCP-1) [40,41]. Caspase-1 is considered another inflammasome component with a
specific role in periodontal disease. Moreover, Caspase-1 was expressed in clinical samples
collected from patients affected by periodontal disease.

During periodontal disease progression, IL-1β plays a pivotal role in the induction
and maintenance of the host immune response, with a negative effect on periodontal
soft tissues. IL-1β expression is regulated by the activation of the NLRP3 inflammasome
complexes and subsequent modulation of this intracellular pathway may cause a reduction
in IL-1β release [42,43]

The current experiments were designed to evaluate the potential positive effect of
AA in response to the inflammasome activation of LPS-G stimulated cells. In the present
study, an in vitro model was established where hGMSCs were treated with LPS-G to mimic
the periodontal microenvironment. The use of endothelial committed hGMSCs could
represent a starting point, as an in vitro model, to evaluate the intracellular signaling
pathway that may link the periodontal and cardiovascular diseases. The endothelial
commitment of hGMSCs was demonstrated through the CD31 expression evaluated by
confocal microscopy observation; cells showed positivity for CD31 at the cytoplasmic level.
Moreover, the e-hGMSCs showed the ability to form a capillary-like tube network in a
plate coated with Cultrex, indicating that they were committed towards an endothelial
phenotype [44]. In fact, tubule formation is one of the hallmarks of angiogenesis, along
with cell proliferation and migration [45].

AA (or vitamin C) is a hydrophilic vitamin with high activity as an antioxidant [46].
AA showed the capacity to downregulate ROS production and exert a positive regulatory
effect to maintain periodontal health [47]. Moreover, previous findings evidenced that
the risk of CVD is correlated inversely with vitamin C diet supplementation [48,49]. The
molecular mechanisms involved in the antioxidant property of AA to prevent and to treat
the cardiovascular disorders remain elusive [50,51]. Earlier studies have investigated the
signaling pathways involved in the effects of AA on CVD related to periodontal disease [52].

In our in vitro model, we determined that stimulation with LPS-G showed a reduction
in cell metabolic activity and upregulation of TLR4, MyD88, NFκB, NLRP3, Caspase-1 and
IL-1β in hGMSCs and in e-hGMSCs compared to the untreated cells, as demonstrated by
immunofluorescence detection and protein level quantization. Indeed, the co-treatment of
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LPS-G and AA showed a downregulation of TLR4, MyD88, NFκB, NLRP3, Caspase-1 and
IL-1β, as demonstrated by qualitative and quantitative analyses, when compared to the
cells stimulated with LPS-G alone. Accordingly, the modulation of TLR4 signaling and the
NLRP3 inflammasome may provide a novel and valid approach to investigate, in vitro, the
progression of the inflammatory cascade in cells exposed to LPS-G stimulation.

In agreement with previous studies [53–55], the data obtained in the present work
demonstrated that treatment with AA showed a reduction in the expression levels of
the NLP3 inflammasome that led to a reduction in the production of IL-1β through
the TLR4/MyD88/NFκB signaling pathway in the hGMSCs and e-hGMSCs. Moreover,
our findings evidenced a protective role played by AA through the modulation of
TLR4/MyD88/NFκB/NLRP3/Caspase-1/IL-1β, reestablishing the microenvironment be-
fore LPS-G stimulation.

Furthermore, in the same in vitro model, we investigated ROS production in the
same experimental groups. Several studies have demonstrated that ROS production and
NLRP3 inflammasome activation are stimulated by various pathogens and metabolic
stresses [56]. A high level of ROS induced the activation of the NLRP3 inflammasome
in the livers of fructose-fed rats and also enhanced the secretion of IL-1β and IL-18 in
rat hepatocytes [56,57]. This study showed that in cells treated with ascorbic acid, high
production of ROS is present in hGMSCS and e-hGMSCs stimulated with LPS-G, while the
ROS levels are reduced in cells co-treated with AA and LPS-G. Untreated and AA-treated
cells showed no differences in ROS production. In fact, as reported by Jung-Yoon Choe
et al., AA showed a protective effect against ROS formation and consequent activation of
the NLRP3 inflammasome in human macrophages [58].

Although the present study possessed some limitations due to the use of an in vitro
model considering one inflammation factor, it may provide a starting point for the evalua-
tion of one of the intracellular mechanisms that occurs during periodontitis. Further studies
are required to verify and expand our knowledge on the role of AA in the regulation of the
protein and genetic factors that are involved in periodontal disease.

5. Limitations of the Study

Although the current in vitro study has provided important information on basic in-
tracellular mechanisms that occur during periodontal disease, it is still far from addressing
specific experimental questions presented in the in vivo system. Moreover, to better evalu-
ate the specific role of AA in terms of the neutralization of LPS-G effects or the combination
with cell epitopes blocking access to TLR4, further studies are needed to better clarify the
molecular mechanisms that are the basis of the use of multiple products. Furthermore,
this study was conducted in vitro, and the findings need to be evaluated also through
in vivo assays.

6. Conclusions

In summary, the present study demonstrated the protective effects of AA through the
modulation of TLR4/MyD88/NFκB/NLRP3/Caspase-1/IL-1β in an in vitro model of LPS-
G-stimulated cells. These findings suggest the use of AA as a promising potential factor for
the prevention of the triggering of the inflammatory cascade that may lead to periodontal
and vascular damage. Further studies are necessary to better investigate the molecular
mechanisms of these pathways and their role in the progression of periodontal disease.
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Abstract: Impaired wound healing often occurs in patients with diabetes and causes great inconve-
nience to them. Aside from the presence of prolonged inflammation, the accumulation of oxidative
stress is also implicated in the delayed wound healing. In the present study, we tested the effect of
verbascoside, a caffeoyl phenylethanoid glycoside, on the improvement of cell viability and wound
healing capacity of gingival epithelial cells under high glucose condition. We showed that verbasco-
side attenuated the high glucose-induced cytotoxicity and impaired healing, which may be associated
with the downregulation of oxidative stress. Our results demonstrated that verbascoside increased the
activity of the antioxidant enzyme SOD and reduced the oxidative stress indicator, 8-OHdG, as well
as apoptosis. Moreover, verbascoside upregulated the PGC1-α and NRF1 expression and promoted
mitochondrial biogenesis, which was mediated by suppression of PKC/HMGB1/RAGE/NFκB
signaling. Likewise, we showed the inhibitory effect of verbascoside on oxidative stress was via re-
pression of PKC/HMGB1/RAGE/NFκB activation. Also, our data suggested that the PKC-mediated
oxidative stress may lead to the elevated production of inflammatory cytokines, IL-6 and IL-1β.
Collectively, we demonstrated that verbascoside may be beneficial to ameliorate impaired oral wound
healing for diabetic patients.

Keywords: verbascoside; PKC; HMGB1; impaired wound healing; antioxidant activity

1. Introduction

Diabetes mellitus is a multifaceted metabolic disorder that represents a major concern
globally. According to the International Diabetes Federation (IDF), it was estimated that
there were approximately 415 million people with diabetes worldwide, and by 2040, the
predicted number may rise to 642 million [1]. A significant amount of health expenditure
due to diabetes becomes a disease burden to be reckoned with. Furthermore, diabetes
and its complications, such as macrovascular and microvascular diseases, constitute major
causes of morbidity and mortality [2]. This chronic inflammatory disease not only affects
the cardiovascular system, but it also causes dysregulation of wound healing, including
in the oral tissues [3]. Diabetes has been known to be a risk factor of periodontitis, which
is characterized by the destruction of the supporting structures of the teeth [4]. It has
been indicated that diminished cell proliferation and migration, the elevation of pro-
inflammatory cytokines, and reduced formation of new connective tissue and bone were
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observed in diabetic oral wound healing [3]. Nevertheless, the molecular mechanisms
underlying this impaired healing process remain poorly understood.

During gingival healing, epithelial cells migrate to the injured site to cover denuded
surfaces, and basal epithelial cells adjacent to migrating cells start to proliferate for wound
closure [5,6]. Defective gingival healing of diabetic patients may cause invasion of mi-
crobes or other agents into tissues, which leads to chronic infection and aggravate the
inflammatory condition. Apart from inflammation, mounting evidence has shown that
oxidative stress is another contributing factor for prolonged diabetic wound healing [7].
As a key mediator of oxidative stress and inflammation, the role of the high mobility
group box-1 (HMGB-1), a representative damage-associated molecular pattern (DAMP),
in diabetes is gaining increasing attention [8]. It has been shown that hyperglycemia-
induced reactive oxygen species (ROS) elevates the expression of HMGB1 and the receptor
for advanced glycation end products (RAGE) in human aortic endothelial cells [9]. In
addition, HMGB-1 signaling via RAGE has been thought to promote the production of pro-
inflammatory cytokines through the activation of nuclear factor-κB (NF-κB) [10]. Whether
this HMGB1/RAGE/NF-κB cascade involves in the disturbed oral wound healing in
diabetes remains to be determined.

Verbascoside, also known as acteoside (C29H36O15), is a phenylethanoid glycoside iso-
lated from various herbal plants, such as Verbascum phlomoides [11] or Buddleja globose [12].
It has been known to possess numerous bioactivities, such as anti-tumor, anti-viral, anti-
inflammatory, and anti-oxidant properties [13]. Besides, verbascoside has been shown to
serve as a protein kinase C (PKC) inhibitor [14]. It has been revealed that elevation of PKC in
fibroblasts derived from diabetic patients contributed to impaired skin wound healing [15].
Since HMGB1 can be phosphorylated by PKC for secretion [16], we aimed to investigate the
effect of verbascosides on the expression of PKC/HMGB1/RAGE/NF-κB signaling and if
verbascosides treatment improved the compromised wound repair of gingival cells under
high glucose condition through suppression of oxidative stress and inflammation.

2. Materials and Methods
2.1. Cells and Chemicals

The Smulow-Glickman (S-G) gingival epithelial cell line used in this study was orig-
inally derived from human attached gingiva [17], and obtained from Kasten et al., East
Tennessee State University, Quillen College of Medicine, Johnson City, TN, USA [18]. Cells
were maintained in Dulbecco’s modified Eagle’s medium (DMEM; 11965092, Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (Gibco,
Grand Island, NY, USA) at 37 ◦C in the presence of 5% CO2 and medium were changed
every 2–3 days. For high glucose groups, cells were exposed to 70 mmol/L concentration
of D-glucose for 24 h followed by 25, 50, 100 µM verbascoside (00820580, HWI Analytik
Gmbh, Rulzheim, Germany) or 5 mM N-Acetyl-L-cysteine (NAC; A9165, Sigma–Aldrich,
St. Louis, MO, USA) for another 24 h. Bisindolylmaleimide I (Bis I; 5 µM) was purchased
from Calbiochem (La Jolla, CA, USA) and used as a PKC inhibitor [19]. Glycyrrhizic acid
(200 µM), FPS-ZM1 (1 µM), and dehydroxymethylepoxyquinomicin (DHMEQ) (10 µg/mL)
were all obtained from Sigma-Aldrich and used as a HMGB1 inhibitor [20], a RAGE antag-
onist [21], and a NF-κB inhibitor [22], respectively. The concentrations of Bis I, glycyrrhizic
acid, FPS-ZM1 and DHMEQ were referred from published studies [20,23–25].

2.2. Prestoblue, MTT, and LDH Assays

PrestoBlue™ Cell Viability Reagent (A13262, Invitrogen, Carlsbad, CA, USA) was
utilized for cell viability and this assay was carried out in a 96-well plate according to the
manufacturer’s instructions. Briefly, each well contained the cells to be tested with cultured
medium or verbascoside-containing medium and was incubated at 37 ◦C for 2 h. After
incubation of 100 µL 10X PrestoBlue reagent, the absorbance was measured at 570/600 nm
using iMark™ Microplate Absorbance Reader (Bio-Rad, Hercules, CA, USA).
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MTT assay was conducted to measure cell proliferation. Cells were seeded into a
24-well plate for 24 h and then treated with various concentrations of verbascoside for
another 24 h. Afterward, the cells were incubated with 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide (MTT) in a humidified atmosphere containing 5% of CO2
at 37 ◦C. The blue formazan crystals of viable cells were dissolved using isopropanol and
then evaluated spectrophotometrically at 595 nm.

Lactate dehydrogenase (LDH) Cytotoxicity Detection Kit (630117, Clontech Labora-
tories, Mountain View, CA, USA) was used to assess the level of LDH released from the
plasma membrane of damaged cells according to the manufacturer’s instructions. Briefly,
cells were added to a 96-well plate and cultured at 37 ◦C in 5% CO2 overnight. The super-
natant was then collected and transferred to another clear 96-well plate, and 100 µL of the
reaction mixture from the LDH assay kit was added to each well for 30 min. Cells treated
with 1% Triton X-100 were used as a positive control group for maximum LDH release.
Absorbance was then measured at 490 nm (reference wavelength greater than 600 nm).

2.3. Wound Healing Assay

Cell suspension was added into two chambers of the silicone Culture-Insert 2 Well in
µ-Dish 35 mm (ibidi GmbH, Martinsried, Germany), and cells were allowed to adhere and
spread on the substrate (cells in two chambers were separated by 500 µm). After removing
the culture-insert, cultured medium or verbascoside-containing medium were provided.
Each well was photographed at 0 and 48 h to capture the two different fields of each group
at each time point.

2.4. Examination of Antioxidant Capacity and Oxidative Stress

Superoxide Dismutase (SOD) Activity Colorimetric Assay Kit (K335-100, BioVision,
Milpitas, CA, USA) was used for the examination of antioxidant capacity by assessing the
water-soluble formazan dye upon reduction with superoxide anion to detect the inhibition
activity of SOD. Briefly, the WST-1 working solution and the SOD enzyme working solution
were added to the wells and mixed thoroughly. After incubation for 20 min, the inhibition
activity of SOD was estimated using a microplate reader at 450 nm. The SOD activity
(inhibition rate %) was calculated according to the manufacturer’s instructions.

8-hydroxy 2 deoxyguanosine (8-OHdG) ELISA Kit (ab201734, Abcam, Cambridge,
UK) was utilized to measure the oxidative damage of DNA by oxidative stress according
to the manufacturer’s protocol. Briefly, standards and samples were added into each well
as instructed followed by incubation of HRP conjugated 8-OHdG antibody preparation for
an hour. The enzymatic color reaction was developed after the TMB substrate solution was
added and then the absorbance was measured at 450 nm.

2.5. Western Blot

Cells were lysed by lysis buffer (10 mM Tris, 1 m MEDTA,1% Triton X-100, 1 mM
Na3VO4, 20 µg/mL aprotinin, 20 µg/mL leupeptin, 1 mM dithiothreitol, and 50 µg/mL
phenylmethylsulfonyl fluoride). Cell lysates were subjected to 10% SDS-PAGE and pro-
teins were transferred to the PVDF membrane by an electro-transfer unit. Membranes
were probed with primary antibodies overnight at 4 ◦C. The primary antibodies included
anti-Bcl-2 (ab692, Abcam; 1:2000), anti-caspase-3 (ab32351; 1:2000), anti-Bax (#89477, cell
signaling technology, Beverly, MA, USA; 1:2000), anti-PGC1-α (ab54481; 1:2000), anti-NRF1
(ab34682; 1:2000), anti-PKC (ab181558; 1:2000), anti-HMGB1 (ab18256; 1:2000), anti-RAGE
(ab216329; 1:2000), and anti-NFκB (ab16502; 1:2000). Following incubation of primary
antibodies, the membranes were rinsed three times and incubated with corresponding sec-
ondary antibodies. The immunoreactive bands were developed using a Western-Ready™
ECL Substrate Plus Kit (426316, BioLegend, San Diego, CA, USA) and detected by MultiGel-
21® image system. β-actin was used as an internal control.
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2.6. Assessment of Mitochondrial Biogenesis

Mitochondrial biogenesis was analyzed using MitoBiogenesis™ InCell ELISA Kit
(ab110217) according to the manufacturer’s protocol. Briefly, cells were seeded in a 96-well
plate and fixed with 4% paraformaldehyde after adhering to the bottom of the plate.
0.5% acetic acid was added for 5 min to block endogenous alkaline phosphatase activity.
Afterward, 0.1% Triton X-100 was used to permeabilize cells followed by 2X blocking
solution addition. These cells were then incubated with primary antibodies against mtDNA
encoded COX-I, and nuclear-DNA encoded SDHA proteins. After washing, the reaction
was sequentially developed first with AP reagent and then HRP development solution. A
15-min kinetic reaction with a 1 min interval was recorded using a microplate reader at
405 nm (for AP detection of SDH-A) and 600 nm (for HRP detection of COX-I). The ratio of
COX-I/SDHA was calculated to determine mitochondrial biogenesis.

2.7. Quantitative Real-Time PCR (qRT-PCR)

Total RNA of each sample was extracted using an Absolutely PureLink™ RNA Mini
Kit (Invitrogen Life Technologies, Carlsbad, CA, USA) and subjected to RT by SuperScript™
First-Strand Synthesis System (Invitrogen) for RT-PCR. All cDNA samples were diluted
as a working template in TaqMan™ Fast Advanced Master Mix (Applied Biosystems,
Waltham, MA, USA), which was carried out on an ABI 7500 Fast Real-Time PCR System
(Applied Biosystems). PCR amplification was conducted by using the TaqMan primers and
probes (Assay ID: Hs00176973_m1 for PKC α; Assay ID: Hs01923466 for HMGB1; Assay ID:
Hs00179504 for RAGE; Assay ID: Hs00765730 for NF-κB) using the TaqMan Universal PCR
Master Mix Protocol (Applied Biosystems) according to the manufactures instructions.

2.8. Measurement of Inflammatory Cytokine Production

The secretion of IL-6 (BSKH1007) and IL-1β (BSKH1001) were determined using an
enzyme-linked immunosorbent assay (ELISA) kit (Bioss, Woburn, MA, USA) and quantified
at 450 nm according to the manufacturer’s instructions. Cells were cultured in 6-well plates
with verbascoside, NAC, or PKC inhibitor for 24 h. Cell supernatants were collected and
centrifuged to remove dead cells. Each sample was analyzed in triplicate.

2.9. Statistical Analysis

The results were expressed as mean ± SEM. Statistical analyses were performed using
one-way ANOVA followed by an LSD post hoc test as appropriate. A p-value < 0.05 was
considered statistically significant.

3. Results
3.1. Treatment of Verbascoside Mitigates the Suppressed Cell Proliferation and Wound Healing
Capacity of Gingival Epithelial Cells under High Glucose Condition

To assess the cytoprotective effect of verbascoside, PrestoBlue and MTT assays were
employed to examine cell viability and proliferation of high glucose-treated S-G gingival
epithelial cells. As shown in Figure 1A,B, both PrestoBlue and MTT assays showed that
verbascoside dose-dependently reversed the repressed cell proliferation in high glucose-
cultured cells. By using PrestoBlue assay, we observed that the cell death caused by high
glucose was attenuated following the treatment of a commonly used antioxidant N-acetyl-
l-cysteine (NAC), suggesting that oxidative stress may mediate the downregulation of cell
viability in response to high glucose. Likewise, lactate dehydrogenase (LDH) cytotoxicity
assay demonstrated that incubation of high glucose-treated gingival epithelial cells with
verbascoside markedly suppressed LDH release and improved cell survival in a dose-
dependent manner, and NAC exhibited a similar effect (Figure 1C). Besides, epithelial cells
migrate and proliferate at the injured site during the healing process, and we showed that
these capacities of epithelial cells were inhibited under the high glucose condition (Figure 1D).
Nevertheless, these impairments were improved in high glucose-cultured groups by adding
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verbascoside or NAC (Figure 1D). These results indicated the beneficial effect of verbascoside
against high glucose-induced cell death and disturbed wound healing ability.
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3.2. Verbascoside Attenuates the Oxidative Stress and Apoptosis in High Glucose-Cultured
Gingival Epithelial Cells

Superoxide dismutase (SOD) is an antioxidant enzyme that has been shown to be
implicated in the protracted wound healing of diabetic rats [26]. We showed that verbascoside
upregulated SOD activity of high glucose-cultured cells in a dose-dependent fashion, whereas
administration of NAC alone failed to increase enzyme activity of SOD (Figure 2A), possibly
due to the insufficient amount of NAC. Besides, 8-hydroxy-2-deoxyguanosine (8-OHdG), a
byproduct of oxidative DNA damage, was found to be abundantly upregulated in high
glucose-treated cells (Figure 2B). As expected, this indicator of oxidative stress in high
glucose-cultured groups was markedly decreased in the presence of verbascoside and NAC
(Figure 2B).

Furthermore, a concentration-dependent decrease in apoptosis was observed (Figure 2C).
We demonstrated that administration of 100 µM verbascoside resulted in the upregulation
of Bcl-2 (Figure 2C,D), and downregulation of Bax (Figure 2C,E) and caspase 3 (Figure 2C,F).
Also, inhibition of oxidative stress by NAC displayed a comparable effect (Figure 2C–F).
Overall, these findings supported that verbascoside may serve as a promising agent to
alleviate high glucose-stimulated apoptosis in gingiva via repression of oxidative stress.
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3.3. The High Glucose-Induced Mitochondrial Dysfunction Is Ameliorated by Verbascoside

Peroxisomal proliferator activator receptor γ coactivator (PGC1)-α and nuclear respira-
tory factor 1 (NRF1) are primary regulators of mitochondrial biogenesis [27]. Mitochondrial
dysfunction has been known to be associated with the increased reactive oxygen species
(ROS) production [28], and it has been previously reported that both PGC1-α and NRF1
are reduced in diabetic subjects [29]. Here, we showed a consistent result that high glucose
decreased the expression of PGC1-α and NRF1, while treatment of verbascoside dose-
dependently increased the expression levels of these two factors (Figure 3A–C). Similarly,
administration of NAC reversed the downregulation of NRF1 and PGC1-α (Figure 3A–C),
indicating that the high glucose-inhibited PGC1-α and NRF1 expression may be due to the
accumulation of oxidative stress.

Additionally, we assessed the ratio of cytochrome c oxidase I (COX1)/succinate
dehydrogenase complex, subunit A (SDH-A) to measure mitochondrial biogenesis. COX-I
is encoded by mitochondrial DNA (mtDNA) and its proper synthesis is greatly relied on
mtDNA integrity [30]. SDH-A is encoded by nuclear DNA and its activity is typically
not affected by impaired mtDNA [31]. As shown in Figure 3D, exposure to high glucose
conditions caused suppression of mitochondrial biogenesis. However, treatment of various
concentrations of verbascoside increased the COX1/SDH-A ratio (Figure 3D), suggesting
that it may promote mitochondrial function, at least partially, through upregulation of
PGC1-α and NRF1.
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3.4. Verbascoside Inhibits the High Glucose-Elicited PKC/HMGB1/RAGE/NFκB Pathway

Results from qRT-PCR (Figure 4A–D) and western blot (Figure 4E–H) revealed that
both gene and protein expression levels of PKC, HMGB1, RAGE, and NFκB were sup-
pressed by verbascoside. First, we observed that PKC was decreased in the verbascoside-
treated cells (Figure 4A,E). Moreover, we showed the expression of HMGB1 was reduced
by PKC inhibitor (Figure 4B,F), and the expression of RAGE was downregulated by PKC
inhibitor and HMGB1 inhibitor (Figure 4C,G). Also, NFκB was suppressed by inhibitors of
PKC and HMGB1 as well as the antagonist of RAGE (Figure 4D,H). Taken together, these re-
sults revealed that verbascoside possesses the inhibitory effect on the high glucose-induced
PKC/HMGB1/RAGE/NFκB activation.

3.5. Suppression of PKC/HMGB1/RAGE/NFκB Signaling Reverses the Downregulation of
PGC1-α and NRF1

Subsequently, we aimed to evaluate if the activation of the PKC/HMGB1/RAGE/NFκB
pathway participated in the reduced expression of PGC1-α and NRF1 under high glucose
conditions since it has been reported that PKC modulates mitochondrial function after
oxidant injury in renal cells [32] and NF-κB regulates mitochondrial biogenesis by increas-
ing the expression or activity of PGC-1α and NRF 1 [33]. We showed that inhibition of
PKC reverted the reduction of PGC1-α and NRF1 caused by high glucose (Figure 5A–C).
Similarly, we demonstrated that administration of HMGB1 inhibitor, RAGE antagonist,
and NFκB inhibitor all upregulated the expression levels of PGC1-α and NRF1 in gingival
epithelial cells in response to high glucose stimulation as the verbascoside-treated group
(Figure 5A–C). These findings showed that blockade of the PKC/HMGB1/RAGE/NFκB
pathway (e.g., administration of verbascoside) holds the potential to enhance mitochondrial
function via upregulation of PGC1-α and NRF1.
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Figure 4. Verbascoside suppresses the high glucose-activated PKC/HMGB1/RAGE/NFκB pathway in gingival epithelial
cells. Relative mRNA (A–D) and protein expression with representatives of Western blots (E–H) of PKC, HMGB1, RAGE,
and NFκB in high glucose-stimulated cells with verbascoside treatment were presented. In some groups, coincubation
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performed as suggested. * indicates p < 0.05 compared to the control group (CON); # indicates p < 0.05 compared to the
high glucose group (HG).
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3.6. Inhibition of the PKC/HMGB1/RAGE/NFκB Pathway Diminishes High Glucose-Induced
Oxidative Stress and the Subsequent Inflammation

Furthermore, we tested whether PKC/HMGB1/RAGE/NFκB signaling mediated the
accumulation of oxidative stress in high glucose-cultured cells. Our results showed that
the SOD activity was increased in verbascoside-treated cells or cells with inhibition of this
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signaling pathway (Figure 6A), whereas 8-OHdG production was markedly decreased in
verbascoside-treated cells or cells with repression of PKC/HMGB1/RAGE/NFκB signaling
(Figure 6B). Besides, we demonstrated that downregulation of oxidative stress (NAC-
treated) successfully mitigated the high glucose-elicited production of interleukin (IL)-6
(Figure 6C) and IL-1β (Figure 6D), which was also observed in the PKC inhibitor-treated
group (Figure 6C,D). As such, our results suggested that the high glucose-induced elevation
of IL-6 or IL-1β was attributed, at least partially, to oxidative stress which was mediated by
the PKC/HMGB1/RAGE/NFκB pathway.
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4. Discussion

Verbascoside has been recognized as a widespread polyphenol with anti-oxidant
and anti-inflammatory properties. For instance, it has been shown to attenuate the X-ray-
induced intracellular ROS and apoptosis in human skin fibroblasts via mitogen-activated
protein kinase (MAPK) signaling [34]. Another study demonstrated that verbascoside
inhibited various inflammatory mediators in the primary rat chondrocytes treated with
IL-1β through the MAPK pathway as well [35]. Moreover, recent studies have suggested
verbascoside possessed the anti-diabetic potential since it has been reported to lower
hyperglycemia and hyperlipidemia in diet/STZ-induced diabetic rats [36]. In a KK-Ay
mouse model of type 2 diabetes, verbascoside was found to enhance lipolysis and fatty
acid oxidation by inducing mRNA expression of adipose triglyceride lipase through the
AMP-activated protein kinase (AMPK) pathway [37]. One of the more recent studies has

184



Antioxidants 2021, 10, 1445

suggested that verbascoside may be beneficial in terms of prevention and treatment of dia-
betes since it exerted protective effects against ER stress-associated dysfunctions in human
β-cells via reduction of protein kinase RNA-like ER kinase (PERK) expression [38]. In the
current study, we showed verbascoside modulated mitochondrial biogenesis and redox
homeostasis via PKC/HMGB1/RAGE/NFκB pathway under high glucose conditions,
leading to mitigation of inflammation and apoptosis.

It has long been known that high glucose increased diacylglycerol (DAG), which
activated PKC [39]. Various studies have revealed that the DAG/PKC axis contributed
to insulin resistance [40] and hyperglycemia-induced oxidative stress in diabetic rat kid-
neys [41]. Apart from DAG, it has been revealed that the accumulation of advanced
glycation end products (AGEs) elevated the translocation of PKC and oxidative stress in
rat neonatal mesangial cells as well [42]. Several lines of evidence suggested that PKC me-
diated the production of oxidative stress in diabetes via NADPH oxidase activation using
aortic smooth muscle cells [43], retinal endothelial cells [44], and human renal mesangial
cells [45]. In line with these findings, we also showed that high glucose-induced the expres-
sion of PKC in gingival epithelial cells and suppression of PKC resulted in an increase in
anti-oxidant enzyme activity and a reduction of oxidative stress marker. On the other hand,
it has been shown that high glucose induced NF-κB activity and inflammatory cytokine
expression via toll-like receptor 2 (TLR2) and TLR4 expression in human monocytes [46].
Dasu et al. showed that the upregulation of TLR2 and TLR4 expression was through PKC-α
and PKC-δ, respectively, by stimulating NADPH oxidase [46]. Another study demonstrated
a similar finding showing that high glucose elevated the NF-κB expression and secretion of
inflammatory cytokine through PKC-induced TLR2 pathway in gingival fibroblasts [47].
Here, we revealed that PKC can activate NF-κB by HMGB1/RAGE axis in addition to TLR2
pathway, which resulted in the subsequent aggravation of inflammation via generation of
oxidative stress.

As a nuclear protein, HMGB1 has been found to trigger inflammation and oxidative
stress [8,48]. It has been shown that HMGB1 can be phosphorylated by PKC and shuttled
from nuclear to cytoplasmic compartments that direct it toward secretion [16,49]. The
extracellular HMGB1 has been known to act as a multifunctional cytokine and induce NF-
κB, leading to the secretion of various proinflammatory cytokines [8]. Emerging evidence
has revealed the significance of the HMGB1/RAGE/NF-κB axis in diabetic complications.
For instance, it has been shown that the retinal expression levels of HMGB1 and RAGE
and the activity of NF-κB were elevated in the diabetic retina [50]. In addition, Sohn et al.
demonstrated the direct binding of NF-κB p65 to the RAGE promoter using ChIP assays [50].
The HMGB1/RAGE/NF-κB signaling also contributed to neuroinflammation [51] and
periodontitis [52] in diabetic mice. It has been revealed that high glucose prompted the
translocation of HMGB1 from the nucleus to the cytosol through an NADPH oxidase
and PKC-dependent pathway in vascular smooth muscle cells [53]. Also, they showed
the upregulation of HMGB1 was crucial to high-glucose-induced vascular calcification
through regulation of NFκB activation and bone morphogenetic protein-2 (BMP-2) [53].
Our results demonstrated that PKC/HMGB1/RAGE/NF-κB signaling may participate in
diabetes-associated impairment of oral wound healing.

In the oral cavity, higher expression of HMGB1 was detected in gingival tissues and
gingival crevicular fluid (GCF) of patients with periodontitis and peri-implantitis, which
was accompanied by the elevated concentrations of pro-inflammatory cytokines, such as
IL-1β, IL-6, and IL-8 [54]. In diabetic patients, the GCF level of IL-1β was increased and
some reports suggested that the GCF IL-6 level was upregulated as well [55,56]. Besides,
the increased mRNA expression of RAGE was found in the type 2 diabetes gingival
epithelium [57]. It has been shown that gingival epithelial cells secreted HMGB1 upon
stimulation of tumor necrosis factor-alpha (TNF-α) [58] or IL-1β [59]. Ito et al. reported
that HMGB1 and RAGE were markedly expressed in gingiva and promptly released during
gingival inflammation [59]. Another study showed that the HMGB1/RAGE axis involved
in the intraoral palatal wound healing and knockdown of RAGE inhibited the cell migration
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and cell proliferation in gingival epithelial cells [60]. Our results were consistent with these
findings and showed that the HMGB1/RAGE axis and pro-inflammatory cytokines were
upregulated in high glucose-stimulated gingival epithelial cells.

It is becoming increasingly evident that the high glucose-induced inflammation and
oxidative stress may contribute to the impaired healing processes. The elevation of pro-
inflammatory cytokines, such as IL-1β, has been found to impair diabetic wound heal-
ing [61]. The high glucose-induced oxidative stress also has been shown to impede the
proliferation and migration of human gingival fibroblasts [62]. In agreement with these re-
sults, we showed that suppression of the PKC/HMGB1/RAGE/NFκB-mediated oxidative
stress and pro-inflammatory cytokine production may improve the high glucose-inhibited
cell proliferation and wound healing. Furthermore, we demonstrated that this signaling
pathway was also associated with high glucose-related mitochondrial dysfunction, which
was pivotal to oxidative stress and apoptosis in various diabetic complications [63,64].

5. Conclusions

In this study, we showed that administration of verbascoside improved the cell via-
bility and wound healing capacity of gingival epithelial cells in a dose-dependent fashion
under high glucose conditions, which may be associated with the downregulation of ox-
idative stress. Our results demonstrated that verbascoside dose-dependently increased the
anti-oxidant enzyme, SOD, and reduced the DNA damage marker, 8-OHdG, along with
suppression of apoptosis in high glucose-cultured cells. We showed that the treatment of
verbascoside reversed the high glucose-inhibited PGC1-α and NRF1 expression as well as
promoted mitochondrial biogenesis. Furthermore, our data suggested that these effects
were mediated by downregulation of the PKC/HMGB1/RAGE/NFκB pathway. Also,
we demonstrated that a decrease of oxidative stress by verbascoside via PKC signaling
mitigated the high glucose-induced inflammatory cytokines, both IL-6 and IL-1β (Figure 7).
Taken together, this study revealed that administration of verbascoside may be beneficial
to individuals with diabetes in terms of amelioration of impaired oral wound healing.
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Abstract: Skin ageing is influenced by several factors including environmental exposure and hor-
monal changes. Reactive oxygen species (ROS), which mediate many of the effects of these factors,
induce inflammatory processes in the skin and increase the production of matrix metalloproteinases
(MMPs) in dermal fibroblasts, which leads to collagen degradation. Several studies have shown the
protective role of estrogens and a diet rich in fruits and vegetables on skin physiology. Previous
studies have shown that dietary carotenoids and polyphenols activate the cell’s antioxidant defense
system by increasing antioxidant response element/Nrf2 (ARE/Nrf2) transcriptional activity and
reducing the inflammatory response. The aim of the current study was to examine the protective
effect of such dietary-derived compounds and estradiol on dermal fibroblasts under oxidative stress
induced by H2O2. Human dermal fibroblasts were used to study the effect of H2O2 on cell number
and apoptosis, MMP-1, and pro-collagen secretion as markers of skin damage. Treatment of cells
with H2O2 led to cell death, increased secretion of MMP-1, and decreased pro-collagen secretion.
Pre-treatment with tomato and rosemary extracts, and with estradiol, reversed the effects of the
oxidative stress. This was associated with a reduction in intracellular ROS levels, probably through
the measured increased activity of ARE/Nrf2. Conclusions: This study indicates that carotenoids,
polyphenols, and estradiol protect dermal fibroblasts from oxidative stress-induced damage through
a reduction in ROS levels.

Keywords: lycopene; carnosic acid; apoptosis; matrix metalloproteinase (MMP); collagen; antioxi-
dant response element/Nrf2 (ARE/Nrf2); reactive oxygen species (ROS); NHDF cells

1. Introduction

The skin is affected by environmental factors such as exposure to UV radiation,
air pollutants, xenobiotics, and cigarette smoke [1,2], and by endogenous changes that
occur with ageing [3]. These factors generally increase oxidative stress by generating
reactive oxygen species (ROS) [1,2]. Oxidative stress, defined as a disturbance in the
balance between the production of ROS and the antioxidant defenses [4], leads to changes
in DNA, proteins, and lipids; and activation of inflammatory processes and signaling
pathways that may cause various chronic and degenerative diseases [5], such as diabetes [4],
cancer [6], neurological [7], and cardiovascular diseases [8]. Oxidative stress can also cause
skin damage due to induction of apoptotic cell death [9,10]; activation of inflammatory
processes [1]; an increase in metalloproteinases (MMPs), which degrade collagen in the
extracellular matrix [11,12]; and a reduction in collagen production [13]. All of these
changes accelerate skin ageing.

Epidemiological and clinical studies indicate that a diet rich in fruits and vegetables
improves skin health [14], and that plant-derived compounds (phytonutrients) reduce
oxidative stress-induced skin damage [15,16]. Among these active phytonutrients are
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carotenoids and polyphenols [16]. It was suggested that the protective effects of phytonutri-
ents are mediated by the modulation of signaling pathways that are involved in the adverse
effects of oxidative stress. This modulation includes reduction in the activities of the nuclear
factor-κB (NF-κB) transcription system, activator protein 1 (AP-1), and mitogen-activated
protein kinase (MAPK) [17,18], and improving the antioxidant defense mechanism [19].
Several studies, including our own, suggest that modulation of these signaling pathways
by phytonutrients can lead to a reduction in inflammatory processes [20–22] and MMP
expression [17,23], and increase collagen synthesis [17].

Estradiol plays an important role in maintaining skin health [18], which is impaired in
menopause due to a dramatic reduction in estradiol levels [18]. Treatment with estrogens
(hormonal replacement therapy) increases collagen levels which improve skin elasticity [24].
These effects are partially associated with a reduction in oxidative stress [18] through
increasing the expression of antioxidant enzymes and modulating the activity of the
antioxidant response element/Nrf2 (ARE/Nrf2) transcription system [25]. Carotenoids
were shown to activate the ARE/Nrf2 transcription system in several cell types [26],
including keratinocytes [21], the main cell type of the skin epidermal layer. This system
is also activated by polyphenols [21,27]. The activation of ARE/Nrf2 by carotenoids is
probably exerted by carotenoid-oxidized derivatives which can be formed in the cells, but
not by the intact molecules [28].

The aim of the current study was to investigate the effect of oxidative stress on
primary human dermal fibroblasts and the ability of phytonutrients and estradiol to protect
the cells from ROS-induced damage. These fibroblasts, which originate in the dermis
layer of the skin, were used because they are the main source of collagen in the skin.
Incubation with H2O2 was used to increase intracellular ROS. The effect of both H2O2
and the tested compounds (tomato and rosemary extracts and estradiol) was examined
on cell death, MMP-1 and pro-collagen 1a1 secretions, and ROS level. The combined
effect of H2O2 and the tested compounds on the activation of the ARE/Nrf2 transcription
system was examined as a possible mechanism for the protection of dermal fibroblasts
from oxidative stress.

2. Materials and Methods
2.1. Materials

Tomato extract (LycomatoTM) and rosemary extract were a gift of Lycored Ltd., Beer
Sheva, Israel). The tomato extract, prepared by ethyl acetate extraction of tomato pulp,
contained 6% lycopene, other tomato carotenoids (phytoene and phytofluene above 1%,
beta-carotene above 0.2%), and additional fat-soluble tomato components such as natural
tocopherols (above 1.5%) and phytosterols (1.1–2.5%). The remainder were triacylglycerols
(70–72%), monoacylglycerols (8–9%), and phospholipids (7–8%). The rosemary extract was
prepared by extraction with 80% ethanol. Its composition was only partially determined to
contain carnosic acid (20.2%) and carnosol (2.5%) as the main polyphenols. 17β-estradiol
was purchased from Sigma-Aldrich (Rehovot, Israel). Carotenoids were dissolved in
tetrahydrofuran (THF), solubilized in cell culture medium, and their final concentration
was measured as described previously [28–30]. Rosemary extract and estradiol were
dissolved in ethanol. H2O2 30% and THF, containing 0.025% butylated hydroxytoluene as
an antioxidant, were purchased from Sigma-Aldrich. Dulbecco’s modified Eagle’s medium
(DMEM), dextran-coated charcoal-treated fetal bovine serum (DCC-FBS), Hanks’ solution,
and 1M HEPES buffer were purchased from Biological Industries (Beth Haemek, Israel).

2.2. Cell Culture

Normal human dermal fibroblasts (NHDF) were purchased from PromoCell GmbH
(Heidelberg, Germany). The cells were grown in PromoCell fibroblast growth medium
2, according to the manufacturer’s instructions, in a humidified atmosphere at 37 ◦C in
5% CO2. Before each experiment, cells were depleted of steroid hormones by maintaining
them for 3–5 days in phenol red-free DMEM supplemented with 10% DCC-FBS (DMEM-
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DCC-FBS). This medium was used throughout all experiments because it does not contain
steroid hormones or any other compound with estrogenic activity, such as phenol red.

2.3. Determination of Cell Number, and Secretion of MMP-1 and Procollagen 1a1

NHDF cells were seeded in 96-well plates at a density of 104 cells/well in DMEM-DCC-
FBS medium. Twenty-four hours later, cells were pre-incubated with phytonutrients or
estradiol for 24 h. Vehicle-treated control cells were incubated with the relevant amounts of
solvents used in a particular experiment, which had no effect on the measured parameters.
The medium was then replaced with one containing the treatment compounds, with or
without H2O2 and incubated for an additional 24 h. Thereafter, medium was removed
and frozen for the analysis of secreted proteins, and the cell number was determined
by the XTT Cell Proliferation Kit (Biological Industries, Beth Haemek, Israel), according
to the manufacturer’s instructions. MMP-1 and pro-collagen 1a1 protein levels in cell
culture supernatants were quantified by ELISA using the Human Total MMP-1 DuoSet
and Human Pro-Collagen 1a1 DuoSet, ELISA kits (R&D Systems, Inc., Minneapolis, MN,
USA), according to the manufacturer’s instructions. Optical density was measured using a
VERSAmax tunable microplate reader (Molecular Devices, Menlo Park, CA, USA). Results
of the cell number, MMP-1, and pro-collagen were calculated as a percent of the values
obtained in control cells, treated with a vehicle without H2O2.

2.4. Assessment of Apoptosis

Cells were seeded in 6-well plates at 3 × 105 cells/well. Twenty-four hours later,
they were pre-incubated with the phytonutrients or estradiol for 24 h. The medium was
then replaced with one containing the treatment compounds, with or without H2O2, and
incubated for an additional 12 h. Cells were washed in PBS and stained with Annexin V and
7-aminoactinomycin D (7-AAD), using the Annexin V-FITC/7-AAD Apoptosis Detection
Kit (Biogems, Cat# 62700-50, Chai Wan, Hong Kong), according to the manufacturer’s
protocol. The percentages of apoptotic cells were determined by flow cytometry on a
Gallios instrument (Beckman Coulter Gallios Flow Cytometer, Brea, CA, USA). For each
analysis, 10,000 events were recorded, and the data were processed using Kaluza software,
version #2.1, (GalliosTM Kaluza). As a positive control, cells were incubated with 1.25 µM
staurosporine for 18 h [31]. Annexin V positive/7AAD-negative cells were considered to
be in the early apoptotic phase, and cells positive for both Annexin V and 7AAD were
considered to be late apoptotic.

2.5. Detection of Intracellular ROS

Cells were seeded in 6-well plates at 3 × 105 cells/well. Twenty-four hours later, cells
were pre-incubated with the phytonutrients or estradiol for 24 h. The medium was then re-
placed with one containing the treatment compounds with or without H2O2 and incubated
for an additional 90 min. Intracellular ROS were detected by 2′,7′-dichlorofluorescin diac-
etate (DCFH-DA, Sigma-Aldrich) staining. Briefly, cells were trypsinized, and washed by
Hanks’ solution containing 10 mM HEPES buffer, pH = 7.4, followed by cell staining with
5 µM DCFH-DA for 30 min at 37 ◦C in the dark. Cells were analyzed by flow cytometry
using the Gallios instrument. Cells treated with 0.5 mM H2O2 for 15 min were used as a
positive control. Untreated and unstained cells were used as a negative control.

2.6. Transient Transfection and ARE/Nrf2 Reporter Gene Assay

NHDF cells were seeded in 24-well plates at 105 cells/well. Twenty-four hours later,
they were transfected using jetPEI reagent (Polyplus Transfection, Illkrich, France). Briefly,
cells were rinsed once with serum-free medium, followed by the addition of 0.45 mL of
medium and 50 µL of a mixture containing DNA and jetPEI reagent at a charge ratio of
1:5. The total amount of DNA was 0.25 µg, containing 0.2 µg 4xARE reporter construct [32]
that was kindly provided by Dr. M. Hannink (University of Missouri-Columbia, Columbia,
MO, USA) and 0.05 µg Renilla luciferase (P-RL-null) expression vectors, which served as
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an internal transfection standard, and was purchased from Promega (Madison, WI, USA).
These conditions were found to be optimal for the dermal fibroblasts. The cells were then
incubated for 6 h at 37 ◦C. Next, the medium was replaced with DMEM-DCC-FBS plus
the test compounds, and cells were incubated for an additional 16 h. Cell extracts were
prepared for luciferase reporter assay (Dual Luciferase Reporter Assay System, Promega)
according to the manufacturer’s instructions, and luminescence was determined using a
Turner Biosystems luminometer (Sunnyvale, CA, USA).

2.7. Statistical Analysis

All experiments were performed in triplicate or duplicate and repeated two to seven
times as indicated in the figure legends. Statistically significant differences between two
experimental groups were determined using one-way ANOVA with Dunnett’s multiple
comparison post-hoc analysis. Data are presented as the mean ± SEM. p < 0.05 was
considered statistically significant. The statistical analyses were performed using GraphPad
Prism 6.0 software (Graph-Pad Software, San Diego, CA, USA).

3. Results
3.1. H2O2 Induces Cell Death of Dermal Fibroblasts, Increases MMP-1 Secretion, and Decreases
Pro-Collagen 1a1

Oxidative stress in human primary dermal fibroblasts was induced by incubating the
cells with increasing concentrations of H2O2 (0–75 µM) for 24 h. The cell number, checked
by the XTT method, decreased by H2O2 dose-dependently. At 50 µM, only about 20% of the
cells were viable, and at higher concentrations, almost all cells died (Figure 1a). MMP-1 and
pro-collagen 1a1 secretion were measured in the media using specific ELISA assays. H2O2
increased MMP-1 secretion and decreased pro-collagen 1a1 secretion (Figure 1b). These
effects of H2O2 in dermal fibroblasts, cell death, and the inverse changes in MMP-1 and
pro-collagen secretion may cause thinning of the dermis and a reduction in skin elasticity.
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Figure 1. NHDF cells were seeded in 96-well plates (104 cells/well). Twenty-four hours later, the cells were incubated with
the indicated concentrations of H2O2 for 24 h. (a) The cell number was determined by the XTT method as described in
Section 2.3. (b) Secretion of MMP-1 and pro-collagen 1a1 were determined in the media using ELISA assays as described
in Section 2.3. Results are presented as a percent of the values without H2O2. Y-axis scales: 100% of the cell number was
35,534 ± 1251 cells/well; 100% of the MMP-1 secretion was 47 ± 12 pmol per 1000 cells; 100% of the pro-collagen secretion
was 107 ± 60 pmol per 1000 cells. Values are the means ± SEM of 3–5 experiments, each performed in triplicate. ** p < 0.01,
*** p < 0.001, **** p < 0.0001, significant difference between the vehicle with and without H2O2.
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3.2. The Phytonutrients of Tomato and Rosemary Extracts and the Hormone Estradiol Protect
Fibroblasts from H2O2-Induced Cell Damage

To investigate whether phytonutrients can protect NHDF cells from H2O2-induced
damage, cells were pre-incubated for 24 h with increasing concentrations of tomato or
rosemary extracts before exposing them to H2O2 for an additional 24 h in the presence of the
phytonutrients. Partial protection from cell death was evident at most tested concentrations
of the extracts (Figure 2a,b); however, these effects were not significant. Nonetheless, large
and significant effects were obtained in the secretion of MMP-1 and pro-collagen, and both
tomato and rosemary extracts reversed the effects of H2O2. Tomato extract reduced the
H2O2-induced rise in MMP-1 secretion by about 50% (Figure 2c) and completely restored
pro-collagen secretion (Figure 2e). Similarly, rosemary extract decreased MMP-1 secretion
(Figure 2d) and increased pro-collagen secretion (Figure 2f) to their basal levels.
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were determined as described in Figure 1. Results are presented as a percent of the values without
H2O2. Y-axis scales: 100% of the cell number was 36,609 ± 2029 cells/well; 100% of the MMP-1
secretion was 110 ± 37 pmol per 1000 cells; 100% of the pro-collagen secretion was 112 ± 50 pmol
per 1000 cells. Values are the means ± SEM of 2–7 experiments, each performed in triplicate. The
experimental groups that were repeated in only two experiments are marked with the symbol © in
the center of the relevant column. ## p < 0.01, #### p < 0.0001, significant difference between the
vehicle with and without H2O2. * p < 0.005, ** p < 0.01, *** p < 0.001), significant difference between
the vehicle and other treatments in the presence of H2O2 (ns—non-significant).

Although the protection from oxidative stress-induced damage by the tomato and rose-
mary extracts was significant, it was examined whether more protection can be achieved
by their combination. Indeed, the combination of rosemary extract with tomato extract
resulted in better protection of the cells compared to each compound alone (Figure 3). The
effect of the combination on the cell number was not significantly different from the single
compounds (Figure 3a); however, in these experiments, a significant reduction in MMP-1
secretion was evident only when the cells were treated with the phytonutrient combination
(Figure 3b). Although the effect of single phytonutrients on pro-collagen secretion was sig-
nificant, treatment with their combination induced a significantly larger increase compared
to each compound alone (Figure 3c). The treatment of cells under oxidative stress, with
the combination of tomato and rosemary extracts, resulted in a pro-collagen level that was
higher than the basal level without H2O2.

The protective effect of estradiol on cell survival was stronger than the effect of the
phytonutrients, and in the presence of 10 nM estradiol, the cells were completely resistant to
cell death induced by 25 µM H2O2 (Figure 4a). Similar to the effects of the phytonutrients,
estradiol decreased MMP-1 secretion (Figure 4b) and increased pro-collagen secretion back
to basal levels without H2O2 (Figure 4c).

3.3. Tomato Extract, Rosemary Extract, and Estradiol Protect Dermal Fibroblasts from
H2O2-Induced Apoptosis

It was demonstrated above that phytonutrients and estradiol protect dermal fibroblasts
from H2O2-induced cell death. Consequently, it was examined whether H2O2 induced
apoptosis and whether the tested compounds protected against this route of cell death.
Using flow cytometry and Annexin-V/7AAD staining, it was found that H2O2 causes
apoptotic cell death (Figure 5). The typical flow cytometric data of one experiment with
estradiol is shown in Figure 5a. Only about 1% of cells were apoptotic when the cells
were treated with the vehicle, with or without estradiol (almost all the cells appear in
the unstained lower left square). After 12 h with H2O2, 10% of the cells were in an early
apoptotic state (lower right panel), and 81% were in late apoptosis (upper right square).
Pre-incubation with 10 nM estradiol resulted in a reduction to 8% and 44% of early- and
late-apoptotic cells, respectively. The average total apoptosis (early + late) which was
negligible in the control cells, increased after H2O2 treatment to more than 90% (Figure 5b).
Estradiol and the phytonutrients reduced total apoptosis to less than 30%.
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Figure 2. Tomato and rosemary extracts protect fibroblasts from H2O2-induced cell damage. NHDF cells were pre-incu-
bated for 24 h with tomato extract or rosemary extract at the indicated concentrations of lycopene or carnosic acid, respec-
tively. Then, H2O2 was added at the indicated concentrations for an additional 24 h. The cell number (a,b), and secretion 
of MMP-1 (c,d) and pro-collagen 1a1 (e,f), were determined as described in Figure 1. Results are presented as a percent of 
the values without H2O2. Y-axis scales: 100% of the cell number was 36,609 ± 2029 cells/well; 100% of the MMP-1 secretion 
was 110 ± 37 pmol per 1000 cells; 100% of the pro-collagen secretion was 112 ± 50 pmol per 1000 cells. Values are the means 
± SEM of 2–7 experiments, each performed in triplicate. The experimental groups that were repeated in only two experi-
ments are marked with the symbol © in the center of the relevant column. ## p < 0.01, #### p < 0.0001, significant difference 
between the vehicle with and without H2O2. * p < 0.005, ** p < 0.01, *** p < 0.001), significant difference between the vehicle 
and other treatments in the presence of H2O2 (ns—non-significant). 

Although the protection from oxidative stress-induced damage by the tomato and 
rosemary extracts was significant, it was examined whether more protection can be 
achieved by their combination. Indeed, the combination of rosemary extract with tomato 
extract resulted in better protection of the cells compared to each compound alone (Figure 
3). The effect of the combination on the cell number was not significantly different from 
the single compounds (Figure 3a); however, in these experiments, a significant reduction 
in MMP-1 secretion was evident only when the cells were treated with the phytonutrient 
combination (Figure 3b). Although the effect of single phytonutrients on pro-collagen se-
cretion was significant, treatment with their combination induced a significantly larger 
increase compared to each compound alone (Figure 3c). The treatment of cells under oxi-
dative stress, with the combination of tomato and rosemary extracts, resulted in a pro-
collagen level that was higher than the basal level without H2O2. 

 
Figure 3. Protection from H2O2-induced cell damage was improved by a combination of tomato and rosemary extracts.
NHDF cells were pre-incubated for 24 h with tomato extract (2.5 µM lycopene), rosemary extract (2.5 µM carnosic acid),
or their combination. Then, H2O2 was added at the indicated concentrations for an additional 24 h. The cell number (a),
and secretion of MMP-1 (b) and pro-collagen 1a1 (c), were determined as described in the legend of Figure 1. Results are
presented as a percent of the values without H2O2. Y-axis scales: 100% of cell number was 8067 ± 6141 cells/well; 100%
of the MMP-1 secretion was 84 ± 5 pmol per 1000 cells; 100% of the pro-collagen secretion was 16.5 ± 0.5, much lower
than other experiments’ pmol per 1000 cells. Values are the means ± SD of 2–3 experiments, each performed in triplicate.
#, p < 0.05, significant difference between the vehicle with and without H2O2. * p < 0.005, ** p < 0.01, *** p < 0.001), significant
difference between the vehicle and other treatments in the presence of H2O2. §, p < 0.05, between the combination and
individual phytonutrients.
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phytonutrients, and in the presence of 10 nM estradiol, the cells were completely resistant 
to cell death induced by 25 μM H2O2 (Figure 4a). Similar to the effects of the phytonutri-
ents, estradiol decreased MMP-1 secretion (Figure 4b) and increased pro-collagen secre-
tion back to basal levels without H2O2 (Figure 4c). 

 
Figure 4. Estradiol protects fibroblasts from H2O2-induced cell damage. NHDF cells were pre-incubated for 24 h with 10 
nM estradiol. Then, H2O2 was added at the indicated concentrations for an additional 24 h. The cell number (a), and secre-
tion of MMP-1 (b) and pro-collagen 1a1 (c), were determined as described in the legend of Figure 1. Results are presented 
as a percent of the values without H2O2. Y-axis scales: 100% of the cell number was 40,040 ± 3011 cells/well; 100% of the 
MMP-1 secretion was 54.3 ± 7.6 pmol per 1000 cells; 100% of the pro-collagen secretion was 32.7 ± 16.7 pmol per 1000 cells. 
Values are the means ± SD of 2–7 experiments, each performed in triplicate. ## p < 0.01, ### p < 0.001, #### p < 0.0001, 
significant difference between the vehicle with and without H2O2. * p < 0.05, ** p < 0.01, *** p < 0.001, significant difference 
between the vehicle and other treatments in the presence of H2O2. 

3.3. Tomato Extract, Rosemary Extract, and Estradiol Protect Dermal Fibroblasts from H2O2-
Induced Apoptosis 

It was demonstrated above that phytonutrients and estradiol protect dermal fibro-
blasts from H2O2-induced cell death. Consequently, it was examined whether H2O2 in-
duced apoptosis and whether the tested compounds protected against this route of cell 
death. Using flow cytometry and Annexin-V/7AAD staining, it was found that H2O2 
causes apoptotic cell death (Figure 5). The typical flow cytometric data of one experiment 
with estradiol is shown in Figure 5a. Only about 1% of cells were apoptotic when the cells 
were treated with the vehicle, with or without estradiol (almost all the cells appear in the 
unstained lower left square). After 12 h with H2O2, 10% of the cells were in an early apop-
totic state (lower right panel), and 81% were in late apoptosis (upper right square). Pre-
incubation with 10 nM estradiol resulted in a reduction to 8% and 44% of early- and late-
apoptotic cells, respectively. The average total apoptosis (early + late) which was negligi-
ble in the control cells, increased after H2O2 treatment to more than 90% (Figure 5b). Es-
tradiol and the phytonutrients reduced total apoptosis to less than 30%. 

Figure 4. Estradiol protects fibroblasts from H2O2-induced cell damage. NHDF cells were pre-incubated for 24 h with 10 nM
estradiol. Then, H2O2 was added at the indicated concentrations for an additional 24 h. The cell number (a), and secretion
of MMP-1 (b) and pro-collagen 1a1 (c), were determined as described in the legend of Figure 1. Results are presented as
a percent of the values without H2O2. Y-axis scales: 100% of the cell number was 40,040 ± 3011 cells/well; 100% of the
MMP-1 secretion was 54.3 ± 7.6 pmol per 1000 cells; 100% of the pro-collagen secretion was 32.7 ± 16.7 pmol per 1000 cells.
Values are the means ± SD of 2–7 experiments, each performed in triplicate. ## p < 0.01, ### p < 0.001, #### p < 0.0001,
significant difference between the vehicle with and without H2O2. * p < 0.05, ** p < 0.01, *** p < 0.001, significant difference
between the vehicle and other treatments in the presence of H2O2.
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Figure 5. Estradiol and tomato and rosemary extracts protect fibroblasts against H2O2-induced apoptotic cell death. Cells 
were seeded in 6-well plates (3 × 105 cells/well) and were pre-incubated for 24 h with estradiol (10 nM), rosemary extract 
(5 μM carnosic acid), or tomato extract (10 μM lycopene). Then, H2O2 (50 μM) was added for an additional 12 h, and cell 
apoptosis was determined by flow cytometry as described in Section 2.4. (a) Typical flow cytometric data of Annexin-V 
and 7-AAD fluorescence, obtained in a representative experiment. (b) Averaged Annexin-V-stained cells (total = early + 
late apoptosis). Values (% apoptotic cells) are the means ± SEM of four experiments, each performed in duplicate. ####, p 
< 0.0001, significant difference between the vehicle with and without H2O2. ****, p < 0.0001, significant difference between 
the vehicle and other treatments in the presence of H2O2. 

3.4. Pre-Treatment of Dermal Fibroblasts with Tomato Extract, Rosemary Extract, and Estradiol 
Reduces ROS Generated by H2O2 

To verify that fibroblast cell damage was associated with oxidative stress, the cyto-
plasmic ROS level was determined by flow cytometry using a DCFH probe. Cells that 
were treated with H2O2 for 90 min showed a large increase in DCF fluorescence (Figure 
6a, red tracing). The average geometric means of fluorescence intensities (MFI), indicating 
average ROS levels, increased by about six-fold (Figure 6c). Pre-incubation with estradiol 
(Figure 6a, black tracing) resulted in a tracing similar to the control (green tracing). ROS 
levels, as indicated by the MFI values, were reduced by estradiol, and the tomato and 
rosemary extracts back to basal level (Figure 6c). In a preliminary experiment, it was found 
that a reduction in ROS also occurred when the protective agents were added only during 
the pre-incubation, but not together with H2O2 (data not shown). This suggests that pre-
incubation is required in order to reduce the ROS level. Indeed, when estradiol or the 
phytonutrients were added to cells at the same time as H2O2 without pre-incubation, there 
was no reduction in ROS levels (Figure 6d and the black tracing in Figure 6b). These re-
sults indicate that pre-incubation of the fibroblasts with the phytonutrients and estradiol 
is necessary to reduce these levels, and that the reduction in the ROS level did not occur 
by a chemical scavenging reaction between the protective agents and ROS. The increase 
in ROS levels by H2O2 and their reduction by the phytonutrients and estradiol was asso-
ciated with cell damage and its attenuation, respectively. Thus, it was tested whether, 
without pre-incubation, cells can be rescued from ROS-induced death. However, when 
the phytonutrients or estradiol were added at the same time as H2O2, the cell number re-
mained low and was the same as that without the protecting compounds (Figure 6e). 

Figure 5. Estradiol and tomato and rosemary extracts protect fibroblasts against H2O2-induced apoptotic cell death. Cells
were seeded in 6-well plates (3 × 105 cells/well) and were pre-incubated for 24 h with estradiol (10 nM), rosemary extract
(5 µM carnosic acid), or tomato extract (10 µM lycopene). Then, H2O2 (50 µM) was added for an additional 12 h, and cell
apoptosis was determined by flow cytometry as described in Section 2.4. (a) Typical flow cytometric data of Annexin-V
and 7-AAD fluorescence, obtained in a representative experiment. (b) Averaged Annexin-V-stained cells (total = early
+ late apoptosis). Values (% apoptotic cells) are the means ± SEM of four experiments, each performed in duplicate.
####, p < 0.0001, significant difference between the vehicle with and without H2O2. ****, p < 0.0001, significant difference
between the vehicle and other treatments in the presence of H2O2.
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3.4. Pre-Treatment of Dermal Fibroblasts with Tomato Extract, Rosemary Extract, and Estradiol
Reduces ROS Generated by H2O2

To verify that fibroblast cell damage was associated with oxidative stress, the cyto-
plasmic ROS level was determined by flow cytometry using a DCFH probe. Cells that
were treated with H2O2 for 90 min showed a large increase in DCF fluorescence (Figure 6a,
red tracing). The average geometric means of fluorescence intensities (MFI), indicating
average ROS levels, increased by about six-fold (Figure 6c). Pre-incubation with estradiol
(Figure 6a, black tracing) resulted in a tracing similar to the control (green tracing). ROS
levels, as indicated by the MFI values, were reduced by estradiol, and the tomato and
rosemary extracts back to basal level (Figure 6c). In a preliminary experiment, it was
found that a reduction in ROS also occurred when the protective agents were added only
during the pre-incubation, but not together with H2O2 (data not shown). This suggests
that pre-incubation is required in order to reduce the ROS level. Indeed, when estradiol or
the phytonutrients were added to cells at the same time as H2O2 without pre-incubation,
there was no reduction in ROS levels (Figure 6d and the black tracing in Figure 6b). These
results indicate that pre-incubation of the fibroblasts with the phytonutrients and estradiol
is necessary to reduce these levels, and that the reduction in the ROS level did not occur by
a chemical scavenging reaction between the protective agents and ROS. The increase in
ROS levels by H2O2 and their reduction by the phytonutrients and estradiol was associated
with cell damage and its attenuation, respectively. Thus, it was tested whether, without
pre-incubation, cells can be rescued from ROS-induced death. However, when the phy-
tonutrients or estradiol were added at the same time as H2O2, the cell number remained
low and was the same as that without the protecting compounds (Figure 6e).

3.5. Oxidative Stress Increases the Induction of the ARE/Nrf2 Transcription System by the
Phytonutrients and Estradiol

The results in the previous section suggest that pre-incubation with the phytonutrients
and estradiol is required to decrease ROS levels and protect fibroblasts from H2O2-induced
adverse effects. This implies that during pre-incubation, the cells increased their antioxi-
dant defense capacity. One probable explanation for this increased capacity is the induction
of the ARE/Nrf2 transcription system, which induces the transcription of antioxidant
enzymes and is known to be activated by the tested compounds. The ARE/Nrf2 transcrip-
tional activity was determined by a reporter gene assay. As expected, this transcription
system was activated by rosemary extract (Figure 7a), tomato extract (Figure 7b), and
estradiol (Figure 7c) from two- to four-fold in the absence of H2O2. H2O2 alone slightly
increased this activity by two- to three-fold. In the presence of H2O2, the activation by
the phytonutrients and estradiol was significantly higher than that of the compounds or
H2O2 alone.
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Figure 6. Pre-incubation with the phytonutrients or estradiol is required to reduce H2O2-generated ROS. Cells were seeded 
in 6-well plates (3 × 105 cells/well) and were pre-incubated for 24 h with (a,c) or without (b,d,e) estradiol (10 nM), rosemary 
extract (5 μM carnosic acid), or tomato extract (10 μM lycopene). Then, H2O2 (50 μM) was added together with the treat-
ment compounds, and ROS levels (after 90 min, a–d) or cell number (after 24 h, e) were determined as described in Sections 
2.5 and 2.3, respectively. (a,b) Typical flow cytometric histograms of DCF fluorescence obtained in a representative exper-
iment with (a) or without (b) pre-incubation. (c,d) Averaged geometric means of DCF fluorescence intensities (MFI) with 
(c) or without (d) pre-incubation. (e) Cell numbers without pre-incubation, 100% of the cell number was 37,858 ± 676 
cells/well. Values are the means ± SEM of 2–4 experiments, each performed in duplicate. ### p < 0.001, #### p < 0.0001, 
significant difference between the vehicle with and without H2O2. ****, p < 0.0001, significant difference between the vehicle 
and other treatments in the presence of H2O2. 

3.5. Oxidative Stress Increases the Induction of the ARE/Nrf2 Transcription System by the 
Phytonutrients and Estradiol 

The results in the previous section suggest that pre-incubation with the phytonutri-
ents and estradiol is required to decrease ROS levels and protect fibroblasts from H2O2-

Figure 6. Pre-incubation with the phytonutrients or estradiol is required to reduce H2O2-generated ROS. Cells were
seeded in 6-well plates (3 × 105 cells/well) and were pre-incubated for 24 h with (a,c) or without (b,d,e) estradiol (10 nM),
rosemary extract (5 µM carnosic acid), or tomato extract (10 µM lycopene). Then, H2O2 (50 µM) was added together
with the treatment compounds, and ROS levels (after 90 min, a–d) or cell number (after 24 h, e) were determined as
described in Sections 2.3 and 2.5, respectively. (a,b) Typical flow cytometric histograms of DCF fluorescence obtained in a
representative experiment with (a) or without (b) pre-incubation. (c,d) Averaged geometric means of DCF fluorescence
intensities (MFI) with (c) or without (d) pre-incubation. (e) Cell numbers without pre-incubation, 100% of the cell number
was 37,858 ± 676 cells/well. Values are the means ± SEM of 2–4 experiments, each performed in duplicate. ### p < 0.001,
#### p < 0.0001, significant difference between the vehicle with and without H2O2. ****, p < 0.0001, significant difference
between the vehicle and other treatments in the presence of H2O2.
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Figure 7. Activation of ARE/Nrf2 by the phytonutrients and estradiol in the presence of H2O2. Cells were seeded in 24-
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activity was determined as described in Section 2.6. After transfection, cells were incubated for 16 h with (a) rosemary 
extract (5 μM carnosic acid), (b) tomato extract (10 μM lycopene), or (c) estradiol (10 nM), and with (dark columns) or 
without (light columns) H2O2. Values (fold induction) are the means ± SEM of 3–4 experiments, each performed in tripli-
cate. # p < 0.05, ## p < 0.01, ### p < 0.001, #### p < 0.0001, significant difference between treatment and the vehicle without 
H2O2., ** p < 0.01, *** p < 0.001, significant difference between treatments with and without H2O2. 

4. Discussion 
The current study suggests that dietary and hormonal supplementation can prevent 

oxidative stress-induced damage to dermal fibroblasts. The inhibition of dermal fibro-
blasts cell death and the reversal of oxidative stress-induced increase in MMP-1 secretion 
and reduction in pro-collagen levels, that were demonstrated here, suggest that ingestion 
or topical application of these and similar compounds can prevent oxidative stress-in-
duced reduction in skin depth and elasticity. The protection of dermal fibroblasts by ca-
rotenoids, polyphenols, and estradiol shown in the current study may be relevant to skin 
damage that is caused by several factors such as UV radiation and environmental pollu-
tants, inducing the generation of ROS [2] (Scheme 1). In this study, the dietary carotenoids, 
polyphenols, and estradiol reduced oxidative stress-induced apoptosis of dermal fibro-
blasts, reduced MMP-1 secretion, and increased pro-collagen levels. Previous studies have 
shown the induction of apoptosis by oxidative stress in keratinocytes [33] and fibroblast 
[10] skin cells. Carotenoids, including lutein [34] and astaxanthin [35], were shown to in-
crease the keratinocyte cell number by reducing UV-induced apoptotic cell death. An in 
vivo study showed that the topical application of lycopene was capable of suppressing a 
UVB-induced cascade of apoptosis, as indicated by the reduced expression of caspase-3 
in murine skin [36]. Moreover, the protective role of polyphenols in skin cells has been 
shown in several studies. The survival of human dermal fibroblasts under H2O2-induced 
oxidative stress was increased by strawberry extract [37]. Various dietary polyphenols, 
including rosemary extract, were shown to increase keratinocyte cell survival after UVB 
irradiation [38–41]. Apoptosis inhibition was evident in most of these studies [38,39,41], 

Figure 7. Activation of ARE/Nrf2 by the phytonutrients and estradiol in the presence of H2O2. Cells were seeded in 24-well
plates (105 cells/well), and 24 h later were transfected with the ARE/Nrf2 reporter gene, and ARE/Nrf2 transcriptional
activity was determined as described in Section 2.6. After transfection, cells were incubated for 16 h with (a) rosemary
extract (5 µM carnosic acid), (b) tomato extract (10 µM lycopene), or (c) estradiol (10 nM), and with (dark columns) or
without (light columns) H2O2. Values (fold induction) are the means± SEM of 3–4 experiments, each performed in triplicate.
# p < 0.05, ## p < 0.01, ### p < 0.001, #### p < 0.0001, significant difference between treatment and the vehicle without H2O2.
** p < 0.01, *** p < 0.001, significant difference between treatments with and without H2O2.

4. Discussion

The current study suggests that dietary and hormonal supplementation can prevent
oxidative stress-induced damage to dermal fibroblasts. The inhibition of dermal fibroblasts
cell death and the reversal of oxidative stress-induced increase in MMP-1 secretion and
reduction in pro-collagen levels, that were demonstrated here, suggest that ingestion or
topical application of these and similar compounds can prevent oxidative stress-induced
reduction in skin depth and elasticity. The protection of dermal fibroblasts by carotenoids,
polyphenols, and estradiol shown in the current study may be relevant to skin damage that
is caused by several factors such as UV radiation and environmental pollutants, inducing
the generation of ROS [2] (Scheme 1). In this study, the dietary carotenoids, polyphenols,
and estradiol reduced oxidative stress-induced apoptosis of dermal fibroblasts, reduced
MMP-1 secretion, and increased pro-collagen levels. Previous studies have shown the
induction of apoptosis by oxidative stress in keratinocytes [33] and fibroblast [10] skin
cells. Carotenoids, including lutein [34] and astaxanthin [35], were shown to increase
the keratinocyte cell number by reducing UV-induced apoptotic cell death. An in vivo
study showed that the topical application of lycopene was capable of suppressing a UVB-
induced cascade of apoptosis, as indicated by the reduced expression of caspase-3 in
murine skin [36]. Moreover, the protective role of polyphenols in skin cells has been
shown in several studies. The survival of human dermal fibroblasts under H2O2-induced
oxidative stress was increased by strawberry extract [37]. Various dietary polyphenols,
including rosemary extract, were shown to increase keratinocyte cell survival after UVB
irradiation [38–41]. Apoptosis inhibition was evident in most of these studies [38,39,41],
and one compound, delphinidin, found in pomegranates, berries, and other pigmented
fruits and vegetables, was also shown to inhibit apoptosis in mice skin [38].
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Scheme 1. A model summarizing the suggested effects of phytonutrients and estradiol on the parameters studied in der-
mal fibroblasts under oxidative stress. Increased cellular ROS is caused by several factors (e.g., UVB, air pollution, and 
smoking). Oxidative stress activates the NFƙB and AP-1 transcription systems, which increases MMP-1 secretion and col-
lagen degradation and decreases collagen secretion, leading to skin damage and aging. As a feedback mechanism, ROS 
activates the Nrf2 transcription system, which increases the expression of antioxidant enzymes that reduce ROS. ARE/Nrf2 
is also induced by carotenoids, polyphenols, and estradiol. In addition, the expression of antioxidant enzymes can also be 
upregulated by estrogen receptor binding to an estrogen response element within the promoter region of the antioxidant 
enzyme. Carotenoids, polyphenols, and estradiol also inhibit NFƙB and AP-1 activities, leading to a reversal of ROS dam-
aging effects, delaying skin ageing. 

In the skin extracellular matrix, similar to other tissues, there is a balance between 
the synthesis of new pro-collagen and the degradation of matrix collagen. This balance is 
disrupted by oxidative stress, which causes an increase in the production of MMPs 
[11,12,42] and a reduction in pro-collagen expression [11,13] (Scheme 1). Thus, the larger 
amount of pro-collagen attained by phytonutrient and estradiol treatments, and the re-
duced level of MMP-1, can restore this balance and, thus, improve skin elasticity. Previous 
studies have shown that polyphenols reduce MMP expression, both in vivo [43] and in 
vitro [17]. A similar reduction in MMP expression was shown by carotenoids in dermal 
fibroblasts [44] and in human skin [45,46]. Topical estradiol treatment reduced MMP-1 
levels and increased pro-collagen expression in human skin [47], with similar effects 
found in murine bones [48]. Several signaling pathways are involved in the mechanism of 
oxidative stress-induced changes in MMP and collagen. A number of studies have shown 
that ROS induces the activation of MAPKs, which activate the NFκB and AP-1 transcrip-
tion systems, leading to the increased expression of pro-inflammatory genes and MMPs 
[49–51]. Thus, inhibition of MAPKs, NFκB, and AP-1 by phytonutrients [49] may be the 
mechanism for reducing MMP-1 by the phytonutrients and estradiol in the current study 
(Scheme 1). A study from our laboratory showed that carotenoid derivatives inhibit NFκB 
and suggested a molecular mechanism for this inhibition [52]. β-carotene was found to 
inhibit NFƙB in cancer cells [53], and lutein inhibited this transcription system in various 

Scheme 1. A model summarizing the suggested effects of phytonutrients and estradiol on the parameters studied in
dermal fibroblasts under oxidative stress. Increased cellular ROS is caused by several factors (e.g., UVB, air pollution,
and smoking). Oxidative stress activates the NFκB and AP-1 transcription systems, which increases MMP-1 secretion
and collagen degradation and decreases collagen secretion, leading to skin damage and aging. As a feedback mechanism,
ROS activates the Nrf2 transcription system, which increases the expression of antioxidant enzymes that reduce ROS.
ARE/Nrf2 is also induced by carotenoids, polyphenols, and estradiol. In addition, the expression of antioxidant enzymes
can also be upregulated by estrogen receptor binding to an estrogen response element within the promoter region of the
antioxidant enzyme. Carotenoids, polyphenols, and estradiol also inhibit NFκB and AP-1 activities, leading to a reversal of
ROS damaging effects, delaying skin ageing.

In the skin extracellular matrix, similar to other tissues, there is a balance between the
synthesis of new pro-collagen and the degradation of matrix collagen. This balance is dis-
rupted by oxidative stress, which causes an increase in the production of MMPs [11,12,42]
and a reduction in pro-collagen expression [11,13] (Scheme 1). Thus, the larger amount of
pro-collagen attained by phytonutrient and estradiol treatments, and the reduced level of
MMP-1, can restore this balance and, thus, improve skin elasticity. Previous studies have
shown that polyphenols reduce MMP expression, both in vivo [43] and in vitro [17]. A
similar reduction in MMP expression was shown by carotenoids in dermal fibroblasts [44]
and in human skin [45,46]. Topical estradiol treatment reduced MMP-1 levels and increased
pro-collagen expression in human skin [47], with similar effects found in murine bones [48].
Several signaling pathways are involved in the mechanism of oxidative stress-induced
changes in MMP and collagen. A number of studies have shown that ROS induces the
activation of MAPKs, which activate the NFκB and AP-1 transcription systems, leading to
the increased expression of pro-inflammatory genes and MMPs [49–51]. Thus, inhibition
of MAPKs, NFκB, and AP-1 by phytonutrients [49] may be the mechanism for reducing
MMP-1 by the phytonutrients and estradiol in the current study (Scheme 1). A study
from our laboratory showed that carotenoid derivatives inhibit NFκB and suggested a
molecular mechanism for this inhibition [52]. β-carotene was found to inhibit NFκB in
cancer cells [53], and lutein inhibited this transcription system in various cells of the choroid
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complex of the eye, both in vivo and in vitro [54]. The polyphenol, resveratrol, inhibited
NFκB activity in mouse skin by blocking IκB kinase activity [55], and a study from our
laboratory demonstrated inhibition of UVB-induced NFκB activity by several carotenoids
and polyphenols in human keratinocytes [21]. Estradiol was also shown to inhibit NFκB
activity by increasing the expression of IκBα, the inhibitor of NFκB [56].

The protective effects of the tested compounds in the current study were associated
with a marked reduction in ROS levels only when the cells were pre-incubated with the
compounds before adding H2O2. Thus, as discussed in Section 3.5, antioxidant defense was
indeed improved during the pre-incubation, and this was possibly achieved by increased
transcriptional activity of ARE/Nrf2, which can increase the expression of antioxidant
enzymes, which can lead to ROS reduction (Scheme 1). Regulation of transcription and
gene expression, including ARE/Nrf2, has been found to play a significant role in the
effect of phytonutrients in many cellular processes [57]. As was found in the current study,
carotenoids were shown to activate ARE/Nrf2 [26,28]. This transcription system can also
be activated by polyphenols such as carnosic acid [58]. ARE/Nrf2 transcriptional activity is
also activated by increased ROS levels, in order to lessen oxidative stress [19,59] (Scheme 1).
Notably, in our study, the application of the phytonutrients and estradiol during oxidative
stress increased ARE/Nrf2 activity to a level that was higher than that of the compounds
or H2O2 alone. Similar to the activation of ARE/Nrf2 and the reduction in ROS in dermal
fibroblasts described in the current study, estradiol activated ARE/Nrf2 and decreased
ROS levels in neuronal cells, leading to cell survival and attenuation of homocysteine cyto-
toxicity [25]. In addition, estradiol can increase the expression of antioxidant enzymes by
binding of estrogen receptor β to an estrogen response element within the promoter region
of antioxidant enzymes [60] (Scheme 1). An additional mechanism for the antioxidant effect
of estradiol was suggested by Borrás et al. [61], who demonstrated that estradiol decreases
hydrogen peroxide in isolated hepatic mitochondria, probably via interaction with specific
receptors present in the mitochondria. Several publications suggest that the antioxidant
effects of estradiol and other estrogens is mediated by direct chemical scavenging of ROS
and not by the estrogen receptors [62]. This potential mechanism is controversial because
scavenging of ROS occurs only at high, non-physiological estrogen concentrations. For
example, 1 µM estradiol was required to inhibit superoxide radical production by bovine
heart endothelial cells, and about 50 µM was used to inhibit lipid and low-density lipopro-
tein peroxidation in non-cellular experimental systems [63]. Lower estradiol concentrations
(100 nM) were used to reduce ROS formation in Friedreich’s ataxia skin fibroblasts [62], a
concentration that is ten times higher than the 10 nM estradiol used in the current study.
Moreover, in the experimental protocol used in the current study, direct interaction between
estradiol and ROS was possible only in the oxidative stress phase of the experiments, when
H2O2 and estradiol were both present. However, as shown in Figure 6, the protective
effect of estradiol (and the phytonutrients) depends on the pre-incubation phase, when
H2O2 is not present. These results suggest that the interaction between H2O2 and estradiol
probably did not occur in the current experimental protocol. Based on these considerations,
it is concluded that activation of defense mechanisms during the pre-incubation phase
probably explains the protective effects of estradiol and the phytonutrients in oxidative
stress-challenged dermal fibroblasts. Activation of ARE/Nrf2, which was demonstrated in
the current study, and inhibition of several signaling pathways such as MAPKs, NFκB, and
AP-1, are possibly involved in the protection of dermal fibroblasts.

5. Conclusions

This study indicates that carotenoids, polyphenols, and estradiol protect dermal fibrob-
lasts from ROS-induced damage and suggests that a balanced diet rich in phytonutrients
may improve skin health and appearance. In addition, improvement in skin health can
be achieved by topical application of estradiol and crude or purified dietary compounds.
Oxidative stress can result from numerous environmental factors, and also occurs during
ageing. Because this stress may negatively affect many human tissues, the implications
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of this study may also be relevant to various other pathologies such as inflammation,
neurodegenerative and cardiovascular diseases, and cancer.
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Abstract: Among the thyroid cancers, papillary thyroid cancer (PTC) accounts for 90% of the cases. In
addition to the necessity to identify new targets for PTC treatment, early diagnosis and management
are highly demanded. Previous data indicated that the multivariate statistical analysis of the Raman
spectra allows the discrimination of healthy tissues from PTC ones; this is characterized by bands
typical of carotenoids. Here, we dissected the molecular effects of carotenoid accumulation in PTC
patients by analyzing whether they were required to provide increased retinoic acid (RA) synthesis
and signaling and/or to sustain antioxidant functions. HPLC analysis revealed the lack of a significant
difference in the overall content of carotenoids. For this reason, we wondered whether the carotenoid
accumulation in PTC patients could be related to vitamin A derivative retinoic acid (RA) biosynthesis
and, consequently, the RA-related pathway activation. The transcriptomic analysis performed using
a dedicated PCR array revealed a significant downregulation of RA-related pathways in PTCs,
suggesting that the carotenoid accumulation in PTC could be related to a lower metabolic conversion
into RA compared to that of healthy tissues. In addition, the gene expression profile of 474 PTC cases
previously published in the framework of the Cancer Genome Atlas (TGCA) project was examined by
hierarchical clustering and heatmap analyses. This metanalysis study indicated that the RA-related
pathways resulted in being significantly downregulated in PTCs and being associated with the
follicular variant of PTC (FV-PTC). To assess whether the possible fate of the carotenoids accumulated
in PTCs is associated with the oxidative stress response, the expression of enzymes involved in ROS
scavenging was checked. An increased oxidative stress status and a reduced antioxidant defense
response were observed in PTCs compared to matched healthy thyroids; this was possibly associated
with the prooxidant effects of high levels of carotenoids. Finally, the DepMap datasets were used to
profile the levels of 225 metabolites in 12 thyroid cancer cell lines. The results obtained suggested
that the high carotenoid content in PTCs correlates with tryptophan metabolism. This pilot provided
novel possible markers and possible therapeutic targets for PTC diagnosis and therapy. For the future,
a larger study including a higher number of PTC patients will be necessary to further validate the
molecular data reported here.
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1. Introduction

In the past 30 years, the incidence of thyroid cancer (TC) has significantly increased,
making it the fastest rising malignant solid tumor worldwide [1]. Among the TCs, papillary
thyroid cancer (PTC) accounts for 90% of thyroid cancer cases [2]. In addition to the even
more urgent necessity to discover new biological and therapeutic targets for PTC treatment,
early diagnosis and management represent key points required for the improvement of
patient prognosis. Indeed, the trauma caused by surgery and the recurrence of the tumor
are still intractable issues, bringing a certain life and economic burden to patients [3].
Therefore, it is of great significance to further explore the pathogenesis of PTC and to find
molecular targets with the potential for early diagnosis, prevention, and treatment. In
recent years, Raman spectroscopy (RS) has emerged as a powerful tool for TC diagnosis.
Indeed, our group has reported that the multivariate statistical analysis of RS spectra allows
the discrimination of healthy from thyroid cancerous tissues and makes it possible to
distinguish between the most common TC subtypes [4,5]. In particular, RS has allowed the
identification of bands typical of carotenoids in PTC cells, suggesting that the presence of
these molecules could represent a specific fingerprint of this type of TC and consequently a
potential candidate for differential diagnosis [4–6].

Carotenoids are isoprenoids naturally occurring in fruits and vegetables and are
synthesized in plants and microorganisms [7,8]. This wide family of C40 molecules has
important functions not only in carotenoid-producing organisms, but also in animals
that absorb these molecules in their diets. The primary carotenoids found in human
plasma are α-carotene, β-carotene, γ-cryptoxanthin, lycopene, and lutein [9,10]. All these
carotenoids display an antioxidant activity, and among them, α-carotene, β-carotene, and
γ-cryptoxanthin are also precursors of vitamin A in animals [10]. Besides being essential
for vision, the vitamin A derivative retinoic acid (RA) represents in vertebrates a major
signal, controlling a wide range of biological processes thanks to its ability to bind two
classes of nuclear receptors, i.e., the retinoic acid receptor (RAR) and the retinoid X receptor
(RXR) [11–13]. RAR is part of the RAR/RXR heterodimer that binds DNA regulatory
sequences, its RA-induced signaling regulating the transcription of genes involved in an
array of biological processes such as pattern formation during embryonic development,
cell differentiation, and control of certain metabolic activities [13].

Here, we aim to determine in 11 PTC patients whether the carotenoid accumulated
in this type of TC, as reported by RS analyses [4–6], is metabolized to RA or, rather, is
used by cancer cells to support antioxidant functions. Considering the low availability
of patients to be enrolled in this study, this was intended as a pilot study, providing a
molecular fingerprint of PTC useful for the identification of novel possible markers for
diagnosis and therapy.

2. Materials and Methods
2.1. Study Enrollment

We screened and enrolled subjects with thyroid nodular pathologies who were referred
to the thyroid outpatient clinic of the Metabolic Bone and Thyroid Disorders Unit of
Fondazione Policlinico Universitario Campus Bio-Medico (Rome, Italy) between January
2018 and January 2021. Our protocol adhered to the Declaration of Helsinki and to the
International Conference on Harmonization Good Clinical Practice, receiving the approval
of the local ethics committees. The participants were recruited from and were managed
at Fondazione Policlinico Universitario Campus Bio-Medico (Rome, Italy), all of them
granting written informed consent that allowed the use of their anonymized information
for data analysis. The patient eligibility criteria were as follows: (i) ≥18 years old; (ii) one
or more thyroid nodules with a medium-high ultrasound risk of malignancy (Thyroid
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Imaging—Reporting and Data System (TI-RADS) score ≥3) [14]; (iii) at least one thyroid
nodule with a fine needle aspiration (FNA) report categorized as indeterminate, suspicious,
or malignant and warranting thyroid surgery according to clinical guidelines [15]; (iv)
final histological diagnosis of PTC; and (v) willingness to provide material for RS and
carotenoid analysis. Once thyroid histology was reported and RS analysis performed, only
those subjects with material available for the transcriptomic and proteomic analyses were
included in the final analysis (Table 1).

Table 1. List of all the patients investigated, along with clinical information. US Classification was
conducted according to [14]. FA Oxy, follicular thyroid adenoma oncocytic variant; FC, follicular
thyroid carcinoma; FC Oxy, follicular thyroid carcinoma oncocytic variant; FV-PTC, follicular variant-
papillary thyroid carcinoma; n.a., not available; PTC, papillary thyroid carcinoma; PTC Oxy, papillary
thyroid carcinoma oncocytic variant; TI-RADS, Thyroid Imaging—Reporting and Data System.

Sample Gender Age at Diagnosis US Classification
(TI-RADS)

Histological
Diagnosis Raman Cluster

TIR46 F 42 5 PTC PTC
TIR47 M 52 4 FC Oxy FC
TIR48 F 43 4 PTC Oxy PTC
TIR49 F 45 4 PTC PTC
TIR50 F 30 5 PTC PTC
TIR54 F 36 4 PTC n.a.
TIR68 F 24 4 PTC PTC
TIR70 F 48 4 PTC PTC
TIR77 M 45 4 PTC FV-PTC
TIR94 M 50 5 PTC Hobnail PTC
TIR99 M 74 3 FA Oxy PTC

2.2. Patients’ Evaluation

All subjects were submitted to thyroid US evaluation, using a frequency range of
10–12 MHz on a MyLab 50 (Esaote, Genova, Italy). The US scans of the thyroid gland and
neck area were performed by 2 experienced endocrinologists at the Endocrinology Unit
at Fondazione Policlinico Universitario Campus Bio-Medico (Rome, Italy). Nodules were
classified according to the American College of Radiology (ACR) TI-RADS risk stratification
criteria [14] without prior knowledge of the cytological results. Patients harboring one
or more thyroid nodules of medium-high malignancy risk by US (TI-RADS score ≥ 3)
and submitted to thyroid FNA represented the criteria for patient selection. Once thyroid
FNA cytology was reported, only those subjects with at least one nodule categorized
as indeterminate, suspicious, or malignant, with a formal indication of thyroid surgery
according to the international guidelines [15], and a final histological diagnosis of PTC were
enrolled in the study. Histological diagnosis was reported in agreement with the current
edition of the World Health Organization (WHO) classification of endocrine tumors [16].
Because of the small size of the available tumor tissues explanted from patients, it was
not always possible to perform all the transcriptomic and proteomic analyses on the same
samples.

2.3. Raman Spectroscopy

Raman spectra were collected using a Renishaw InVia Micro-Raman spectrometer,
equipped with a solid-state diode laser source at 532 nm (nominal output power of 100 mW)
and a confocal microscope (Leica 50× Long Working Distance objective), used both to
focalize the incident laser beam and to collect the back-scattered light. Elastically scattered
light is rejected by using a holographic edge filter, while inelastically scattered intensity
is dispersed by a diffraction grating (1800 grooves/mm) on a Peltier cooled 1024 × 256
pixel Charge-Coupled Device (CCD) detector. The final instrumental resolution is of the
order of 1 cm−1. To prevent photo damage, the laser power at the sample was controlled
by neutral density filters. The spectra were collected in the 100–3600 cm−1 range. On each
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sample, 5 measurement points were selected and 5 scans per point were accumulated for
a total integration time of 50 s. The experimental conditions and data acquisition were
controlled by Wire (Renishaw) software, which also allowed the preliminary data reduction
(e.g., background and fluorescence subtraction). The MATLAB and ORIGIN 9.0 software
were used to analyze the data.

2.4. Extraction of Carotenoids from the Thyroid Tissue

The carotenoids extraction was performed according to the procedure proposed by
Peng and colleagues [17]. Briefly, healthy and tumoral thyroids were weighted and in-
cubated in 560 µL of phosphate buffered saline solution containing 1 mg of butylated
hydroxytoluene (BHT, Merck KGaA, Darmstadt, Germany) and 70 µL of a collagenase
(50 mg/mL; Carlo Erba, Milano, Italy) at 37 ◦C for 1 h using a shaker (500 rpm). After
a manual homogenization using glass potters, 70 µL proteinase K (20 mg/mL; Merck
KGaA) was added to the samples, which were further incubated at 37 ◦C for 30 min using
a shaker. After vortexing for 1 min, the lysate was mixed with 700 µL of an ethanolic buffer
containing 1% SDS and 0.1% BHT. The solution was vortexed with n-hexane (Merck KGaA)
and then centrifugated at 13,000 rpm for 30 s. The extraction with n-hexane was repeated
twice, and the supernatants were then collected and dried under a nitrogen atmosphere.
The extracts were solubilized in 120 µL methanol:chloroform 1:1, 80 µL of which were
immediately injected into the High Performance Liquid Chromatography (HPLC). All the
procedures were performed in the dark, under red light.

2.5. High Performance Liquid Chromatography (HPLC)

Carotenoids were separated following the method from [18] with minor modifications,
using a YMC C30 column (250 mm × 4.6 mm i.d., 5 µm particle size) (YMC, Kyoto, Japan)
kept at 35 ◦C and a flow of 1 mL/min. The mobile phase consisted of: (A) methanol, and
(B) tert-butyl methyl ether. The following gradient was used (35 min): 90% A for 2 min,
followed by a linear gradient to 80% A for 8 min and then to 30% A for 10 min, which
was then maintained for further 15 min. The photodiode array was set at 450 and 472 nm.
α-carotene, β-carotene, lutein, and lycopene were recognized and quantified by comparison
with analytical standards (Merck KGaA). Unidentified peaks were quantified using the
calibration curve of β-carotene. To verify the quantification reliability of using a few tens
of mg of tissue, the method was verified by measuring the recovery of carotenoids from
tissues spiked with known concentrations of β-carotene (the recovery rate was 96 ± 10%)
and by performing up to four serial repetitions of n-hexane extraction (the extractions
beyond the second did not yield detectable β-carotene).

2.6. Total RNA Extraction

Total RNA was extracted from the healthy and pathological lobes of each patient. RNA
was obtained from two formalin-fixed paraffin-embedded (FFPE) tissue sections of 5 µm
thickness each, using the RNAeasy® FFPE kit (Qiagen, Hilden, Germany) and following
the manufacturer’s instructions. Briefly, sections were deparaffinized using heptane and
methanol. After centrifugation, pellets were air-dried and then resuspended into PKD
buffer (Qiagen) containing 10 µL proteinase K (>600 mAU/mL; provided with the kit).
After a first incubation at 56 ◦C for 15 min and a second incubation at 80 ◦C for 15 min,
samples were put on ice for 3 min and finally centrifuged at 13,000 rpm for 15 min. The
DNA was removed by incubation of the collected supernatant with DNAse for 15 min.
After the addition of RBC buffer, samples were loaded on a RNeasy MinElute spin column
and centrifuged. Finally, RNA was eluted using 30 µL RNase-free water, and quantified
with Nanodrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA).
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2.7. Transcriptomic Analysis Using the PCR Array “Human Retinoic Acid Pathway”

Three micrograms of total RNA were reverse transcribed using the RT2 First Strand
Kit (Qiagen), following the manufacturer’s instructions. The expression of 96 genes was
analyzed using the RT2 Profiler “Human Retinoic Acid Pathway” PCR Array 96-well format
(cat no. 330231 PAHS-180Z; Qiagen) in combination with the RT2 SYBR Green PCR Master
Mix (Qiagen), according to the manufacturer’s protocol. Of these 96 genes, 84 genes belong
to the human RA-related pathways, and 12 genes are either housekeeping genes (i.e., ß-actin
(ACTB), ß-2-microglobulin (B2M), glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
hypoxanthine phosphoribosyltransferase 1 (HPRT1), and ribosomal protein lateral stalk
subunit P0 (RPLP0)) or internal controls (i.e., human genomic DNA contamination, reverse
transcription control, positive PCR control). The AriaMx Real-time PCR system (Applied
Biosystems, Waltham, MA, USA) was used and the three steps of the cycling program were:
95 ◦C for 10 min for 1 cycle, followed by 40 cycles of 95 ◦C for 15 s and 60 ◦C for 1 min. The
expression levels of each gene were quantified and reported as relative quantity (RQ) with
respect to the calibrators represented by the housekeeping genes, according to the 2−∆∆Ct

method. Data analyses were performed using the Agilent AriaMx 1.71 software (Thermo
Fisher Scientific) and the GeneGlobe software (Qiagen). The analysis of the differentially
expressed genes (DEGs) between the healthy and PTC thyroids was performed using Venn
diagrams (Bioinformatics & Evolutionary Genomics, http://bioinformatics.psb.ugent.be/
webtools/Venn/; accessed on 13 January 2022). Visualization, interpretation, and analysis
of the biomolecular pathways were performed using Reactome (https://reactome.org;
accessed on 13 January 2022), a free, open-source, open-data, curated, and peer-reviewed
knowledgebase [19].

2.8. Quantitative Real-Time Reverse Transcription–Polymerase Chain Reaction (qRT-PCR)

Total RNA was reverse transcribed and amplified with a GoTaq 2-step RT-qPCR
system (Promega, Madison, WI, USA), following the manufacturer’s instructions. The
cDNA obtained was then amplified for the following transcripts: CRABP2 (forward:
5′-AGTGTCCAGTGCTCCAGCCTA-3′; reverse: 5′-CTGCAGCCACAGCAATCTTC-3′),
CYP26B1 (forward: 5′-AGCTAGTGAGCACCGAGTGG-3′; reverse: 5′-GGGCAGGTAGCTC
TCAAGTG-3′), DHRS3 (forward: 5′-CGTTGCTGGCAATCAGATCG-3′; reverse: 5′-CGCGG
TTTCAAAGTGCAAGA-3′), RARγ (forward: 5′-CAGAGCAGCAGTTCTGAAGAGATA-3′;
reverse: 5′-GACACGTGTACACCATGTTCTTCT-3′), RDH10 (forward: 5′-TGGGACATCAA
CACGCAAAGC-3′; reverse: 5′-TGCAAGTTACAGTGGGGCAGA-3′), RET (forward: 5′-
CGCGACCTGCGCAAA-3′; reverse: 5′-CAAGTTCTTCCGAGGGAATTCC-3′), RXRβ (for-
ward: 5′-AGCTCCCCCAGGATTCTC-3′; reverse: 5′-CAGGGAGTGACACTGTTGAGTTA-
3′). The amplifications were performed using the SYBR Green system and the Rotor Gene
RG-6000 Real-Time Thermocycler (Corbett Research, Qiagen GmbH), using the following
thermal cycling conditions: 95 ◦C for 2 min followed by 40 cycles at 95 ◦C for 15 s and 60 ◦C
for 1 min. The data were reported as RQ with respect to a calibrator sample (i.e., ACTB),
according to the 2−∆∆Ct method.

2.9. Biochemical Analysis

The frozen thyroids were weighted, homogenized, and sonicated in lysis buffer (20 mM
Tris-HCl pH 8.0, 137 mM NaCl, 10 mM EDTA, 10% glycerol (v/v), 1% Triton™ X-100 (v/v),
and protease inhibitors). Fifteen micrograms of protein extracts, previously quantified
with the Bradford assay (Bio-Rad Laboratories, Hercules, CA, USA), were resolved by
SDS-PAGE and transferred onto polyvinylidene fluoride (PVDF) membranes (Bio-Rad
Laboratories). As reported elsewhere [20], after blocking with 3% BSA (w/v) dissolved
in TBS buffer/0.5% Tween-20 (v/v), the membranes were probed overnight at 4 ◦C with
the following antibodies purchased from Santa Cruz Biotechnology (Dallas, TX, USA):
anti-catalase (CAT; sc-365738), anti-glutathione peroxidase-4 (GPx-4; sc-166570), anti-heme
oxygenase-1 (HO-1; sc-136960), anti-NADPH oxidase 4 (NOX4; sc-518092), anti-NAD(P)H
quinone dehydrogenase 1(NQO1; sc-32793), anti-oxoguanine glycosylase 1 (OGG1; sc-
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376935), anti-superoxide dismutase-1 (SOD-1; sc-271014), anti-vinculin (sc-73614), anti-ß-
actin (sc-47778), and anti-γH2AX (sc-517348). The membranes were then incubated for 1 h
at room temperature with an anti-mouse HRP-conjugated secondary antibody (Bio-Rad
Laboratories). All the experiments were technically repeated at least twice. Blots were
acquired and processed using the ChemiDoc™ Imaging system (Bio-Rad Laboratories) [21].
Protein quantification was performed using the Image Lab software (version 6.0.1, Bio-Rad
Laboratories).

2.10. Immunohistochemistry Analysis

At the time of surgery, the removed specimens were immediately submitted unfixed
to the Pathology Unit at Fondazione Policlinico Universitario Campus Bio-Medico (Rome,
Italy) in an appropriately labelled container. After gross evaluation, the specimens were
formalin fixed, sampled, and processed for paraffin embedding. Four-micron sections from
the paraffin block of the formalin-fixed specimens were used for immunohistochemical
stain. Immunohistochemistry was performed with an automatized instrument (Dako Om-
nis, Agilent, Santa Clara, CA, USA) using an anti-SR-B1 rabbit monoclonal (clone EP1556Y,
Abcam, Cambridge, UK) and revealed with peroxidase development. Negative controls
were obtained by omitting the primary antibody; the positive control consisted of liver
tissue. The thyroid lesions were subjected for SR-B1 immunohistochemistry. For each
lesion, the section comprised both pathological tissue and normal parenchyma. Immuno-
histochemical evaluation was conduct in a blind way by two pathologists. Images were
acquired using a Nikon Eclipse Ni microscope equipped with a Nikon Digital Camera
DS-Fi3. The original magnification was 20× (Nikon, Tokyo, Japan).

2.11. Gene Expression Analysis of External Database Repository

Gene expression normalized data (RNAseq) of the 474 PTC cases of the Cancer Genome
Atlas (TGCA) project were downloaded from cBioPortal (https://www.cbioportal.org/
datasets; accessed on 26 January 2022) [22]. The data were trimmed +1 to eliminate 0
values before statistical analyses. The gene expression data were median centered and
log2 transformed. Hierarchical clustering and heatmap analyses were performed using
Cluster 3.0 for Mac OS X (C Clustering Library 1.56; http://bonsai.hgc.jp/~mdehoon/
software/cluster/software.htm; accessed on 26 January 2022) and Java Tree View (Version
1.1.6r4; http://jtreeview.sourceforge.net; accessed on 26 January 2022). The uncentered
correlation and centroid linkage clustering method was used. Statistical analyses (including
contingency plot) were performed using JMP 16 (SAS Institute S.R.L., Milano, Italy).

2.12. Statistical Analysis

The data were analyzed using GraphPad Prism 6 (version 6.01, GraphPad Software
Inc., San Diego, CA, USA). The data were expressed as mean values ±standard deviations
(SD). The statistical significance of differences was tested using the Student’s two-tailed
t-test (df: degree factor). p values of less than 0.05 were considered statistically significant.

3. Results

As previously reported, the Raman spectra of PTC tissues differ from those collected
from both healthy thyrocytes and cells affected by other types of cancer [4]. In Supple-
mentary Figure S1 is reported an exemplificative Raman spectrum derived from the TIR48
PTC patient. In the fingerprint region, the Raman spectra of PTC tissues are dominated,
compared to the healthy counterpart, by intense bands at 1003, 1155, and 1515 cm−1. These
bands are due to the resonance effect of free carotenoids when excited at 532 nm. Other
bands at 2155, 2301, and 2652 cm−1, also related to carotenoids, are visible, along with
bands at 1444, 1655, and 2848 cm−1. The latter three bands are ascribed to fatty acid
vibrational modes, namely CH2 wagging, CC asymmetric stretching, and CH2 symmetric
stretching, respectively. With the aim of dissecting the molecular effects of carotenoid
accumulation in PTC patients, here we performed a combination of analyses (i.e., HPLC,
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transcriptomic, oxidative stress analysis, and metanalysis) to clarify whether carotenoids
are required to provide increased retinoic acid (RA) synthesis and signaling and/or to
sustain antioxidant functions.

3.1. Determination of Carotenoids Content in Healthy and PTC Thyroids by HPLC

The presence of carotenoids in PTC patients was corroborated using the HPLC analyses
of thyroids (Figure 1A). α-carotene, β-carotene, lutein, and lycopene were detected in the
thyroids of all the four patients analyzed, together with five unidentified peaks attributable
to molecules with absorbances measured at 450 and 472 nm (Figure 1B and Supplementary
Table S1). The obtained results indicated that β-carotene (139.5± 67.6 and 147.0± 50.6 ng/g
in healthy lobes and PTCs, respectively) is the most prevalent carotenoid found in healthy
and PTCs thyroid lobes of the four analyzed patients (Figure 1B). Overall, for all the
identified carotenoids, no significant differences were found between healthy thyroid lobes
and the PTC counterparts of the analyzed patients (Figure 1B). Notably, no significant
differences were scored between the total amount of the identified carotenoids (i.e., α-
carotene, β-carotene, lutein, and lycopene) (242.5 ± 100.2 and 253.4 ± 87.6 ng/g in healthy
lobes and PTCs, respectively) and the unidentified carotenoids (i.e., unknown 1 to 7)
(217.1 ± 86.3 and 217.7 ± 53.9 ng/g in healthy lobes and PTCs, respectively) (Figure 1B
and Supplementary Table S1).
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Figure 1. HPLC profiles of carotenoids recorded in the healthy and tumoral thyroid lobes of PTC
patients. (A) Representative carotenoids HPLC chromatogram: (1) lutein; (2) unknown 1; (3) unknown
2; (4) unknown 3; (5) unknown 4; (6) α-carotene; (7) β-carotene; (8) unknown 5; (9) unknown 6;
(10) unknown 7; (11 and 12) lycopene. (B) Mean values of α-carotene, β-carotene, lutein, and
lycopene concentrations (ng/g of thyroid tissue) quantified in the healthy and pathological lobes
of the thyroids derived from four PTC patients (i.e., TIR22, TIR54, TIR77, and TIR94), together with
seven unidentified peaks attributable to molecules with absorbances measured at 450 and 472 nm.

Of note, the carotenoids are Raman resonant only as free molecules and not when
they are bound to other biomolecules, and HPLC measures the total amount of carotenoids
irrespective of their binding status. Therefore, the discrepancy between the Raman and the
HPLC analyses could be ascribed to the free/bound state of carotenoids in healthy versus
PTC samples.
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3.2. Evaluation of Carotenoids Metabolism in Healthy and PTC Thyroids

To further investigate the reason why the Raman spectra showed a marked increase
in the band corresponding to free carotenoids and considering that β-carotene was the
prevalent compound among the carotenoids identified by HPLC in the four analyzed
patients, we tested the possibility that the different distributions of carotenoids between
the healthy and the PTC counterparts could be due to a different metabolism of provitamin
A carotenoids and more in the detail of the RA biosynthesis and related metabolism.

The gene expression profile related to the human RA pathway was performed in
matched healthy and PTC counterparts by the RT2 Profiler PCR Array “Human Retinoid
Acid Pathway”. The Supplementary Table S2 shows the complete list of the genes signifi-
cantly modulated (fold change (FC)| >1.5|) in each analyzed patient (i.e., TIR48, TIR50,
TIR70, and TIR94). Supplementary Figures S2 and S3 show the heatmaps and the scatter
plot, respectively, of the gene expression profile in each patient. Overall, compared to
the control, 23 differentially expressed genes (DEGs) were found significantly modulated
in all four patients and further 27 DEGs were found modulated in at least three patients
(FC| >1.5|) (Figure 2A). Of these, five genes were downregulated in all the four analyzed
patients and 18 were downregulated in at least three out of the four patients (Figure 2B).
Only one gene was commonly upregulated in three out of four PTC patients (Figure 2C).

To validate the RT2 Profiler PCR Array results, RT-qPCR and immunoblot experiments
were performed on selected DEGs. CRABP2, CYP26B1, DHRS3, RARγ, RDH10, RET, and
RXRß were validated by RT-qPCR in the same patients tested by the RT2 Profiler PCR
Arrays (Figure 2D). In addition, the ALDH1A, CRABP2, DH10, and RARα protein levels
were checked by immunoblots performed using the healthy and pathological lobes of the
thyroids of three further PTC patients (i.e., TIR45, TIR46, TIR48) (Figure 2E). The results
obtained confirmed the downregulation of selected DEGs in the PTC lobes compared to
the matched healthy ones.

To perform an unsupervised discovery analysis of the pathways significantly modu-
lated because of gene expression modulation in the analyzed patients, we used the Reac-
tome software. The obtained results showed that both the overall significantly modulated
DEGs as well as the significantly downregulated DEGs were enriched in several biological
pathways, as reported in Supplementary Tables S3 and S4. In particular, “Signaling by
RA”, “RA biosynthesis pathway”, “Signaling by nuclear receptors”, “BMAL1:CLOCK,
NPAS2 activates circadian gene expression”, and two pathways related to HOX genes
expression (“Activation of anterior HOX genes in hindbrain development during early
embryogenesis” and “Activation of HOX genes during differentiation”) were significantly
downregulated and displayed low false discovery rate (FDR) values in PTCs compared to
their relative counterparts (Supplementary Table S4). Protein–protein interaction networks
involving the DEGs significantly modulated in the PTC patients were identified using
the STRING database ([23]). A PPI network with 22 interaction pairs of the DEGs was
identified (Figure 2F).

Mammalian scavenger receptors class B type 1 (SR-B1) expression is essential for the
cellular uptake of carotenoids [24,25]. The immunohistochemistry analysis of the SR-B1
receptor showed that all the examined lesions, as well as the normal parenchyma, did not
show any SR-B1 expression in thyrocytes (Supplementary Figure S4). This suggests that the
increase in carotenoids levels as detected by RS [4,5] was not due to an increased uptake
but possibly by a different carotenoid metabolism between the healthy and PTC lobes.

Overall, the obtained results indicate that despite HPLC analysis showed a comparable
content of carotenoids in heathy and matched PTC thyroid lobes, the precursors of vitamin
A in animals (i.e., α-carotene, β-carotene, and γ-cryptoxanthin) were converted to RA to a
lower extent in PTC compared to healthy matched lobes [10]. This may explain the higher
levels of free carotenoids detected by RS in PTC compared to the healthy counterparts [4,5],
also considering that we did not observe an increased expression of the carotenoids receptor
SR-B1.
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diagram of the differentially expressed genes (DEGs) that were found significantly modulated
in the four PTC patients analyzed. Twenty-three DEGs were found significantly modulated in
all four of the patients, and a further 27 DEGs were found modulated in at least three patients
(foldchange (FC)| >1.5|). (B) Venn diagram of the significantly down-regulated DEGs. Among
the overall 23 transcripts significantly downregulated, five were found downregulated in all the
three PTC analyzed patients and 18 were downregulated in at least three out of four PTC patients.
(C) Venn diagram of the only significantly up-regulated DEG. Venn diagrams were calculated
and drawn using the software available at the Bioinformatics & Evolutionary Genomics website
(http://bioinformatics.psb.ugent.be/webtools/Venn/; accessed on 13 January 2022). (D) To validate
DEGs, RT-qPCR experiments were performed using the RNA extracted from the healthy and PTC
lobes of TIR48, TIR50, TIR70, and TIR94 patients. The expression levels of CRABP2, CYP26B1, DHRS3,
RARγ, RDH10, RET, and RXRß genes have been reported as relative quantity in the PTC lobe with
respect to the healthy one for each patient analyzed, according to the 2−∆∆Ct method. Data are
reported as mean ±SD of experiments repeated at least three times (Student’s t-test, **** p < 0.0001,
*** p < 0.001, with respect to the relative healthy lobe). (E) To validate DEGs, immunoblot experiments
were performed using the protein lysates derived from the healthy and PTC lobes of TIR45, TIR46,
and TIR48 patients. The expression levels of ALDH1A, CRABP2, DH10, and RARα proteins in the
PTCs lobes have been normalized to the healthy lobe of each patient analyzed. Both representative
images of the immunoblot and their quantification are reported. Graphs illustrate the mean ± SD of
experiments repeated at least three times (Student’s two-tailed t-test, * p < 0.05; ** p < 0.01; *** p < 0.001,
with respect to the relative healthy lobe). (F) Protein–protein interactions network involving the
DEGs significantly modulated in the PTC patients were identified using the STRING database. A PPI
network with 22 interaction pairs of the DEGs was identified.

3.3. Impact of Retinoid Acid-Signature in a Cohort of Patients with Papillary Thyroid Cancer

Because the study may suffer due to the low number of available patients, to further
investigate the biological and pathological significance of our identified “Human Retinoid
Acid Pathway” signature we evaluated the expression of 84 RA-related genes derived from
the 96-well PCR array in the framework of the Cancer Genome Atlas (TGCA) project [22]
(Supplementary Table S5). An unsupervised hierarchical clustering analysis was performed
to investigate the human RA pathway gene signature (n = 84) in the TCGA-PTC dataset
(Figure 3). The obtained results revealed that within the 474 PTC available cases, the 84 gene
RA pathway signature allowed the identification of two main clusters (i.e., Cluster 1 and 2)
characterized by a heterogenous gene expression pattern (Figure 3A). Cluster 1 includes 225
PTC cases, whereas Cluster 2 includes 248 PTC cases. Besides PTC, the other two categories
of TC with a larger incidence are the follicular variant of PTC (FV-PTC) and the follicular
thyroid carcinoma (FTC). Intriguingly, FV-PTC (n = 99) failed predominantly in Cluster 1
(n = 86) compared to Cluster 2 (n = 13) (Figure 3B). Conversely, Cluster 2 was characterized
mainly by the classical (n = 190) and tall cell (n = 29) PTC subtypes (Figure 3B). The analysis
of the gene expression FC between Cluster 1 and Cluster 2 revealed that among the 84
genes belonging to the “Human Retinoid Acid Pathway”, 58 were significantly modulated
(p < 0.05). Among these, 42 genes (72.4%) were significantly downregulated in Cluster 1
compared to Cluster 2 (p < 0.05, Welch’s t-test) (Supplementary Table S6).

Overall, these analyses allow the speculation that the subset of PTCs in which the
RA-related pathways result in being significantly downregulated correlates more with
FV-PTC, which was reported to have an intermediate clinical behavior between classical
PTC (C-PTC) and FTC [26].
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3.4. Antioxidant Response in Healthy and PTC Thyroids

Carotenoids are known to be potent scavengers of reactive oxygen species (ROS), thus
providing protection against oxidative damage to photosynthetic and non-photosynthetic
organisms at all levels of complexity [9,10,27–30]. However, newly formed carotenoids
radical products can undergo further transformations, leading to a variety of secondary
carotenoid derivatives that may no longer act as efficient antioxidants but rather as poten-
tially harmful pro-oxidant agents. For instance, the carotenoid radical cation has strong
oxidizing properties, has a relatively long lifetime (milliseconds) [31,32], and thus is able to
interact with biological macromolecules [30].

To assess whether the possible fate of the carotenoids accumulated in the PTC is
associated with the oxidative stress response, we analyzed the expression of oxidative stress
markers and of enzymes involved in ROS scavenging in the thyroids of three patients (i.e.,
TIR45, TIR46, and TIR48). The immunoblot analysis of the H2AX histone phosphorylated
at Ser19 (the phosphorylated form being named γH2AX) and of oxoguanine glycosylase
1 (OGG1) showed a significant increase of both these well-known markers of genomic
oxidative stress in the tumors compared to the healthy counterparts of the three analyzed
PTC patients (γH2AX: 4.2-mean fold increase; t = 10.321, df = 2, p < 0.01; OGG1: 1.3-mean
fold increase; t = 5.564, df = 2, p < 0.05) (Figure 4A). The Supplementary Figure S5 reports
the results obtained in each analyzed patient.

Next, we analyzed in the same patients the expression of the antioxidant enzymes. The
obtained data indicate a significant reduction in the analyzed proteins in the tumor lobe
compared to the relative healthy counterparts. In particular: (i) catalase (CAT) (0.2-mean
fold decrease; t = 11.72, df = 2, p < 0.01); (ii) glutathione peroxidase-4 (Gpx-4) (0.4-mean fold
decrease; t = 11.13, df = 2, p < 0.01); (iii) heme oxygenase-1 (HO-1) (0.4 mean fold-reduction
decrease; t = 12.96, df = 2, p < 0.01); (iv) NADPH oxidase 4 (NOX-4) (0.2-mean fold decrease;
t = 7.341, df = 2, p < 0.05); (v) NAD(p)H quinone dehydrogenase-1 (NQO-1) (0.3-mean fold
decrease; t = 3.666, df = 2, not significant); (v) superoxide dismutase-1 (SOD-1) (0.3-mean
fold decrease; t = 7.294, df = 2, p < 0.05) (Figure 4B). The Supplementary Figure S6 reports
the results obtained in each patient analyzed.

Overall, these data indicate an increased oxidative stress status and a reduced antioxi-
dant defense response in PTCs compared to healthy thyroids.
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Figure 4. Oxidative stress and antioxidant response in PTCs. To evaluate the oxidative stress levels
and the antioxidant response, protein lysates obtained from patients TIR45, TIR46, and TIR48 were
analyzed by immunoblot. (A) Representative immunoblots are reported together with the relative
quantification of pSer139-H2AX (γH2AX) and OGG1 proteins expression normalized to β-actin.
Violin plots represent the mean value ±SD of the expression of each protein normalized to the
healthy counterparts, in the three analyzed patients (Student’s t-test, * p < 0.05; ** p < 0.01 with
respect to healthy lobes). (B) Representative immunoblots are reported together with the relative
quantification of CAT, GpX-4, HO-1, NOX-4, NQO-1, and SOD-1 proteins expression normalized
to β-actin. Violin plots represent the mean value ± SD of expression of each protein normalized to
the healthy counterparts, in the three analyzed patients (Student’s t-test, * p < 0.05; ** p < 0.01 with
respect to healthy lobes).

3.5. Dissecting the Metabolic Status of PTCs

With the aim of enriching the molecular characterization of PTCs and to evaluate
whether PTC metabolism may be somehow differentiated from that of other TC subtypes
considering the reported carotenoid accumulation [4,5], we inspected the DepMap datasets
(https://depmap.org/portal/; accessed on 31 January 2022). This resource enables unbi-
ased association analysis linking the cancer metabolome to genetic alterations, epigenetic
features, and gene dependencies. In detail, we extrapolated from the DepMap portal the
profile of 225 metabolites in 12 thyroid cancer cell lines (Figure 5). Three PTC (i.e., SW579,
BCPAP, and BHT101), four FTC (i.e., CGTHW1, FTC238, ML1, TT2609C02), four anaplastic
(i.e., 8305C, 8505C, CAL62; FTC133), one medullary (i.e., TT), and one thyroid sarcoma
(i.e., S117) cell lines were profiled in the database. The data revealed that some of the
metabolites involved in tryptophan metabolism were significantly higher in PTC cells com-
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pared to all the other thyroid cancer cell lines. In particular, the metabolites significantly
modulated were: (i) anthranilic acid (3.8-fold increase; p < 0.05), a precursor to the amino
acid tryptophan via the attachment of phosphoribosyl pyrophosphate to the amine group;
(ii) NAD (3.2-fold induction; p < 0.05), an intermediate in the tryptophan-nicotinamide
pathway [33]; (iii) 6-phosphogluconate (2.6-fold induction; p < 0.05), an intermediate in the
pentose phosphate pathway that serves as an intermediate (e.g., erythrose 4-phosphate)
and a cofactor in tryptophan biosynthesis [34]; and (iv) adenine (3.8-fold increase; p < 0.05),
a nitrogen-containing base (Figure 5). Interestingly, the increased levels of anthranilic
acid and NAD support a metabolism addressed toward glycolysis, as further reinforced
by the statistically significant increase in phosphoenolpiruvate (PEP) observed in PTC
cell lines compared to all the other thyroid cancer cells lines (2.4-fold increase; p < 0.05)
(Figure 5). Notably, these results appear of interest because it has been reported that a high
carotenoid content correlates with an increased biosynthesis of phenylalanine, tyrosine,
and tryptophan ([35] (Supplementary Tables S7 and S8)). Therefore, it can be speculated
that the reported accumulation of carotenoids in PTCs might possibly be linked with the
increased tryptophan metabolism, which is increasingly being recognized as an important
microenvironmental factor that suppresses antitumor immune response [36].
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Figure 5. Dissection of the metabolic status of PTCs. We extrapolated from the DepMap portal
(https://depmap.org/portal/; accessed on 31 January 2022) the profile of 225 metabolites in 12
thyroid cancer cell lines (i.e., three PTC (i.e., SW579, BCPAP, and BHT101), four FTC (i.e., CGTHW1,
FTC238, ML1, TT2609C02), four anaplastic (i.e., 8305C, 8505C, CAL62; FTC133), one medullary (i.e.,
TT), and one thyroid sarcoma (i.e., S117)). Some of the metabolites involved in tryptophan metabolism
(i.e., anthranilic acid, NAD, 6-phosphogluconate, adenine, and PEP) were found significantly higher
in PTC cells compared to all the other thyroid cancer cell lines. Each dot in the plots represents the
measured value of the indicated metabolite in one single thyroid cancer cell line (Student’s t-test,
* p < 0.05 with respect to healthy lobes). Crude and analyzed data are given in Supplementary
Tables S7 and S8.
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4. Discussion

Carcinogenesis is a multi-step process that results from an accumulation of injuries
at several biological levels, which can include genetic and biochemical changes within
cells. Our group has demonstrated that both PTC and FV-PTC are characterized by higher
carotenoid levels compared to their healthy counterparts, as clearly detectable by RS [4,5].
The significant correlation between the subtype of TC and the carotenoids presence makes
it possible to distinguish with the 90% of accuracy healthy tissues from and cancerous ones,
as well as to discriminate between the three main high-incidence thyroid cancer variants
(i.e., PTC, FTC, and FV-PTC) [4–6].

As Raman analysis does not allow us to distinguish which specific type of carotenoid
accumulates in TC, here we performed HPLC analysis to dissect the profile of the carotenoids
recorded in patients diagnosed with PTC. Surprisingly, the obtained results have shown
that the carotenoids levels were comparable between the matched healthy and PTC lobes
of all the analyzed patients. Although these findings are in contrast with the data obtained
by RS, this difference can be reconciled considering the different experimental procedures
of the two methods. Indeed, on one hand, RS is conducted on frozen tissue sections and
allows the identification of free intracellular carotenoids. Due to their hydrophobic nature,
the carotenoids released from the food matrix are dispersed into the gastrointestinal tract
with the support of dietary lipids, bile-derived phospholipids, and bile salts. Thereafter,
carotenoids are solubilized in the mixed micelles consisting of phospholipids, free fatty
acids, monoacylglycerols, and bile salts. These solubilization steps represent a critical factor
in carotenoids bioavailability and for the subsequent uptake by the intestinal cells [37].
Only once the carotenoids have been taken up by the cells does the RS analysis allow their
detection in a carrier-free form into tissue sections. On the other hand, HPLC analysis
requires a sample preparation in which the whole thyroid is lysed, and the proteins bound
to carotenoids are degraded. Consequently, both the carotenoids localized into the vessels
and those localized intracellularly can be analyzed by HPLC [38]. This implies that HPLC
analysis allowed us to analyze a larger fraction of carotenoids compared to RS, indicating
that their overall content in the extracellular and intracellular compartments does not
differ, as expected, between the healthy and cancer thyroid lobes the same patients. On the
contrary, the fraction of intracellular free carotenoids, as detected by RS, increases in PTC
and FC-PTC patients [4–6].

As one of the major carotenoid normally found in human plasma and tissues is β-
carotene [9,39], as also confirmed by the HPLC analyses of PTC patients performed here,
we tested the possibility that the difference in carotenoids levels between the healthy and
the PTC lobes could be due to a different metabolism of provitamin A [40]. The homeostasis
of RA, which is the vitamin A derivative, is controlled by a complex metabolic pathway con-
sisting of multiple reactions and enzymes. Briefly, dietary carotenoids such as β-carotene
can be either converted to retinaldehyde (RAL) by β-carotene-15,15′-monooxygenase-1
within the enterocyte or absorbed unmodified by cells. Then, RAL can be either converted
to RA by retinaldehyde dehydrogenases (RALDHs) or to retinol (ROL, also named vitamin
A) by renital reductases [13,41]. Remarkably, all the above-mentioned reactions are re-
versible. As many tissues and organs, including the thyroid [42], express enzymes involved
in the RA pathway, the β-carotene molecules delivered to these tissues can be converted
in situ to retinoids [13]. Thyroid glandular cells specifically express the enzyme xanthine
dehydrogenase (XDH) that, through a cellular retinoid-binding protein (CRBP)-dependent
mechanism, directly oxidizes ROL to RA [42,43]. Importantly, some evidence supports a
link between the thyroid gland and retinoids: both vitamin A deficiency and excess affect
thyroid gland volume by affecting thyroid hormone synthesis in vivo [42,44,45]. Taking
into consideration these complex pathways, if β-carotene is metabolized to RA its levels
should be lower than if this metabolic pathway is inactive. Interestingly, the transcriptomic
analysis performed here revealed that in all the analyzed PTC patients the overall path-
ways related to RA metabolism are significantly downregulated in PTC lobes compared to
their healthy counterparts. This result suggests that the higher levels of carotenoids, and
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specifically that of β-carotene, found by RS and HPLC analyses in PTC patients, are not
due to the increased uptake of carotenoids but rather to a different intracellular metabolic
fate. This hypothesis is also sustained by the lack of expression of the SR-B1 receptor in
PTC patients.

The beneficial and deleterious roles of the dietary carotenoids on human health may
be due to several factors, but antioxidant and pro-oxidant processes seem to be particularly
important. Under normal cellular conditions, carotenoids are powerful antioxidants [46,47]
that act as efficient physical and chemical quenchers of singlet oxygen and as potent scav-
engers of other ROS [9,10,27–30]. However, the high levels of ROS that accumulate in
cancer cells determine the possibility that carotenoids may act as prooxidants, causing
ROS-mediated apoptosis. Indeed, the carotenoids radical products formed during the
antioxidant processes can undergo further transformations, leading to a variety of sec-
ondary carotenoid derivatives that may no longer act as efficient antioxidants but rather
as harmful pro-oxidant agents [30,31,48,49]. Accordingly, the well-known protective func-
tion of β-carotene and lycopene has been challenged by clinical trials where β-carotene
supplementation in male smokers resulted in a significantly increased incidence of lung can-
cer [50]. Animal studies showed that diet influences the carcinogenic response to β-carotene
and that β-carotene, per se, is pro-carcinogenic in UV carcinogenesis [51]. Interestingly,
β-carotene has been shown to exhibit either limited antioxidant protection or to behave
as a pro-oxidant under oxidative stress conditions [52]. Based on these considerations,
we evaluated whether carotenoid accumulation in PTC patients could affect the oxidative
status and the antioxidant response. Oxidative DNA damage caused by intracellular ROS
is important in the pathology of a range of human diseases, including cancer [53–55]. The
evaluation of the DNA damage levels performed here revealed the presence of significantly
higher levels of DNA double-strand breaks (marked by γH2AX) in PTCs compared to the
healthy counterparts. A frequently occurring mutagenic base lesion produced by ROS is
8-oxo-2′-deoxyguanosine (8-oxo-dG), which is repaired by OGG1. We found that OGG1
levels were also markedly increased in the PTC lobes of all the patients analyzed compared
to the relative healthy lobes. These results agree with the observation that oxidant levels
are significantly increased in patients with TC compared to the controls [56]. This high
oxidative stress status agrees with data reporting increased levels of malondialdehyde
(MDA) in PTCs, one of the final products of polyunsaturated fatty acid peroxidation in
cells [57]. To evaluate the antioxidant response in PTC patients, the expression of six
antioxidant molecules (i.e., CAT, GPx-4, HO-1, NOX-4, NQO-1, and SOD-1) was analyzed.
The results obtained showed that all these antioxidant proteins and enzymes were down-
regulated in the PTC lobes compared to the healthy counterparts. Overall, these results
agree with the oxidative stress status [58–60] and the decreased expression of glutathione
peroxidase [60] and catalase [58,59] observed in TC, possibly contributing to the increase in
the imbalance of the oxidant/antioxidant system in PTCs [61]. Interestingly, the unsuper-
vised hierarchical clustering analysis of the gene expression profiles of the 474 PTC cases
published in the framework of the TGCA project [22] indicate that the RA-related pathways
resulted in being significantly downregulated in PTCs and in being associated with a worse
prognosis. As we reported an increased oxidative stress status and a reduced antioxidant
defense response in PTCs compared to matched healthy thyroids, it is possible to speculate
that the downregulation of RA-related pathways causes carotenoid accumulation and, in
turn, prooxidant effects in an oxidant microenvironment such as that present in cancer
cells [30,31,48,49]. This may explain the worse prognosis of PTC patients in which the
RA-related pathways result in being significantly downregulated.

To further dissect the metabolic status of PTCs that possibly correlates with the in-
creased levels of carotenoids, we inspected the DepMap datasets to profile 225 metabolites
in 12 thyroid cancer cell lines). With this aim, three PTC (i.e., SW579, BCPAP, and BHT101),
four FTC (i.e., CGTHW1, FTC238, ML1, TT2609C02), four anaplastic (i.e., 8305C, 8505C,
CAL62; FTC133), one medullary (i.e., TT), and one thyroid sarcoma (i.e., S117) cell lines
were analyzed. Tryptophan catabolism in cancer is increasingly being recognized as an
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important microenvironmental factor that suppresses antitumor immune responses. In-
deed, tryptophan catabolism creates an immunosuppressive milieu by inducing T-cell
anergy and apoptosis through the accumulation of immunosuppressive tryptophan catabo-
lites [62]. In PTCs, the increased levels of tumor-associated macrophages (TAM) correlate
with lymph node metastasis [63], larger tumor size [64], and reduced survival [65]. Interest-
ingly, the data reported here revealed that some of the metabolites involved in tryptophan
metabolism (i.e., anthranilic acid, NAD, 6-phosphogluconate, and adenine) were signifi-
cantly higher in PTC cells compared to all the other thyroid cancer cell lines analyzed. Of
note, the high levels of anthranilic acid, NAD, and PEP in PTC cell lines compared to all
the other thyroid cancer cell lines support the typical tumoral glycolytic metabolism. In
addition, the high carotenoid content in PTCs correlates with the reported phenylalanine,
tyrosine, and tryptophan biosynthesis [35].

5. Conclusions

Overall, the results obtained here suggest that in addition to the fact that carotenoids
accumulation represents a hallmark of PTCs, the downregulation of RA-related pathways
also appears implicated with PTC progression and severity, possibly representing a further
diagnostic hallmark for this specific type of TC. Among the limitations of this study, the
relatively low number of patients enrolled should be mentioned. Therefore, this was
intended as a pilot study providing novel possible markers and possible therapeutic targets
for PTC diagnosis and therapy. For the future, a larger study including a higher number of
PTC patients will be necessary to further validate the molecular data reported here.
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cell lines.
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Abstract: Hydroxyurea (HU) is a low-cost, low-toxicity drug that is often used in diseases, such as
sickle cell anemia and different types of cancer. Its effects on the red blood cells (RBC) are still not
fully understood. The in vitro effects of HU were evaluated on the biochemical parameters of the
RBC from healthy individuals that were treated with 0.6 mM or 0.8 mM HU for 30 min and 1 h.
After 30 min, there was a significant increase in almost all of the parameters analyzed in the two
concentrations of HU, except for the pyruvate kinase (PK) activity. A treatment with 0.8 mM HU for
1 h resulted in a reduction of the levels of lipid peroxidation, Fe3+, and in the activities of some of
the enzymes, such as glutathione reductase (GR), glucose-6-phosphate dehydrogenase (G6PD), and
PK. After the incubation for 1 h, the levels of H2O2, lipid peroxidation, reduced glutathione (GSH),
enzymatic activity (hexokinase, G6PD, and superoxide dismutase (SOD) were reduced with the
treatment of 0.8 mM HU when compared with 0.6 mM. The results have suggested that a treatment
with HU at a concentration of 0.8 mM seemed to be more efficient in protecting against the free
radicals, as well as in treating diseases, such as sickle cell anemia. HU appears to preferentially
stimulate the pentose pathway over the glycolytic pathway. Although this study was carried out
with the RBC from healthy individuals, the changes described in this study may help to elucidate the
mechanisms of action of HU when administered for therapeutic purposes.

Keywords: hydroxyurea; red blood cells; energy metabolism; antioxidant system; reactive
oxygen species

1. Introduction

Hydroxyurea (HU) is the main drug of choice for the treatment of sickle cell anemia
(SCA) and it provides therapeutic benefits through its multiple mechanisms of action. It is
easily synthesized by urea hydroxylation and acts by inhibiting an enzyme that is involved
in the synthesis of ribonucleic acid. In addition to HU being used to treat hematological
diseases, such as chronic myeloid leukemia, and its ability to generate nitric oxide, a potent
vasodilator, also helps to relieve the patients’ pain [1–3]. HU acts on the bone marrow
and due to its cytotoxic effects, it decreases the production of blood cells. Furthermore,
it stimulates the increase in the synthesis of HbF, which contributes to the reduction of
painful crises and vaso-occlusive processes [2].

The drug is administered in different doses, which differ according to the patient and
the disease to be treated. In SCA, the doses range from 15–35 mg/kg/day, and in resistant
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chronic myeloid leukemia (CML) from 1000–2000 mg/day. This drug is inexpensive. It
is administered as a single agent and orally. Based on currently available data, the HU
treatment fulfills the criteria established for SCA and it should be offered much more
frequently [1,2,4]. The absorption of HU is fast and it occurs in the intestine, with wide
body distribution [2,5,6] and maximum plasma doses, ranging between 0.2 mM and 0.8 mM,
depending on the dose to which the patient is submitted [7].

Despite being widely used for many years, the effects of HU on human RBC have not
been fully clarified. Some studies have linked the use of HU to the oxidation of hemoglobin,
with increased lipid peroxidation in the membrane of these cells [8,9].

The main physiological role of the RBC is the transport of gases (O2, CO2) from the
lungs to the tissues and vice versa, in addition to maintaining the systemic acid/base
balance. They have important antioxidant systems, which contribute substantially to their
functions and integrity. The damage of RBC integrity, as well as to their membranes, has
been shown to contribute significantly to serious pathologies [10–12].

Owing to the importance of the RBC, particularly due to their great carrier potential
for drug delivery, it is necessary to broaden the understanding of the HU actions in these
cells under non-pathological conditions. This knowledge may be applied to diseases in
which HU is included in pharmacotherapeutic protocols. In this context, the authors have
aimed to describe the effects of HU in the RBC by evaluating some aspects that are related
to the membrane profile, the energy metabolism, and the antioxidant system.

2. Materials and Methods
2.1. Ethics Statement

The present research project was approved by the Ethics Committee on Human
Research of the Federal University of São João del Rei, Brazil (n◦ 2.977.566). All of the
enrolled subjects signed an informative consent form.

2.2. Study Samples

This study included six volunteer and healthy adults aged between 24 and 35 years
old, of both genders, who were selected from the community of the Federal University
of São João del-Rei, Brazil. As the aim has been to evaluate the effect of hydroxyurea on
healthy erythrocytes and not characterize its biological effect, the number of samples was
small, but this is common practice in similar experiments [13–15]. All of the participants
were healthy. This was confirmed by self-reported normal blood tests and an absence of
hemoglobin S, in addition to no clinical symptoms. The exclusion criteria were a personal,
or a family history of vascular disease, coagulopathies, anemia, the use of daily medications,
or current or recent pregnancy. Thirty mL venous blood samples were collected after 8–12 h
of fasting when using EDTA as an anticoagulant and were transported between 2 and 8 ◦C.
These were equally distributed into three groups, including (1) control (with no HU),
(2) addition of 0.6 M HU, and (3) addition of 0.8 M HU. All of the samples were analyzed
at 30 and 60 min after adding HU. The concentrations chosen above were based on the
therapeutic regimen of HU, which was adopted for patients with vaso-occlusive crises,
that is, 15–35 mg/kg and a plasma peak of between 0.2–0.8 mM [7]. During the incubation
period, the samples were kept at 4 ◦C and after this, the red blood cells concentrate was
separated by centrifugation at 700× g and at 4 ◦C for 10 min when using a CT18000R
(Cientec®) centrifuge (Belo Horizonte, MG, Brazil). The supernatant of each sample was
removed, aliquoted, and stored in a freezer at −20 ◦C until required.

2.3. Preparation of Hemolysate

All of the RBC concentrates were subjected to three successive washes, then doubling
the initial sample volume with 0.9% NaCl solution, and centrifuging for 10 min at 700× g.
After the last wash, each pellet of RBC was lysed, in the proportion of 1:20 when using
a hemolysis solution containing 0.27 M EDTA and 0.007 mM β mercaptoethanol. This
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was then frozen in acetone in a freezer at −20 ◦C. The hemolysate was thawed at room
temperature and kept on ice for further enzymatic analyses.

2.4. Determination of the Hemoglobin (Hb) Concentration

The determination of the Hb concentration in the hemolysates and plasma was
performed by the Cyanomethemoglobin Method, which was adapted from Dacie and
Lewis [16], accessed on 6 March 2019 when using Drabkin’s solution (0.9 mM potas-
sium ferricyanide and 1.5 mM potassium cyanide), as well as a hemoglobin standard of
known concentration (10 g/dL). The reading was performed by scanning on a GENESYS™
10 UV/Vis spectrophotometer (Thermo Scientific®, Waltham, MA, USA), at 540 nm for
5 min. The Hb concentrations of the samples were calculated by using the calibration factor
that was obtained by the absorbance of the Hb standard.

2.5. Oxidative Stress Indicators
2.5.1. Lipid Peroxidation

To investigate lipid peroxidation, the plasma levels of the thiobarbituric acid reactive
substances (TBARS) were determined. For this, 100 µL of plasma was added to a tube
containing 1 mL of a solution that was made with 15% trichloroacetic acid, 0.38% thiobarbi-
turic acid, and 0.25 N hydrochloric acid. The mixture was incubated at 100 ◦C for 30 min
and then centrifuged at 3000 rpm for 10 min. The optical density (OD) was measured at
535 nm when using a GENESYS™ S10 UV/Vis spectrophotometer (Thermo Scientific®,
Waltham, MA, USA). The malondialdehyde (MDA) content was determined by using a
standard curve that was constructed in a concentration range of 1 to 100 nM [17,18].

2.5.2. Determination of Fe3+ in the Residual Plasma Samples

The Fe3+ quantification was performed as described by Adams [19], with slight
modifications. In a test tube, 150 µL of plasma was mixed with 1.5 mL of 1 M KSCN, and the
volume was adjusted to 3.0 mL with 0.9% NaCl. The samples were then homogenized using
Vortex Multifuncional K40-1020 (KASVI®, São José dos Pinhais, PR, Brazil), and the optical
density was read at 480 nm (OD480) by using GENESYS™ 10 UV/Vis spectrophotometer
(Thermo Scientific®, Waltham, MA, USA). A standard curve was constructed when using a
1 M FeCl3 solution as a standard. The OD was stable for 15 min.

2.5.3. Quantification of Hydrogen Peroxide (H2O2)

The quantification of the H2O2 production was performed by adding 20 µL of
hemolysate to a reaction medium containing 250 µM of ammoniacal ferrous sulfate, 25 mM
of H2SO4, and 100 µM of xylenol orange in a 1 mL Eppendorf® tube. After vortexing for 10 s,
the tube was at rest and protected from the light for 45 min, and then the product formed
was read on a GENESYS™ 10 UV/Vis scanning spectrophotometer (Thermo Scientific®,
Waltham, MA, USA) at a wavelength of 580 nm [20]. The production of H2O2 was calcu-
lated from a standard curve by using hydrogen peroxide pure (H2O2) in concentrations
from 0 to 100 nM.

2.5.4. Determination of the Superoxide Dismutase (SOD) Activity

The SOD activity was determined through a method that was adopted in the au-
thors’ laboratory when using epinephrine in an alkaline medium since it is converted into
adrenochrome, producing O.−2, which is a SOD substrate. The SOD activity was defined
by assessing its ability to inhibit epinephrine oxidation. The 100% oxidation was defined
in a tube containing a medium, with glycine (50 mM, pH 10) and 25 µL of epinephrine
(60 mM pH = 2). The other tubes contained the same medium but with different volumes
of hemolysate (2–6 µL). The oxidation reaction was measured and the OD of each condition
was read at 480 nm on a GENESYS™ 10 UV/Vis scanning spectrophotometer (Thermo
Scientific®, Waltham, MA, USA). The enzyme activity was expressed in units required to
inhibit 50% of the rate of the adrenochrome formation [21].
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2.5.5. Determination of the Catalase Activity

The catalase activity was determined in RBC hemolysates and was based on the
method of Aebi [22], with some modifications. Immediately before determining the activity
of this enzyme, the hemolysate was again centrifuged and the supernatant was used for
this purpose. Twenty (20) µL of this hemolysate supernatant was added to a cuvette
containing 2 mL of 50 mM phosphate buffer (pH 7.0). The reactions were initiated by
the addition of 3.4 µL of freshly prepared 30% H2O2. The decomposition of H2O2 was
followed spectrophotometrically at 240 nm, using a GENESYS™ 10 UV/Vis scanning
spectrophotometer (Thermo Scientific®, Waltham, MA, USA). The activity was estimated
from the slope and expressed as micromoles of H2O2 decomposed per minute.

2.5.6. Determination of the Enzymatic Activity of Glutathione Peroxidase (GPx)

The GPx activity was determined by following the oxidation of NADPH when using
hydrogen peroxide at a wavelength of 340 nm. The Flohe and collaborators [23] and the
Nakamura and Hosada [24] methods were adapted by using a reaction medium, with a
50 mM phosphate buffer, 4 mM EDTA, 1 mM GSH, 1.25 mM NaN3, 0.16 mM NADPH, and
5 µL of hemolysate. The total volume was adjusted to 1 mL with water. The reaction was
initiated by the addition of 4 mM H2O2. Modifications in the OD at 340 nm were observed
within 2 min. The enzyme activity was measured at nmol NADPH·min−1·L/gHb [23,24].

2.5.7. Determination of the Content of Reduced Glutathione (GSH)

The GSH concentration was evaluated by adding 5 µL of hemolysate to a reaction
medium containing 0.1 M phosphate buffer (pH 8.0) and DNTB/EDTA 10 mM. After
15 min at room temperature, the solution was read by a GENESYS™ 10 UV/Vis scanning
spectrophotometer (Thermo Scientific®, Waltham, MA, USA) at a wavelength of 412 nm.
The GSH concentration was measured by performing a standard curve (correction factor)
at nmolGSH·L/gHb [25,26].

2.5.8. Determination of the Glutathione Reductase (GR) Activity

The GR activity was determined by following the method as described by Racker
and collaborators [27], with adaptations. The reaction medium that was used contained a
phosphate buffer at pH 7.6, 50 mM EDTA, 0.4 mM, 0.1 mM NADPH, 50 µL of hemolysate,
and 1 mM glutathione disulfide (GSSG). The volume was completed with distilled water
to 1 mL, and the absorbance of the mixture was read by a GENESYS™ 10 UV/Vis scanning
spectrophotometer (Thermo Scientific®, Waltham, MA, USA) at a wavelength of 340 nm
for 2 min. The enzyme activity was measured at ρmol NADPH·min−1·L/gHb [27].

2.6. Energy Metabolism of the RBC
2.6.1. Determination of the Glucose-6-Phosphate Dehydrogenase (G6PD) Activity

The G6PD activity was measured by incubating 20 µL of hemolysate at 37 ◦C for 10 min
in a reaction medium containing a buffer (0.1 M Tris-HCl and 0.5 mM EDTA, at pH 8.0),
0.01 M MgCl2, 0.2 mM NADP, and 0.6 mM glucose-6-phosphate. The absorbance was
measured in a GENESYS™ 10 UV/Vis spectrophotometer (Thermo Scientific®, Waltham,
MA, USA) at 340 nm, and its variation per minute was evaluated, with and without the
substrate (glucose-6-phosphate). The enzyme activity was quantified by reducing NADP+

to NADPH. The enzymatic activity was calculated at Ul·gHb−1·min−1, where U was equal
to 1 µmol NADP+·min−1·mL−1 [28].

2.6.2. Determination of the Hexokinase Activity (HEX)

The HEX activity was determined by using 50 µL of hemolysate in a reaction medium
containing a buffer (0.1 M Tris-HCl and 0.5 mM EDTA, at pH = 8.0), 0.01 M MgCl2, 0.2 mM
NADP, 2 mM glucose, 2 mM of ATP, and 0.1 of a unit of glucose-6-phosphate dehydrogenase
enzyme. The absorbance was measured in a GENESYS™ 10 UV/Vis spectrophotometer
(Thermo Scientific®, Waltham, MA, USA) at 340 nm, and its variation per minute was
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evaluated, with and without ATP. The enzyme activity was quantified by the reduction of
NADP+ to NADPH. The enzymatic activity was calculated at Ul·gHb−1·min−1, where U
was equal to 1 µmol of NADP+·min−1·mL−1 [28].

2.6.3. Determination of the Pyruvate Kinase (PK) Activity

The PK activity was determined by incubating 20 µL of hemolysate at 37 ◦C for 10 min
in a reaction medium containing a buffer (0.1 M Tris-HCl and 0.5 mM EDTA, at pH = 8.0),
0.01 M MgCl2, 0.1 M KCl, 0.2 mM NADH, 1.5 mM ADP, 6 units of lactate dehydrogenase
enzyme, and 5 mM phosphoenolpyruvate (PEP). The absorbance was measured in a
GENESYS™ 10 UV/Vis spectrophotometer (Thermo Scientific®, Waltham, MA, USA) at
340 nm, and its variation per minute was evaluated, with and without PEP. The enzyme
activity was quantified by the oxidation of NADPH to NADP+. The enzymatic activity was
calculated at Ul·gHb−1.min−1, where U was equal to 1 µmol of NADP+·min−1·mL−1 [28].

2.7. Statistical Analysis

The results were analyzed when using GraphPad Prism 5 software. For the analysis
of data normality, the Shapiro-Wilk test (for any sample size) was used. For the data with a
normal distribution, the Analysis of Variance (ANOVA) was used, followed by Tukey’s
multiple comparison test. Values of p < 0.05 were considered significant.

3. Results
3.1. Determination of the Oxidative Stress Indicators

Biological markers, such as Fe3+, MDA, and H2O2 are frequently used to predict
oxidative stress in the RBC. During a 30-min treatment, it was possible to observe a profile
increase of these indicators in the treated groups when compared to the control group,
as described below. Figure 1 illustrates that the exposure of the RBC to concentrations of
0.6 and 0.8 mM of HU resulted in an increase in plasma Fe3+ of about 39.9% and 28.6%,
respectively, compared to the control group (Figure 1A) (p < 0.05). Figure 1B depicts
the evaluation of lipid peroxidation when using the TBARS method. The MDA content
increased by 52% in the HU-treated group at a concentration of 0.8 mM (p < 0.05). H2O2
was also measured because of its ability to react and damage the RBC membrane. When
evaluating the total H2O2 content in the hemolysate, a significant increase of 25% and 28%
were found in the concentrations of 0.6 mM and 0.8 mM, respectively (Figure 1C).

The authors also examined whether the alterations in the oxidative stress indicators
were time-dependent. After an hour of incubation with 0.8 mM HU, it was observed that the
Fe3+ content was 20% lower (p < 0.05) when compared with the control groups (Figure 2A).
A significant decrease of 47% (p < 0.05) in the MDA content in the plasma that was
treated with 0.8 mM HU was also found when compared with the control groups. When
comparing the groups that were treated with HU ( 60 min), a significant decrease (41%)
(p < 0.05) in the MDA was observed with the concentration of 0.8 mM HU, in relation to
0.6 mM (Figure 2B).

The hydrogen peroxide content in the hemolysate, as shown in Figure 2C, increased
significantly in the treated group at both HU concentrations when compared to con-
trol. The increase was 15%, (p < 0.001) and 7% at concentrations of 0.6 mM and 0.8 mM
(p < 0.05), respectively. A significant decrease of 7% (p < 0.05) in the H2O2 was also observed
in the sample of hemolysate that was treated with 0.8 mM when compared to that treated
with 0.6 mM (Figure 2C).
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Figure 1. Oxidative stress indicators in the erythrocytes of the control samples that were treated with 0.6 and 0.8 mM HU
(n = 3) for 30 min. (A) Fe3+ was measured in plasma; (B) Lipid peroxidation (MDA) was measured in plasma; (C) Hydrogen
peroxide (H2O2) was measured in hemolysate. In all of the cases, * represents a comparison between the controls and the
treated groups (* p < 0.05 and *** p < 0.001).

3.2. Antioxidant Defense of the RBC

As reported previously, oxidation is a possible mechanism of damage to the RBC,
together with the enzymes of the antioxidant system, such as CAT, SOD, GPx, and GR,
which act as protectors of these cells against attack by the reactive species. The possible
oxidative effects of HU on the RBC were also measured by the antioxidant enzyme activities
in the treated and control samples.

When evaluating the activity of the SOD enzyme, a significant increase of about 12%
was observed after 30 min of incubation with HU, at both concentrations of HU when
compared to the control group (p < 0.001) (Figure 3A). After 1 h of incubation, it was also
possible to observe a significant increase (p < 0.001) of 13% and 8%, in the concentrations of
0.6 mM and 0.8 mM of HU, respectively, when compared to the control groups (Figure 4A).
When comparing the two treated groups (30 and 60 min), a significant 5% increase occurred
in the 0.6 mM HU (Figure 4A).
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Figure 2. Oxidative stress indicators in the erythrocytes of the control samples that were treated
with 0.6 and 0.8 mM HU (n = 3) for 1 h. (A) Fe3+ was measured in plasma; (B) Lipid peroxidation
(MDA) was measured in plasma; (C) Hydrogen peroxide (H2O2) was measured in hemolysate. In all
of the cases, * represents a comparison between the controls and the treated groups (* p < 0.05 and
*** p < 0.001), while ∆ represents a comparison between the groups treated with 0.6 and 0.8 mM HU
(p < 0.05).

The catalase activity did not differ significantly among all of the examined groups
(Figures 3B and 4B). The activity of the enzyme glutathione peroxidase showed a significant
increase at both of the treatment times. The groups that were treated with HU showed
an increase of 82% (p < 0.05) (30 min) and 15.5% (p < 0.05) (1 h) when compared with the
control groups (Figures 3C and 4C).

The activity of glutathione reductase in the group that was treated with 0.6 mM HU
(after 30 min) showed a significant increase (p < 0.05), which was 2 times greater when
compared to the control groups (Figure 3D). The 1-h treatment presented a different profile,
that is, the samples that were treated with 0.6 and 0.8 mM of HU obtained a significantly
lower GR activity (p < 0.05) of about 26% and 17%, respectively, compared to the control
groups (Figure 4D). The GSH content increased significantly (p < 0.05) in the two HU
concentrations over 30 min at 62% and 52% in the samples that were treated with 0.6 and
0.8 mM, respectively (Figure 3E). After the 1-h treatment, it was possible to observe a
significant increase (p < 0.05) of 6% but only at a concentration of 0.6 mM, while a decrease
of 6% (p < 0.05) was observed in the treated group with 0.8 mM HU when compared to
the control groups (Figure 4E). At a concentration of 0.6 mM HU, there was a significant
increase of 12% (p < 0.05) in the GSH content when compared to the sample that was
treated with 0.8 mM HU (Figure 4E).
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Figure 3. Enzymatic activity of the erythrocyte antioxidant system in the control samples that were treated with
0.6 and 0.8 mM HU (n = 3) for 30 min. Hemolysate was used to measure (A) Superoxide dismutase (SOD); (B) Cata-
lase (CAT); (C) Glutathione peroxidase (GPx); (D) Glutathione reductase (GR); (E) Reduced glutathione. In all of the cases,
* it represents a comparison between the control groups and the treated groups (* p < 0.05 and *** p < 0.001).
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Figure 4. Enzymatic activity of the erythrocyte antioxidant system in the control samples that were treated with 0.6
and 0.8 mM HU (n = 3) for 1 h. Hemolysate was used to measure (A) Superoxide dismutase (SOD); (B) Catalase (CAT);
(C) Glutathione peroxidase (GPx); (D) Glutathione reductase (GR); (E) Reduced glutathione. In all of the cases, * represents
a comparison between the controls and the treated groups (* p < 0.05 and *** p < 0.001), while ∆ represents a comparison
between the groups that were treated with 0.6 and 0.8 mM HU (p < 0.05).

3.3. The Energy Metabolism of the RBC

The pathway (Glucose → Glucose 6-phosphate → 2 ATP + 2 lactate generation)
uncouples the ATP generation from the oxygen consumption and it is the only source of
metabolic energy for the mature human RBC. The primary outcome revealed that with
30 min of treatment with HU, the G6PD had a significant increase of 37.5% and 54.6% in its
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activity at concentrations of 0.6 mM and 0.8 mM, respectively (p < 0.05), compared to the
control groups (Figure 5A).

Figure 5. Enzymatic activity of the erythrocyte energy metabolism in the control samples that were treated with
0.6 and 0.8 mM HU (n = 3) for 30 min. Hemolysate was used to measure (A) Glycose-6-phosphate-dehydrogenase (G6PD);
(B) Hexokinase (Hex); (C) Pyruvate kinase (PK). In all of the cases, * represents a comparison between the control groups
and the groups that were treated with HU (* p < 0.05).

For the 1-h treatment, a significant increase in the G6PD activity of 30% (p < 0.001) was
observed at a concentration of 0.6 mM HU, whereas at 0.8 mM of HU, the G6PD activity
was lower by 23% (p < 0.001), compared to the control groups. When analyzing both of the
HU concentrations, the G6PD activity was 42% lower when comparing 0.8 mM to 0.6 mM
of HU (Figure 6A).

The hexokinase activity in the 30-min treatment had a significant increase of around
73% at both of the HU concentrations when compared to the control groups (Figure 5B).
During the 1-h treatment, it was not possible to observe significant differences between
the control groups and the treated groups. There was a significant decrease of about
77% (p < 0.05) in the hexokinase values of the sample that was treated with 0.8 mM, com-
pared to that treated with 0.6 mM HU (Figure 6B).

Regarding the activity of pyruvate kinase (PK), it was possible to observe a significant
reduction in the PK activity of about 23% (p < 0.05) after 30 min of incubation with 0.6 mM
HU when compared to the control groups (Figure 5C). Within 1 h, a significant decrease
of about 59% (p < 0.05) in the PK activity was also observed at a concentration of 0.8 mM,
compared with the control groups (Figure 6C). To facilitate a data comparison, the results
are summarized in Tables 1 and 2.
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Figure 6. Enzymatic activity of the erythrocyte energy metabolism in the control samples that were
treated with 0.6 and 0.8 mM HU (n = 3) for 1 h. Hemolysate was used to measure (A) Glucose-6-
phosphate-dehydrogenase (G6PD); (B) Hexokinase (Hex); (C) Pyruvate kinase (PK). In all of the
cases, * represents a comparison between the control groups and the groups that were treated with
HU (* p < 0.05 and *** p < 0.001), while ∆ represents a comparison between the groups that were
treated with 0.6 and 0.8 mM HU (p < 0.05).

Table 1. Comparison of the effects of HU at different concentrations and treatment times on the erythrocytes of healthy
individuals when in relation to the control groups.

Time of Treatment 30 min 1 h

HU Concentration 0.6 mM 0.8 mM 0.6 mM 0.8 mM

Variables
Fe3+ ↑ ↑ - ↓

TBARS - ↑ - ↓
H2O2 ↑ ↑ ↑ ↑
SOD ↑ ↑ ↑ ↑
CAT - - - -
GPx ↑ ↑ ↑ ↑
GR ↑ ↑ ↓ ↓

GSH ↑ ↑ ↑ ↓
G6PD ↑ ↑ ↑ ↓
HEX ↑ ↑ - -
PK ↓ - - ↓

TBARS = Thiobarbituric acid reactive substances, SOD = Superoxide dismutase; CAT = Catalase; GPx = Glutathione peroxidase;
GR = Glutathione reductase; GSH = Reduced Glutathione; G6PD = Glucose-6-phosphate dehydrogenase; HEX = Hexokinase;
PK = Pyruvate kinase; ↑ = a significant increase; ↓ = a significant decrease; - = no difference.
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Table 2. Comparison of the data for the different markers when treating the erythrocytes with 0.8 mM
versus 0.6 mM HU for 1 h.

Concentration 0.8 mM

Fe3+ -
TBARS ↓
H2O2 ↓
SOD ↓
CAT -
GPx -
GR -

GSH ↓
G6PD ↓
HEX ↓
PK -

TBARS = Thiobarbituric acid reactive substances, SOD = Superoxide dismutase; CAT = Catalase; GPx = Glu-
tathione peroxidase; GR = Glutathione reductase; GSH = Reduced Glutathione; G6PD = Glucose-6-phosphate
dehydrogenase; HEX = Hexokinase; PK = Pyruvate kinase; ↑ = a significant increase; ↓ = a significant decrease;
- = no difference.

4. Discussion

Hydroxyurea is a drug that is used in the treatment of various diseases, such as cancer
and sickle cell anemia, in addition to having a high potential to treat other diseases [29]. In
the present in vitro study carried out with the RBC from healthy individuals, changes in
these cells were observed after incubations of 0.6 mM and 0.8 mM HU for 30 and 60 min.

The results showed that after 30 min of treatment with HU, at both of the concentra-
tions, there was an increase in the Fe3+, MDA, and H2O2 levels (Figure 1A–C, respectively).
According to Iyamu and collaborators [9], after treating the blood in vitro with different con-
centrations of HU, there was an increase in the oxidation of hemoglobin A and hemoglobin
S, the latter of which is present in the patients with sickle cell anemia. The oxidation of
hemoglobin leads to the formation of methemoglobin; consequently to the release of Fe3+,
contributing to its increase in the plasma [30]. Fe3+ can increase the generation of reactive
oxygen species, as well as reacting with the cell membranes, resulting in an increase in
lipid peroxidation in both of the cases [31].

MDA is a by-product of the lipid peroxidation of unsaturated phospholipid chains [32],
and this increased significantly after 30 min of treatment with 0.8 mM HU, (Figure 1B). In a
previous study that was carried out on Wistar rats, which were treated with different doses
of HU, the authors reported an increase in the MDA levels that were caused by the drug,
proportional to its concentration [29].

Concerning the H2O2 content, a significant increase in the treated groups was ob-
served, as seen in Figures 1C and 2C. Consequently, this can cause the production of other
free radicals, such as the hydroxyl radical (OH.). OH., when reacting with Fe3+, is one of
the most potent oxidants known, and it can accentuate the oxidative stress event [30,33].
Huang and collaborators [34], when performing a treatment in yeasts with different con-
centrations of HU, observed that there was an increase in the levels of the reactive oxygen
species (ROS), especially H2O2. One hypothesis to explain the increase in the concentration
of H2O2 consists of an increase in the activity of the superoxide dismutase enzyme (SOD),
as was observed in the present study (Figures 3A and 4). This enzyme, which is present in
the erythrocyte antioxidant system, was responsible for generating H2O2 by dismuting the
superoxide anion to H2O2.

It has already been described that HU also exhibits a greater oxidative potential of
hemoglobin when compared to hydrogen peroxide, whilst under the same conditions of
drug concentration and time of exposure, as in this current study [9]. This fact reinforces
the hypothesis that HU not only induces an increase in H2O2 but it is also capable of
inducing the formation of other radicals, contributing to a higher oxidation rate.
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After 1 h of treatment with 0.8 mM HU, the levels of some oxidative stress mark-
ers, such as Fe3+ and MDA, decreased significantly when compared to the controls
(Figure 2A,B, respectively).

Within this context, it is important to mention another study that also treated the
RBC from healthy individuals with potential oxidizing agents, and later with HU. The
authors observed that this would have an antioxidant potential since there was a decrease
in lipid peroxidation and methemoglobin formation. The finding that HU could react
preferably with the radicals formed by such oxidizing agents, would result in protection
for the erythrocyte membrane [7]. This data is interesting because it would explain, at least
in part, the beneficial effects resulting from the use of HU in patients with diseases, such as
sickle cell anemia, and this drug could contribute to the reduction of free radicals. In 2012,
a study by Torres et al. [35] reported a decrease in lipid peroxidation in the patients with
sickle cell anemia who used HU when compared to the non-users. Another study that was
developed by Brose et al. [36] reported that the treatment of rat neurons with neurotoxic
agents, such as H2O2, and subsequently treated with HU, resulted in a reduction of the
neurotoxic stress caused by these agents, as well as inducing an increase in the ATP content
in these cells.

When relating the studies above to the current work, we realized that both of the
concentrations of HU that were used for the treatment of the erythrocytes had, at first, an
oxidizing effect. Over time, the erythrocyte protection mechanisms seem to be activated,
thus reducing the damage to these cells. In diseases where there is natural oxidative stress,
such as sickle cell anemia, the patients can be treated with HU, as the use of this drug can
benefit those individuals affected by the disease because of its ability to reduce such stress.
A study that was carried out with patients with sickle cell anemia, treated or not with HU,
observed that the patients that were treated with the drug had a lower number of ROS
and greater erythrocyte deformability when compared to the untreated patients [37]. The
greater deformability of the RBC can be a favorable effect since such cells would present
greater malleability and pass through the capillaries more easily. Despite the significant
increase in hydrogen peroxide, the catalase levels did not show significant changes in any
of the conditions that were evaluated in this study (Figures 3B and 4B).

The enzymes that are responsible for removing endogenous H2O2 are peroxiredoxin
II, an enzyme that is activated by concentrations of up to 0.41 mM of H2O2, and glutathione
peroxidase, which can reduce H2O2, as well as the hydroperoxides and peroxynitrites [38].
In this study, the activity of the enzyme GPx was increased at both times of the treatment
with HU, which may be related to the increase in H2O2 that was identified. Corroborating
with the findings of this study, Choo et al. [39] demonstrated that a treatment with HU that
was induced in the patients with sickle cell anemia, not only increased the GPx activity but
also increased its expression.

The authors also observed that the GR activity increased at both of the treatment
concentrations after 30 min (Figure 3D). This finding can be explained by an increase in the
GPx activity in all of the samples treated with HU, which generated a greater amount of
the substrate (GSSG), culminating in an increase in the activity of glutathione reductase, an
enzyme that is responsible for maintaining the GSH levels in the RBC [40]. An increase in
the GSH content resulting from the treatment of the two HU concentrations was observed
in the current study after 30 min of incubation with the drug (Figure 3E). This finding is
in line with the data reported by Teixeira and colleagues [41], who previously described
an increase in the GSH that was induced by the treatment with HU in those patients with
sickle cell anemia.

The activity of the G6PD and HEX enzymes was increased in both of the HU concentra-
tions after 30 min of incubation. This data has suggested that the energy metabolism of the
RBC was also stimulated by the presence of HU during the treatment times (Figure 5A,B).
The PK activity was reduced at a concentration of 0.6 mM (Figure 5C), indicating that the
pentose phosphate pathway was preferably more active under these conditions.
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The fact that the pentose pathway was preferably active, instead of the glycolytic
pathway, could explain the increase in Fe3+ that was found by the authors (Figure 1A) after
the treatment with HU for 30 min. The NADH that was produced in this pathway was not
available for use by the enzyme, cytochrome-b5 reductase, which is responsible for most of
the interconnection of Fe3+ to Fe2+ (methemoglobin to hemoglobin) in the RBC.

The increased activity of HEX produced glucose-6-phosphate, a substrate for the
G6PD enzyme, which plays an important role in the antioxidant system of the RBC since
it produces NADPH [42], which is a cofactor for the production of GSH, one of the most
important non-enzymatic antioxidants in the RBC. GSH was responsible for helping to
protect the membranes against the superoxides, as well as other types of reactive oxy-
gen species [40,43].

The induction of an increase in the G6PD activity was an important effect of HU since
patients with sickle cell anemia have a restricted flow of NADPH. At low oxygen tensions,
HbS binds very strongly to the cytoplasmic domain of band 3, a protein that is responsible
for regulating glycolysis. Thus, the enzymes of the glycolytic pathway that are linked to
the cytoplasmic domain of band 3 (phosphofructokinase and glyceraldehyde-3-phosphate
dehydrogenase), remain in the cytoplasm, creating competition between the glycolytic and
pentose pathways for the substrate (glucose- 6-phosphate), restricting the formation of
NADPH [44]. In sickle cell anemia, the greater the release of the ROS, the stronger is the
link between the cytoplasmic domain of band 3, HbS, and the hemicromes that are formed
by the denaturation of hemoglobin. Increased G6PD activities enhance the production of
NADPH and this might help to lessen the clinical effects caused by sickle cell anemia.

After the exposure of the RBC to HU for 1 h, a decrease in the GR activity was observed
(Figure 4D) at the 0.6 and 0.8 mM HU concentrations, while there was an increase in the
GSH content with 0.6 mM, followed by a decrease of this enzyme when using 0.8 mM of
the drug (Figure 4E). In a previous study by this current group, a reduction of about 41%
in the GSH content and 17% in the GR activity was observed in the blood samples from the
patients with sickle cell anemia when treated with HU, compared to the patients who did
not use this medicine [45].

These results might be explained by the reduction in the GSH levels and the activity
of the enzyme G6PD, which was responsible for the production of NADPH (cofactor for
GR) in the concentration of 0.8 mM HU; consequently, this would decrease the activity of
the GR. In addition, the enzyme saturation might also explain the decreased activity of this
enzyme. The G6PD might have had a decreased activity because there was no increase in
the production of its substrate (glucose-6-phosphate) by the enzyme hexokinase, which
remained without significant changes (Figure 6B) between the controls and those treated
with HU.

Raththagala et al. [46] reported a significant increase in the ATP release in the HU-
treated rabbit RBC after 20 min, due to the induction of greater RBC deformability. In
these circumstances, the greater release of ATP could indicate a greater functioning of
the enzymes in the glycolytic pathway. In this study, the authors did not find significant
differences in the activity of the hexokinase enzyme after 1 h of incubation with 0.8 mM
HU, although there was a reduction in the activity of pyruvate kinase at this concentration
(Figure 6C). This data corroborates the possible inactivation of the glycolytic pathway
under these conditions and that it was also reduced after the treatment with HU for 30 min.
This has allowed the authors to infer that the treatments with HU most likely preferentially
stimulated the pentose pathway and not the glycolytic pathway.

The Fe3+ content did not change significantly at the concentration of 0.6 mM HU
when in relation to the controls, and it decreased when compared to the treatment with
0.8 mM HU. This result allows the authors to suggest that the increase in the activity of the
enzyme, NADPH-methemoglobin reductase, helped in the process of converting Fe3+ to
Fe2+ (methemoglobin to hemoglobin). The decrease in the content of Fe3+ might mean that
the index of the reactive oxygen species decreased, as well as the oxidation of hemoglobin
since a decrease in lipid peroxidation at a concentration of 0.8 mM was also identified.
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When comparing the data that was obtained from the RBC that were treated with HU
at concentrations of 0.6 and 0.8 mM after 1 h, it can be assumed that the latter concentration
appeared to be more efficient in the fight against the free radicals. The experimental condi-
tion of the RBC that was incubated for 1 h with 0.8 mM HU was able to reduce the levels
of the oxidative stress markers (hydrogen peroxide and lipid peroxidation—Figure 2B,C).
It is also worth noting that 0.8 mM HU was the only dose capable of decreasing the Fe3+

content when compared with the control groups (Figure 2A).
Another interesting change when comparing both of the HU concentrations that were

used in this study was the significant decrease in the SOD activity. This reduction, which
was associated with the decrease in the concentration of Fe3+, allows the authors to infer
that the oxidation process of hemoglobin decreased at the concentration of 0.8 mM HU after
1 h of incubation since Fe3+ and the superoxide anion (substrate for SOD) were products of
the Hb oxidation [47,48].

It is important to highlight the difference that was identified between the HU con-
centrations that were used in this study. The activities of the HEX and G6PD enzymes
(Figure 6A,B) and the GSH content (Figure 4E) decreased when the RBC were incubated
with 0.8 mM when compared to 0.6 mM HU. Two hypotheses are to be considered:
(1) the enzymatic saturation during the process of protection against the ROS. GR, which
produces GSH, did not have the necessary cofactor (NADPH) produced by G6PD, which
in turn required the production of glucose-6-phosphate by hexokinase to function; (2) the
amount of the reactive oxygen species decreased in the presence of 0.8 mM of HU so that
the production of GSH and NADPH was not stimulated, a fact that was confirmed by the
decrease in lipid peroxidation (Figure 6B). The differences between the results obtained
by the two HU concentrations (0.6 and 0.8 mM) have led the authors to reflect on what
would be the best dose to be used by the patients with diseases of which HU is a part of
the therapeutic scheme. In diseases, such as sickle cell anemia, in which the existence of
oxidative stress is one of the main causes related to the clinical symptoms, the dose of
0.8 mM might have a better effect on the antioxidant system and the production of ROS;
consequently, reducing the oxidative stress and therefore, benefiting the patients.

Although this study was carried out with the RBC from healthy individuals, the
changes described in this study might help to elucidate the mechanisms of action of HU
when administered for therapeutic purposes for certain diseases. The evidence in the
literature indicates that the study’s results are similar to those reported in other studies
that involve the treatment with HU, as in sickle cell anemia.

The effects of HU in those patients with sickle cell anemia go far beyond the increase
in HbF and the decrease in cell production by the bone marrow. Further studies are still
needed to understand other possible effects of using this drug on the RBC and whether
these effects are harmful or not for the patient. The data presented in this paper raises
the need for further investigations, to expand the effects of HU through other laboratory
markers, opening perspectives for future studies. As an example, a more in-depth study of
the HU effects on the composition and modulation of the RBC membranes can be suggested.
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