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and Aleksei Krasnov
Oxidative Chemical Stressors Alter the Physiological State of the Nasal Olfactory Mucosa of
Atlantic Salmon
Reprinted from: Antioxidants 2020, 9, 1144, doi:10.3390/antiox9111144 . . . . . . . . . . . . . . . 343

vi



Marika Cordaro, Salvatore Cuzzocrea and Rosalia Crupi
An Update of Palmitoylethanolamide and Luteolin Effects in Preclinical and Clinical Studies of
Neuroinflammatory Events
Reprinted from: Antioxidants 2020, 9, 216, doi:10.3390/antiox9030216 . . . . . . . . . . . . . . . . 363
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Preface to ”Cellular Oxidative Stress”

Oxidative stress is a phenomenon that results from any imbalance between the production of

reactive oxygen species (ROS) in cells and tissues and the ability of a biological system to detoxify

these products. ROS are highly reactive molecules that consist of radical and non-radical species

formed by the partial reduction of oxygen. These can be generated endogenously as a by-product

of the aerobic metabolism or arise from interactions of biological macromolecules with xenobiotics or

environmental stressors. Oxidative stress on a cellular level can lead to irreversible damage to nucleic

acids, lipids, and proteins and activate specific intracellular signaling pathways, all of which may

contribute to disease. Erythrocytes, neurons, epithelial, and immune cells are particularly exposed to

oxidative stress, owing to their particular physiological function or metabolic activity. Diseases and

pathophysiological conditions that have been unequivocally linked to oxidative stress include cancer,

diabetes, inflammation, neurodegeneration, and aging.

This book includes 26 scientific articles, of which 17 are original research papers and 9 are

reviews, unraveling the molecular mechanisms and targets of cellular oxidative stress and the

potential beneficial effect of antioxidants.

As the Guest Editors, we would like to acknowledge all authors for their valuable contributions

and the reviewers for their constructive remarks. A special thank you goes to the publishing team of

the journal Antioxidants for the professional assistance in the completion of this Special Issue.

Silvia Dossena, Angela Marino

Editors
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Oxidative stress on a cellular level affects the function of tissues and organs and even-
tually of the whole body. The Special Issue “Cellular Oxidative Stress” has been conceived
to collect and contribute to the dissemination of novel findings unraveling the impact of
oxidative stress on cells, their subcellular components, and biological macromolecules.
Great emphasis is placed on the effects of oxidative stress on erythrocytes and neurons
and oxidative-stress-related conditions, including cardiovascular diseases, cancer, aging,
and inflammation. In this context, the potential beneficial effects of natural and synthetic
antioxidants have also been considered. Here, we offer an overview of the content of this
Special Issue, which collects 17 original articles and nine reviews.

Both nucleated and anucleated cells have widely been used to study the effects
of oxidative stress and antioxidants on a cellular level. Specifically, erythrocytes are
continuously exposed to circulating oxidant molecules; oxidative stress associated to
hyperglycemia represents an additional threat to cell homeostasis. Morabito et al. showed
that the function and the expression of Band 3 protein (B3p), one of the most peculiar
erythrocyte proteins, are affected in erythrocytes from diabetic subjects, and these effects
were linked to the production of glycated hemoglobin (Hb) as well as oxidative stress. As
oxidative stress, but not glycated Hb, was observed following the exposure of erythrocytes
to increased glucose concentrations in vitro, these authors suggested that oxidative stress,
rather than glycated Hb, is the key factor leading to early detrimental changes in poorly
controlled hyperglycemia [1].

B3p has also been the focus of a study evaluating the effect of d-Galactose (d-Gal)
on the anion exchanger activity. Despite d-Gal being known to induce oxidative stress,
exposure of erythrocytes to relatively low (0.1–10 mM) d-Gal concentrations led to a
reduced anion exchange capability independent from oxidative stress, but rather linked
to glycated Hb production. This study sheds light on the early effects of excessive d-
Gal on membrane transport systems and possible complications related to undiagnosed
galactosemia [2].

Extracellular vesicles (EVs) are continuously produced in human blood from different
cell types including erythrocytes, and their formation is triggered by various factors, in-
cluding exposure to reactive oxygen species (ROS) and aging-associated oxidative damage.
Sudnitsyna et al. showed that, following oxidative stress, erythrocytes produce EVs con-
taining hemoglobin oxidized to hemichromes. Oxidative stress led to caspase-3 activation
and B3p clustering in cells and EVs, events that are normally linked to eryptosis and
removal of senescent erythrocytes from the blood circulation. Based on these findings, the
authors suggested that erythrocytes might eliminate damaged hemoglobin by vesiculation
as a protective mechanism to prolong their lifespan during oxidative stress [3].

In erythrocytes infected by Plasmodium falciparum, oxidative stress induces the produc-
tion of hemichromes, which contain partially denatured hemoglobin with reactive iron. In
turn, oxidative stress generated by hemichromes contributes to the activation of artemisin,
a component of the standard treatment for P. falciparum infection. Tsamesidis et al. showed
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that Syk kinase inhibitors increase oxidative stress in parasitized erythrocytes by inhibiting
the release of hemichromes and synergize with artemisin in producing a toxic effect against
the parasite. These authors suggested that Syk kinase inhibitors might represent a useful
strategy to increase the efficacy of artemisin-based combination therapies, especially in
resistant strains [4].

Neurons are particularly vulnerable to oxidative damage; it is, therefore, not surprising
that ROS play a fundamental role in the exacerbation and progression of neurodegeneration.
Non-coding RNAs respond to oxidative stress with changes in their cellular abundance and,
in turn, regulate gene expression networks involved in ROS homeostasis and buffering.
Gámez-Valero and co-authors summarized the current knowledge on the role of non-coding
RNAs in Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, and amyotrophic
lateral sclerosis and suggested that these biomolecules might represent novel therapeutic
targets in neurodegenerative conditions [5].

Oxidative stress in the central nervous system plays a fundamental role not only in
neurodegeneration, but also in epilepsy. In status epilepticus, oxidative stress and neuroin-
flammation may lead to mitochondrial dysfunction, structural damage, and cell death.
Lin et al. summarized the current knowledge supporting the use of antioxidants in epilepsy
from animal studies as well as clinical trials [6].

Traumatic brain injury (TBI) is a major cause of death among youth in industrialized
societies. The review “Management of Traumatic Brain Injury: From Present to Future”
collects the current knowledge on TBI pathophysiology and examines existing and poten-
tial new therapeutic strategies, including the use of antioxidants, in the management of
inflammatory events and behavioral deficits associated with TBI [7].

Barancik and co-authors reviewed the molecular mechanisms of the antioxidant
and anti-inflammatory activities of molecular hydrogen in the cardiovascular and central
nervous system and dissected the corresponding effects on intracellular signaling pathways,
gene expression, and autophagy. Molecular hydrogen exerts a dual action in protecting
cells against oxidative stress by directly reacting with ROS and inducing the cellular
antioxidant machinery. These authors suggested that the therapeutic potential of molecular
hydrogen in pathological conditions including ischemia-reperfusion injury, brain edema,
and neurodegeneration deserves to be further investigated [8].

Oxidative stress plays a crucial role in cardiac and vascular abnormalities in different
types of cardiovascular diseases. Han et al. summarized the current knowledge on
how oxidative stress could contribute to the pathogenesis of one of the most serious
complication of preeclampsia (PE), i.e., a prothrombotic state that can lead to ischemic
heart disease, stroke, and venous thromboembolism, especially in those with pre-existing
medical conditions [9]. Studying the impact of oxidative stress on hemostatic actions will
help identify key targets for prediction, prophylaxis, and treatment of PE.

Cancer initiation and progression have been associated with oxidative-stress-enhanced
DNA damage. In turn, the high metabolism of cancer cells is associated with an increase
in ROS production. Consequently, cancer cells develop resistance to oxidative stress as
one of their major adaptive changes. Peroni et al. reported the resistance of the human
astrocytoma ADF cells to oxidative stress, with specific regard to the enzymatic activities
involved in 4-hydroxynonenal (HNE) removal. ADF cells counteracted oxidative stress
conditions better than normal cells, thus confirming the redox adaptation demonstrated
for several cancer cells [10]. The clarification of this aspect may indicate new enzymatic
targets to be inhibited to antagonize astrocytoma cells survival.

Gaikwad and Srivastava highlighted that ROS play a dual role in cancer; below
certain threshold values, ROS act as signaling molecules leading to activation of oncogenic
pathways. However, high levels of ROS exhibit an anti-tumoral effect leading to cellular
death through various programmed cell death pathways including apoptosis, autophagy,
ferroptosis, pyroptosis, and anoikis. Phytochemicals can stimulate ROS accumulation
beyond the threshold value and could, therefore, be considered as part of a therapeutic
strategy to promote programmed cell death in cancer [11].
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Antineoplastic agents induce oxidative stress in cancer as well as in normal cells.
Accordingly, ROS production and consequent impairment of mitochondrial function sub-
stantially contribute to cisplatin nephrotoxicity. The scaffolding protein Na+/H+ exchanger
regulatory factor 1 (NHERF1) plays a fundamental role in the maintenance of a proper kid-
ney ion transport and metabolism. Bushau-Sprinkle and co-authors showed that NHERF1
loss imposes a shift in cell metabolism towards the pentose phosphate pathway, which may
sensitize kidney cells to the oxidative stress caused by cisplatin. These findings identify
novel potential biomarkers and therapeutic targets in the detection and prevention of
cisplatin-induced nephrotoxicity [12].

Oxidative stress plays a fundamental role in aging. In this regard, age-related macular
degeneration (AMD) has been considered by Ulanczyk et al. Significant alterations in
the levels of several crucial antioxidant enzymes in red blood cells and platelets from
patients with AMD have been observed, indicating that the equilibrium of the endogenous
antioxidant system is disrupted in AMD. A diet rich in green vegetables, fish, and omega-
3-rich oils, together with physical exercise, might delay disease progression and help retain
a better visual function in patients with AMD [13].

Elevated oxidative stress represents a striking aggravating factor of retinal dys-
trophies, including age-related macular degeneration (AMD) and retinitis pigmentosa
(RP). Donato and co-authors analyzed genes differentially expressed and differentially
alternatively spliced in human retinal pigment epithelium cells exposed to the oxidant
agent N-retinylidene-N-retinylethanolamine (A2E) or left untreated. This study identi-
fies novel pathways involved in the oxidative-stress-induced etiopathogenesis of retinal
dystrophies [14].

The elderly are most likely the main population to be treated by stem cell therapy.
Stem cells may be negatively influenced by oxidative stress in our body; therefore, the
restoration of the cellular functions of stem cells injured by oxidative stress is crucial. In this
context, rescue of adipose-derived stem cells (ADSCs) from diseased or aged patients and
the modulation of their activity by substance P is anticipated to increase the therapeutic
potential of stem cell transplantation [15].

Aging is also characterized by reduced immune response, a process known as im-
munosenescence. In particular, the immunological memory, which is a typical feature of
the adaptive immune system, is impaired in the elderly. Oxidative stress was shown to
negatively affect the maintenance of immunological memory in old age and promote the
onset of a pro-inflammatory environment in the bone marrow [16]. Meryk et al. showed
that the antioxidants vitamin C and N-acetylcysteine decreased oxidative stress as well as
the expression of pro-inflammatory molecules in the bone marrow and spleen of aged mice,
boosted the production of new memory T cells, and activated dendritic antigen-presenting
cells. These findings suggest that the generation and maintenance of memory T cells in old
age may be improved by targeting oxidative stress [17].

Continued oxidative stress can cause chronic inflammation. Cigarette smoke, which
contains high concentrations of oxidants, promotes chronic inflammation in the airways,
and is involved in the pathogenesis of chronic rhinosinusitis (CRS). In CRS, excessive
production of ROS not only affects the inflammatory response but also leads to tissue
remodeling. Park et al. demonstrated the role of the ROS/PI3K/Akt and NF-κB signaling
pathways in mediating cigarette smoke extract-stimulated MMP-2/TIMP-2 imbalance in
nasal fibroblasts, which might contribute to tissue remodeling in CRS [18].

Lazado et al. focused on the use of oxidative chemical compounds in several hus-
bandry practices, to understand how chemical stressors impact fish physiology, especially
at mucosal surfaces. Their study revealed the interplay between oxidative stress and the
nasal microenvironment of Atlantic salmon at the molecular and cellular level. The results
offer insights into the oxidative stress responses at the nasal olfactory mucosa, which is
considered the most ancient arm of the mucosal immune system in vertebrates [19]. From
a practical perspective, data suggest that some of the oxidant chemicals commonly used in
aquaculture could trigger oxidative stress that, if chronic, may be detrimental to fish health.
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“An Update of Palmitoylethanolamide and Luteolin Effects in Preclinical and Clinical
Studies of Neuroinflammatory Events” focuses on neuroinflammation. The review analyzes
the key role of N-palmitoylethanolamine that, though lacking in antioxidant effects, exhibits
powerful neuroprotective and anti-inflammatory properties and its co-ultramicronization
with the flavonoid luteolin, which makes it more effective than the molecule alone [20].

Vascular permeability is increased in inflammation. Freitas et al. studied the im-
pact of free radical generation on microvascular permeability. These authors showed that
bradykinin and histamine utilize different signaling pathways to increase microvascu-
lar permeability, i.e., ROS and nitric oxide, respectively, and cytokines may potentiate
the bradykinin effect. Importantly, animals treated with simvastatin did not display po-
tentiation of bradykinin-induced microvascular permeability by cytokines. This finding
underpins the anti-inflammatory properties of statins, which may be directly associated
with their cellular antioxidant activities [21].

Acute pancreatitis is an inflammatory process of the pancreatic tissue that may lead
to liver injury, and obesity is a risk factor for the development of hepatic complications in
the context of acute pancreatitis. Rius-Pérez and collaborators showed that pancreatitis
leads to marked induction of the transcriptional co-activator PGC-1α in the mouse liver,
with consequent protection from nitrosative stress. Obesity caused PGC-1α deficiency and
enhanced nitrosative stress in the liver during pancreatitis. These findings underscore a
novel protective role of PGC-1α in preventing nitrosative stress in the liver during the
development of acute pancreatitis [22].

Epigenetic mechanisms regulate the expression of genes involved in inflammation.
Phenolic compounds, which are very well known for their antioxidant properties, have
the ability to modulate gene expression through the regulation of epigenetic mechanisms,
including DNA methylation, histone modification, and miRNA expression. Ciz and
co-authors reviewed these aspects and suggested that targeting epigenetics by dietary
polyphenolic compounds may represent an attractive strategy in the prevention and
treatment of inflammatory conditions [23].

The use of natural antioxidants and nutraceuticals in the context of oxidative-stress-
related diseases are the subject of intense investigation. Among natural antioxidants with
beneficial effects against inflammation, cashew (Anacardium occidentale L.) nuts improve
the endogenous antioxidant activity and limit pro-inflammatory cytokines release [24].
This study increases the knowledge on the role of foods in the modulation of oxidative
stress and inflammation in an in vivo experimental model, thus opening the way to new
investigations on the benefits of a balanced diet in ensuring optimal health.

Rizzo reviewed the published clinical trials on the possible antioxidant effect of soy,
soy foods, and soy bioactive substances. This author denoted that, despite the generally
accepted beneficial role of soy on human health, its antioxidant properties have not been
unequivocally demonstrated and deserve to be further investigated [25].

A diet enriched in legumes is fundamental to positively modulate redox balance, lipid
metabolism, and insulin sensitivity. Centrone and co-authors studied the nutraceutical
features of two genetically and phenotypically distinct chickpea cultivars, i.e., MG_13 and
PI358934. Both chickpea accessions showed significant antioxidant ability; however, only
MG_13 reduced the lipid over-accumulation in steatotic rat hepatoma cells and in the
liver of mice fed on a high-fat diet. These findings underscore the importance of studies
characterizing the distinct effects and precise composition of nutraceuticals [26].

Although widely recognized as beneficial for human health, antioxidants may exhibit
toxic pro-oxidant effects following reaction with reactive chemical species. Giordano and
co-authors showed that Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid),
a hydrophilic analog of vitamin E well known for its strong antioxidant activity, develops
pro-oxidant properties in HeLa cells when used at concentrations higher than 20 µM and
leads to apoptotic cell death. This study denotes that the antioxidant activity of bioactive
compounds may have a concentration threshold that must be carefully considered in the
context of an antioxidant therapy [27].
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Abstract: Hyperglycemia is considered a threat for cell homeostasis, as it is associated to oxidative
stress (OS). As erythrocytes are continuously exposed to OS, this study was conceived to verify the
impact of either diabetic conditions attested to by glycated hemoglobin (Hb) levels (>6.5% or higher)
or treatment with high glucose (15–35 mM, for 24 h) on erythrocyte homeostasis. To this aim, anion
exchange capability through the Band 3 protein (B3p) was monitored by the rate constant for SO4

2−
uptake. Thiobarbituric acid reactive species (TBARS), membrane sulfhydryl groups mostly belonging
to B3p, glutathione reduced (GSH) levels, and B3p expression levels were also evaluated. The rate
constant for SO4

2− uptake (0.063 ± 0.001 min−1, 16 min in healthy volunteers) was accelerated in
erythrocytes from diabetic volunteers (0.113 ± 0.001 min−1, 9 min) and after exposure to high glucose
(0.129 ± 0.001in−1, 7 min), but only in diabetic volunteers was there an increase in TBARS levels and
oxidation of membrane sulfhydryl groups, and a decrease in both GSH and B3p expression levels
was observed. A combined effect due to the glycated Hb and OS may explain what was observed in
diabetic erythrocytes, while in in vitro hyperglycemia, early OS could explain B3p anion exchange
capability alterations as proven by the use of melatonin. Finally, measurement of B3p anion exchange
capability is a suitable tool to monitor the impact of hyperglycemia on erythrocytes homeostasis,
being the first line of high glucose impact before Hb glycation. Melatonin may be useful to counteract
hyperglycemia-induced OS at the B3p level.

Keywords: diabetes; glucose exposure; oxidative stress; Band 3 protein; erythrocytes; SO4
2−

1. Introduction

Diabetes mellitus type 2 (T2D) is a metabolic disease characterized by hyperglycemia, consisting
of high glucose levels chronically present in the blood. According to reports by the World Health
Organization (WHO), over 422 million people worldwide are affected by diabetes which is directly
responsible for 1.6 million deaths each year [1]. Currently, about 10.3% of the adult population in
Europe is estimated to have diabetes, and, as expected, this percentage is going to increase substantially
by 2030 due to the fact of obesity and aging [2]. Oxidative stress (OS) is critically involved in diabetes
pathogenesis [3] and hyperglycemia is the principal factor in the early stages of development [4].
In addition, hyperglycemic complications, such as glycosylated proteins formation [5], increase reactive
oxygen species (ROS) generation, decrease nitric oxide (NO) production, and activation of the protein
kinase C (PKC) and polyol pathways may contribute to OS [6].
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During their 120 days life span, human erythrocytes are constantly exposed to glucose and other
molecules present in the blood (i.e. oxidant compounds), and they have been widely investigated
for their important role in different physiological conditions due to the fact of their metabolism
and sensitivity to OS [7]. With regard to the effect on hyperglycemia, several studies have been
performed. In this context, methylglyoxal concentration, a glucose metabolite involved in advanced
glycation end-products formation (AGEs), is abnormally increased in plasma and in erythrocytes, finally
exhibiting phosphatidylserine (PS) exposure on the external surface [8] and consequent eryptosis [9].
Hyperglycemia in T2D causes altered lipid–protein interactions, leading to OS and peroxidation [10]
which, in turn, alters membrane lipids and membrane-bound enzyme arrangements [11]. Among
the consequences of hyperglycemia, glycation of membrane proteins and the resulting decrease in
protein activities have also been considered. In this regard, a typical example is provided by glycated
hemoglobin (A1c), considered as a standard test to monitor glycemic status [12] since its discovery in
the late 1960s.

Oxidative damage linked to hyperglycemic conditions has also been shown to reduce the life
span and rheological properties of erythrocytes, altering their shape and deformability [13] which
critically correlate with Band 3 protein (B3p) function [14]. Band 3 protein, distributed in millions
of copies on erythrocytes’ membranes, is responsible for Cl−/HCO3

− exchange through erythrocyte
membranes for ion balance and gas exchange, thus reflecting erythrocytes’ homeostasis as well as
homeostasis of the whole organism [15]. Band 3 protein anion exchange capability, measured by
evaluating the rate constant for SO4

2− uptake, which is more easily detectable than Cl− or HCO3
−

exchange [14], is a good tool to verify erythrocyte function under different experimental conditions
(i.e., under oxidants or toxins in vitro [16–20]) or in diseases associated to OS [21–23]. In addition,
it is useful to prove the possible effects of antioxidants in preventing oxidative damage at the B3p
level [24,25]. The attention paid to dietary antioxidants, influencing antioxidant defense by scavenging
free radicals and reactive species [26], is important, as they are capable of counteracting OS and
preventing diabetic complications [27,28]. Among antioxidants introduced by food or adopted in clinic
therapy to counteract OS, melatonin (Mel) was considered in the present study [29,30]. Melatonin,
a neuroendocrine hormone primarily produced by the pineal gland, has been shown to exert its
antioxidant power on lipids and proteins [31], though its antioxidant activity depends on concentration
and cell target [32,33].

Based on this evidence, the aim of the present study was to establish whether high glucose
concentrations in the extracellular medium could affect the erythrocytes homeostasis via B3p alterations,
as it is widely established that poorly controlled or uncontrolled diabetes leads to hyperglycemia and,
consequently, to OS and glycosylation in various tissues. According to this hypothesis, the general
goal was to verify whether the anion exchange capability through B3p is affected by hyperglycemia
and whether the possible alteration is related to oxidative events. In this context, the following specific
aims were: (1) to monitor the anion exchange capability through B3p in erythrocytes deriving from
diabetic volunteers with A1c levels higher than in healthy subjects and to verify the presence of related
oxidative events; (2) to monitor the anion exchange capability through B3p in in vitro hyperglycemic
conditions obtained by exposing erythrocytes from healthy volunteers to increasing concentrations of
glucose (15–35 mM) for 24 hours; (3) to prove the effect of OS on the anion exchange capability of B3p
under in vitro-induced hyperglycemia; (4) to assay the potential antioxidant effect of Mel (100 µM)
in vitro-induced hyperglycemia according to what has previously been demonstrated [32].

2. Materials and Methods

2.1. Solutions and Chemicals

The chemicals used for the present experimental protocols were purchased from Sigma (Milan,
Italy). 4,4’-Diisothiocyanato-stilbene-2,2’-disulfonate (DIDS), prepared in DMSO (dimethyl sulfoxide),
was diluted from 10 mM stock solution. Melatonin was prepared in 0.5% v/v ethanol and diluted
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from a 100 mM stock solution. The DMSO and ethanol were assayed on erythrocytes at their final
concentrations to preventively exclude any damage.

2.2. Erythrocytes Preparation

Blood was obtained upon orally informed consent from both healthy and diabetic volunteers.
Blood samples were used after all clinical analysis were completed. Blood, collected in tubes
containing anticoagulant, was washed with the following isotonic solution: 145 mM NaCl, 5 mM
glucose, 5 mM HEPES (4-(2-hydroxyethyl)-1 piperazineethanesulfonic acid), pH 7.4, osmotic pressure
300 mOsm. The samples were centrifuged thrice (ThermoScientific, 1200× g, 5 min) to discard
both plasma and buffy coat. Erythrocytes were then suspended in the isotonic solution at different
hematocrit values, according to the experimental protocols reported below. Erythrocytes samples
were handled according to two groups: (i) erythrocytes from diabetic volunteers (A1c > 6.5% or
higher) [12]; (ii) erythrocytes withdrawn from healthy volunteers (A1c < 5.7%) [12], and successively
incubated at different glucose concentrations (glucose-treated erythrocytes). With regard to this latter
point, erythrocytes (3% hematocrit) were incubated for 24 h at 25 ◦C in isotonic solution containing
different glucose concentrations, alternatively 5 mM, 15 mM, or 35 mM and then addressed to the
experimental protocols.

Erythrocytes deriving from diabetic volunteers are henceforth referred to as diabetic erythrocytes,
while erythrocytes deriving from healthy volunteers and then exposed for 24 h to different glucose
concentrations are henceforth referred to as glucose-treated erythrocytes.

2.3. Osmotic Fragility in Diabetic or Glucose-Treated Erythrocytes

To verify the osmotic fragility, diabetic or glucose-treated erythrocytes, after washing in isotonic
solution, were suspended at 0.5% hematocrit (isotonic solution) and then centrifuged (ThermoScientific,
25 ◦C, 1200× g, 5 min) and resuspended in a 0.7% v/v NaCl solution at 0.05% hematocrit. Hemoglobin
absorbance was measured at 405 nm wavelength at different time intervals between 5 and 180 min of
incubation [34,35]. Diabetic erythrocytes were directly addressed to an osmotic fragility test, while high
glucose-exposed erythrocytes were assayed after 24 h incubation in high glucose solution. Analysis of
blank (hemolysis solution absorbance) was also performed.

2.4. SO4
2− Uptake Measurement

2.4.1. Control Condition

The SO4
2− uptake through B3p was measured as described elsewhere [21,36]. After washing,

erythrocytes, derived from healthy volunteers, were suspended to 3% hematocrit in 35 mL isotonic
solution containing SO4

2−, henceforth called SO4
2− medium (118 mM Na2SO4, 10 mM HEPES,

5 mM glucose, pH 7.4, osmotic pressure 300 mOsm), and incubated at 25 ◦C. At fixed-time intervals
(5–10–15–30–45–60–90–120 min), 5 mL samples of red blood cell suspensions were transferred in a
tube containing DIDS (10 µM), a specific and irreversible inhibitor B3p [37], and kept on ice. At the
end of incubation in SO4

2− medium, red blood cells were at least thrice washed in isotonic solution
(ThermoScientific, 4 ◦C, 1200× g, 5 min) in order to eliminate SO4

2− from the external medium and
then hemolysed by distilled water (1 mL). Proteins were then precipitated by perchloric acid (4%
v/v). After centrifugation (4 ◦C, 2500× g, 10 min), the supernatant containing SO4

2− underwent
turbidimetric analysis. The SO4

2− precipitation was performed by mixing the following components:
500 µL supernatant from each sample, 1 mL glycerol previously diluted in distilled water (1:1), 1 mL
4 M NaCl plus HCl (hydrochloric acid 37%) solution (12:1) and, finally, 500 µL 1.24 M BaCl2·2H2O.
Each sample was then spectrophotometrically read at 425 nm wavelength. A calibrated standard curve
previously obtained by precipitating known SO4

2− concentrations was used to convert the absorption
to [SO4

2−] L cells × 10−2. Moreover, the rate constant (min−1) was calculated by the equation: Ct = C∞
(1 − e−rt) + C0, where Ct, C∞, and C0 represent the intracellular SO4

2− concentrations, respectively,
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at time t, 0, and∞; e is the Neper number (2.7182818); r is the rate constant accounting for the process
velocity, and t is the time fixed for each sample withdrawal (5–10–15–30–45–60–90–120 min). The rate
constant is the time needed to reach 63% of total SO4

2− intracellular concentration [21] and [SO4
2−]

L cells × 10−2 reported in figure stands for SO4
2− micromolar concentration trapped by 10 mL

erythrocytes (3% hematocrit). In a separate protocol, in order to assess that SO4
2− was effectively

trapped by B3p, red blood cells were suspended in SO4
2− medium (3% hematocrit) and immediately

treated with DIDS (10 µM). Then, 5 mL samples at fixed time intervals (5–10–15–30–45–60–90–120 min)
were handled as described for control conditions.

2.4.2. SO4
2− Uptake Measurement in Diabetic or Glucose-Treated Erythrocytes

Erythrocytes from diabetic volunteers after washing were centrifuged (ThermoScientific, 4 ◦C,
1200× g, 5 min) to replace supernatant with SO4

2− medium (3% hematocrit). The SO4
2− uptake

was successively determined as described for control conditions. With regard to glucose-treated
erythrocytes, SO4

2− uptake measurement was performed after 24 h incubation at different glucose
concentrations by centrifuging and re-suspending samples in SO4

2− medium at 3% hematocrit.

2.4.3. Preparation of Resealed Ghosts of Diabetic or Glucose-Treated Erythrocytes and SO4
2−

Uptake Measurement

Pink resealed ghosts of human erythrocytes, henceforth referred to as resealed ghosts, were
prepared, as reported elsewhere [38], with slight modifications. In detail, erythrocytes from either
diabetic volunteers or derived from healthy volunteers and incubated for 24 h at different glucose
concentrations were washed and re-suspended in 35 mL cold hypoosmotic buffer solution (2.5 mM
NaH2PO4, 5 mM HEPES, pH 7.4, 3% hematocrit). After 10 min of gently shaking at 0 ◦C, intracellular
content and hemoglobin were discarded by several centrifugations (Beckman J2-21, 4 ◦C, 17,000× g,
20 min). Then, the supernatant was replaced by 35 mL isotonic resealing medium (145 mM NaCl,
5 mM HEPES, 5 mM Glucose, pH 7.4), previously maintained at 37 ◦C, and the membranes were
incubated for 45 min at 37 ◦C to allow resealing. Finally, resealed ghosts, containing approximately
10% of the original hemoglobin content, were addressed to SO4

2− uptake measurement, according to
the protocol described above for intact erythrocytes in control conditions [16].

2.5. TBARS Levels in Diabetic or Glucose-Treated Erythrocytes

In order to prove a possible effect of lipid peroxidation on erythrocytes membrane, TBARS
(thiobarbituric acid reactive species) levels, derived from the reaction between TBA (thiobarbituric acid)
and MDA (malondialdehyde)—the end product of lipid peroxidation—were determined, as described
by other authors [39], with slight modifications. Trichloroacetic acid (TCA, 10% w/v final concentration)
was added to 1.5 mL of erythrocytes (either from diabetic volunteers or after incubation at different
glucose concentrations) suspended at 20% hematocrit. The samples underwent centrifugation
(ThermoScientific, 10 min, 3000× g) and 1 mL TBA (1% in 0.05 M NaOH) was added to the supernatant.
Then, the mixture was heated for 30 min to 95 ◦C. Finally, TBARS levels were obtained by subtracting
20% of the absorbance at 453 nm from the absorbance at 532 nm (1.56 × 105 M−1 cm−1 molar extinction
coefficient). The results are reported as µM TBARS levels.

2.6. Membrane Sulfhydryl Groups Determination in Diabetic or Glucose-Treated Erythrocytes

Concentration of membrane sulfhydryl groups was estimated by the method of Aksenov and
Markesbery [40] with some modifications. Briefly, 100 µL of washed erythrocytes (either from diabetic
volunteers or after incubation at different glucose concentrations) at 35% hematocrit was added to
1 mL of distilled water. Then, a 50 µL aliquot was diluted to 1 mL phosphate-buffered saline (PBS),
pH 7.4, containing 1 mM ethylenediamine tetra acetic acid (EDTA). The addition of 30 µL of 10 mM
5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB) started the reaction, and the samples were incubated in
a dark room at 25 ◦C. Control samples, without protein or DTNB, were simultaneously handled.
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After 30 min incubation at 25 ◦C, the samples were spectrophotometrically read at 412 nm, and the levels
of formed TNB were determined by comparison to blanks (DTNB absorbance). The results are reported
as µM 3-thio-2-nitro-benzoic acid (TNB)/mg protein and data were normalized to protein content.

2.7. GSH Content Measurement in Diabetic or Glucose-Treated Erythrocytes

The GSH (reduced glutathione) levels were determined on erythrocytes from diabetic volunteers
or after incubation at different glucose concentrations by the method of Giustarini and collaborators [41]
with some modifications. The assay is based on the oxidation of GSH by the Ellman’s reagent DTNB
(5,5’-dithiobis (2-nitrobenzoic acid), producing GSSG (oxidized glutathione) and TNB absorbing at
412 nm. The levels of GSH were measured by Cayman’s GSH assay kit based on an enzymatic recycling
method with glutathione reductase [17]. The amount of GSSG was calculated by the following formula:
1⁄2 GSSG = GSHtotal−GSHreduced, and the results are expressed as a GSH/GSSG ratio [22].

2.8. Measurement of Glycated Hemoglobin (A1c) in Diabetic or Glucose-Treated Erythrocytes

Glycated hemoglobin levels were determined with A1c liquidirect reagent as previously described
by Sompong and collaborators [42] with slight modifications. Erythrocytes samples were lysed with
hemolysis buffer (2.5 mM NaH2PO4, 5 mM HEPES, pH 7.4) and incubated with latex reagent for 5 min
at 37 ◦C. Diabetic erythrocytes were immediately addressed to glycated hemoglobin measurement,
while high glucose-exposed erythrocytes were assayed after 24 h incubation in high glucose solution.
The absorbance was measured at 610 nm and A1c levels calculated from a standard curve using A1c
and expressed as % A1c.

2.9. Erythrocytes Membranes Preparation and SDS-PAGE in Diabetic or Glucose-Treated Erythrocytes

Erythrocyte membranes were prepared as described by other authors [43] with slight modifications.
Briefly, packed erythrocytes, derived from either diabetic volunteers or after incubation at different
glucose concentrations, were diluted into 1.5 mL of 2.5 mM NaH2PO4 (cold hemolysis solution)
containing a cocktail of protease and phosphatase inhibitors (1 mM PMSF, 1 mM NaF, 1 mM Na3VO4).
Samples were centrifuged several times (Eppendorf, 4 ◦C, 13,000× g, 10 min) to remove hemoglobin.
The obtained membranes were solubilized by SDS (sodium dodecyl sulfate, 1% v/v) and kept for 20 min
on ice. Samples were then centrifugated (Eppendorf, 4 ◦C, 13,000× g, 30 min), and the supernatant
containing solubilized membrane proteins was used for determination of protein content [44] and
stored at 80 ◦C until use. After thawing, the membranes derived from each experimental condition
were solubilized in Laemmli Buffer (1:1 volume ratio) [45], heated at 95 ◦C for 10 min, and finally the
20 µL of proteins were loaded. The samples were separated on 7.5% polyacrylamide gel before they
were transfered to a PVDF (polyvinylidene fluoride) membrane.

2.10. Western Blot Analysis

The membranes were incubated overnight at 4◦ C with monoclonal anti-Band 3 protein antibody
(B9277, 1:5000, Sigma–Aldrich, Milan, Italy), produced in mouse and diluted in Tris-Buffer (TBS) with
5% bovine serum albumin (BSA) and 0.1% Tween 20. Successively, membranes were incubated for 1 h
with peroxidase-conjugated goat anti-mouse IgG secondary antibodies (A9044, 1:10,000, Sigma–Aldrich,
Milan, Italy) at room temperature. To assess the presence of equal amounts of protein, monoclonal
anti-Actin antibody (A1978, 1:1000, Sigma–Aldrich, Milan, Italy) produced in mouse were incubated
on the same membranes by using a stripping method, thus allowing to detect different protein targets
within a single membrane [46]. A chemiluminescence detection system (Super Signal West Pico
Chemiluminescent Substrate, Pierce Thermo Scientific, Rockford, IL, USA) was used to detect signals,
and images of them were imported to analysis software (Image Quant TL, v2003). The relative
expression of protein bands was determined by densitometry (Bio-Rad ChemiDocTM XRS+).
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2.11. Experimental Data and Statistics

Data are expressed as arithmetic means ± SEM for statistical analysis performed by GraphPad
Prism software (version 5.00 for Windows; San Diego, CA). Significant differences among means were
tested by one-way analysis of variance (ANOVA), followed by Bonferroni’s multiple comparison
post-hoc test or Student’s t-test (paired values). Statistically significant differences were assumed at
p < 0.05; n represents the number of independent experiments.

3. Results

3.1. Diabetic Erythrocytes

3.1.1. Osmotic Fragility Measurement

Figure 1 shows the osmotic fragility in erythrocytes from both healthy (A) and diabetic volunteers (B),
reported as absorbance of hemoglobin released at different times of incubation (0–5–15–45–90–180 min) in
a 0.7% v/v NaCl solution. As depicted, the osmotic fragility of erythrocytes from both groups was not
significantly different with respect to hemoglobin levels at the following time intervals: 0–5–15–45–90 min.
With regard to erythrocytes from diabetic volunteers, osmotic fragility at 180 min was significantly
higher than all values at the other time intervals (0–5–45–90 min).
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Figure 1. Osmotic fragility measured as hemoglobin (Hb) absorbance (optical density) in erythrocytes
from healthy volunteers (A) and diabetic volunteers (B). ns (not significant) versus different time
intervals considered (5–15–45–90 min); *** p < 0.05 versus different time intervals (0–5–15–45–90 min)
as determined by one-way ANOVA followed by Bonferroni’s post-hoc test (n = 10).

3.1.2. SO4
2− Uptake Measurement

The curves depicted in Figure 2A describe SO4
2− uptake as a function of time in erythrocytes

from healthy (control) and diabetic volunteers. In control conditions, the rate of SO4
2− uptake was

augmented until equilibrium within 45 min with a rate constant value of 0.063 ± 0.001 min−1. The rate
constant in erythrocytes from diabetic volunteers (0.113 ± 0.001 min−1, * p < 0.05, Table 1) was
significantly higher than the control. The exposure to 10 µM DIDS since the beginning of incubation
in SO4

2− medium inhibited SO4
2− uptake (0.018 ± 0.001 min−1, *** p < 0.001, Table 1). The SO4

2−
quantity internalized by red blood cells from diabetic volunteers at 45 min of incubation in SO4

2−
medium (269.84 ± 16.8) was not significantly different with respect to that one measured in control
cells (287.24 ± 20.3, Table 1). In DIDS-treated cells, intracellular SO4

2− quantity at 45 min of incubation
(4.75 ± 8.50) was significantly lower than those determined in both the control and in erythrocytes
from diabetic volunteers (*** p < 0.001, Table 1).
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Figure 2. (A) Time course of SO4
2− uptake in healthy volunteers (control) and in erythrocytes from

diabetic volunteers. * p < 0.05, and *** p < 0.001 significant versus control as determined by one-way
ANOVA followed by Bonferroni’s post-hoc test (n = 16). (B) Time course of SO4

2− uptake in resealed
ghosts from healthy volunteers (control) and from diabetic volunteers. ns (not significant) versus control;
*** p < 0.001 significant versus control as determined by one-way ANOVA followed by Bonferroni’s
post-hoc test (n = 16).

Table 1. Rate constant for SO4
2− uptake and SO4

2− quantity trapped in both diabetic and glucose-treated
erythrocytes. Data are presented as means ± SEM from separate n experiments, where ns versus
5 mM glucose (t24) (control) and healthy volunteers; * p < 0.05 versus healthy volunteers; ** p < 0.001
versus control; *** p < 0.001 versus control; §§§ p < 0.001 significative different versus 35 mM glucose
(t24);

◦◦◦
p < 0.001 significant versus 15 mM glucose (t24) and $$$ p < 0.001 significant versus 35 mM

glucose (t24) as determined by one-way ANOVA followed by Bonferroni’s post-hoc test.

Rate Constant min−1 Time
min N

SO42− Quantity Trapped at 45 min of Incubation
in SO42− Medium

[SO42−] L cells × 10−2

Healthy volunteers 0.063 ± 0.001 16 16 287.24 ± 20.3
Diabetic volunteers 0.113 ± 0.001 * 9 16 269.84 ± 16.8 ns

5 mM glucose (t24) 0.057 ± 0.001 17 16 287.24 ± 18.20
15 mM glucose (t24) 0.109 ± 0.001 ***, §§§ 9 16 98.42 ± 13.75 ***
35 mM glucose (t24) 0.129 ± 0.001 *** 7 16 143.15 ± 24 **

100 µM Mel
+ 15 mM glucose 0.065 ± 0.001 *** 15 16 310.47 ± 17.7 ◦◦◦

100 µM Mel
+ 35 mM glucose 0.061 ± 0.001 ns, $$$ 16 16 269.76 ± 19.7 $$$

10 µM DIDS 0.018 ± 0.001 *** 55 10 4.75 ± 8.50 ***
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3.1.3. Resealed Ghosts

The curves depicted in Figure 2B describe SO4
2− uptake in resealed ghosts from healthy (control)

and diabetic volunteers. In the control resealed ghosts, SO4
2− uptake increased until equilibrium

within 45 min, exhibiting a rate constant of 0.063 ± 0.001 min−1. The rate constant in resealed ghosts
from diabetic volunteers (0.067 ± 0.002 min−1, Table 2) was not significantly different from the control.
The exposure to 10 µM DIDS applied at the beginning of incubation in SO4

2− medium obscured SO4
2−

uptake (0.017 ± 0.001 min−1, *** p < 0.001, Table 2). The SO4
2− amount internalized by resealed ghosts

from diabetic volunteers at 45 min of incubation in SO4
2− medium (197.18 ± 28) was not significantly

different with respect to the one measured in control ghosts (287.24 ± 20.3, Table 2). In DIDS-treated
ghosts, intracellular SO4

2− at 45 min of incubation (21.45 ± 8.50) was significantly lower than those
determined in both the control resealed ghosts and the resealed ghosts from diabetic volunteers
(*** p < 0.001, Table 2).

Table 2. Rate constant for SO4
2− uptake and quantity of SO4

2− trapped in both resealed ghosts of
glucose-treated erythrocytes and in resealed ghosts from diabetic volunteers. Data are presented as
means ± SEM from separate n experiments, where ns versus 5 mM glucose (t24) and healthy volunteers
(control); *** p < 0.001 versus control as determined by one-way ANOVA followed by Bonferroni’s
post-hoc test.

Rate Constant
min−1

Time
min N

SO42− Quantity Trapped at 45 min of
Incubation in SO42− Medium

[SO42−] L cells × 10−2

Healthy volunteers 0.063 ± 0.001 16 16 207.01 ± 38
Diabetic volunteers 0.067 ± 0.002 ns 15 16 197.18 ± 16.8 ns

5 mM glucose (t24) 0.064 ± 0.001 16 16 183.69 ± 24
15 mM glucose (t24) 0.065 ± 0.001 ns 15 16 160.3 ± 20.06 ns

35 mM glucose (t24) 0.066 ± 0.001 ns 15 16 183.15 ± 14.6 ns

10 µM DIDS 0.017 ± 0.001 *** 58 10 21.45 ± 8.50 ***

3.1.4. Oxidative Conditions Assessment

The levels of TBARS estimated in erythrocytes from diabetic volunteers were significantly higher
than those detected in erythrocytes from healthy volunteers (control) (Figure 3 A, * p < 0.05). As depicted
in Figure 3B, the membrane sulfhydryl content measured in erythrocytes from diabetic volunteers was
significantly lower than the one measured in erythrocytes from healthy volunteers (control) (** p < 0.01)
as well as the GSH/GSSG ratio (Figure 3 C) (*** p < 0.001).
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0.001 significant versus control as determined by the Student’s t-test (n = 8). 

3.1.5. Band 3 Protein Expression Levels Determination  

Figure 4 shows that B3p levels in erythrocytes from diabetic volunteers were significantly lower 
(*** p < 0.001) than those determined in erythrocytes from healthy volunteers (control). 

 
Figure 4. Expression levels of Band 3 protein measured in erythrocytes from healthy volunteers 
(control) or in diabetic volunteers detected by Western Blot analysis. *** p < 0.001 versus control as 
determined by the Student’s t-test (n = 5). 

3.2. Glucose-Treated Erythrocytes 

3.2.1. Osmotic Fragility Measurement  

Figure 5A–C shows the osmotic fragility reported as hemoglobin absorbance in erythrocytes 
treated for 24 h with different glucose concentrations (5-15-35 mM). At different times (0-5-15-45-90 
min) of incubation in 0.7% v/v NaCl solution, the osmotic fragility was not significantly different with 
respect to what was observed at the beginning (0 min) of the test at each glucose concentration 
considered. After 180 min of incubation with either 15 or 35 mM glucose, respectively, (Figure 5B,C), 

Figure 3. (A) TBARS levels (µM) in healthy volunteers (control) and in diabetic volunteers. * p < 0.05
significant versus control as determined by the Student’s t-test (n = 8). (B) Membrane sulfhydryl
content measured as µmol TNB/µg protein in healthy volunteers (control) and diabetic volunteers.
** p < 0.01 significant versus control as determined by the Student’s t-test (n = 8). (C) Estimation of the
GSH/GSSG ratio in erythrocytes from healthy volunteers (control) and diabetic volunteers. *** p < 0.001
significant versus control as determined by the Student’s t-test (n = 8).
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3.1.5. Band 3 Protein Expression Levels Determination

Figure 4 shows that B3p levels in erythrocytes from diabetic volunteers were significantly lower
(*** p < 0.001) than those determined in erythrocytes from healthy volunteers (control).
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Figure 4. Expression levels of Band 3 protein measured in erythrocytes from healthy volunteers (control)
or in diabetic volunteers detected by Western Blot analysis. *** p < 0.001 versus control as determined
by the Student’s t-test (n = 5).

3.2. Glucose-Treated Erythrocytes

3.2.1. Osmotic Fragility Measurement

Figure 5A–C shows the osmotic fragility reported as hemoglobin absorbance in erythrocytes treated
for 24 h with different glucose concentrations (5–15–35 mM). At different times (0–5–15–45–90 min) of
incubation in 0.7% v/v NaCl solution, the osmotic fragility was not significantly different with respect
to what was observed at the beginning (0 min) of the test at each glucose concentration considered.
After 180 min of incubation with either 15 or 35 mM glucose, respectively, (Figure 5B,C), the osmotic
fragility was significantly higher (**p < 0.05; *** p < 0.001) than what was observed at the other time
intervals (0–5–45–90 min).
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and 35 mM glucose (t24) were not significantly different with respect to control (Table 2). The exposure 
to 10 µM DIDS applied at the beginning of incubation in SO42- medium inhibited SO42- uptake (0.017 
± 0.001 min−1, *** p < 0.001, Table 2). 

The SO42- quantity internalized after 45 min incubation in SO42- medium by resealed ghosts of 
erythrocytes previously treated with 15 mM (t24) and 35 mM glucose (t24) (160.3 ± 20.6 and 183.5 ± 
14.6) was not significantly different with respect to the one measured in control ghosts (183.69 ± 24, 
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Figure 5. Osmotic fragility measured as hemoglobin (Hb) absorbance (optical density) in erythrocytes
after treatment for 24 h with 5 mM glucose (t24) (A), 15 mM glucose (t24) (B), and 35 mM glucose (t24)
(C). ns (not significant) versus different time intervals (5–15–45–90–180 min); ** p < 0.01 and *** p < 0.001
versus different time intervals at 15 mM glucose (t24) and 35 mM glucose (t24) as determined by one-way
ANOVA followed by Bonferroni’s post-hoc test (n = 10).

3.2.2. SO4
2− Uptake Measurement

The curves depicted in Figure 6A describe SO4
2− uptake as a function of time. In particular, the rate

constant for SO4
2− uptake increased until equilibrium (45 min) with a value of 0.057 ± 0.001 min−1 in

5 mM glucose (t24) erythrocytes (control) (Table 1). Erythrocytes treated with 15 mM glucose(t24) and 35 mM
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glucose(t24) exhibited a rate constant of, respectively, 0.109 ± 0.001 min−1 and 0.129 ± 0.001 min−1, both
significantly higher than the one measured in the control conditions (*** p < 0.001, Table 1). Pre-exposure
to 100 µM Mel significantly impaired such an increase, as a rate constant of 0.065 ± 0.001 min−1 and
0.061 ± 0.001 min−1 was, respectively, observed (

◦◦◦
p < 0.001 and §§§ p < 0.001, Table 1) in 15 mM

and 35 mM glucose-treated erythrocytes. The exposure to 10 µM DIDS applied at the beginning of
incubation in SO4

2− medium impaired SO4
2− uptake (0.018 ± 0.001 min−1, *** p < 0.001, Table 1).
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versus 5 mM glucose (t24) (control) and ns versus control as determined by one-way ANOVA followed 
by Bonferroni’s post-hoc test (n = 16). 
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15 mM and 35 mM (t24) glucose-treated erythrocytes was significantly lower (*** p < 0.001; ** p < 0.01) 
than what measured at 5 mM glucose (t24) (control). Pre-exposure to 100 µM Mel significantly 
impaired this reduction (§§ p < 0.01, ### p > 0.001) in both 15 mM and 35 mM glucose-treated 
erythrocytes. 

Figure 6. (A) Time course of SO4
2− uptake in glucose-treated erythrocytes at different glucose

concentrations (5–15–35 mM) incubated for 24 h. ns versus 5 mM glucose (control); *** p < 0.001 versus
control; §§§ p < 0.001 significant versus 35 mM glucose;

◦◦◦
p < 0.001 significant versus 15 mM glucose

and $$$ p < 0.001 significant versus 35 mM glucose as determined by one-way ANOVA followed
by Bonferroni’s post-hoc test (n = 16). (B) Time course of SO4

2− uptake in resealed ghosts from
glucose-treated erythrocytes incubated for 24 h at different glucose concentrations (5–15–35 mM).
*** p < 0.001 versus 5 mM glucose (t24) (control) and ns versus control as determined by one-way
ANOVA followed by Bonferroni’s post-hoc test (n = 16).

The SO4
2− quantity internalized by red blood cells treated with 15 mM glucose (t24) and 35 mM

glucose(t24) at 45 min of incubation in SO4
2− medium (98.42 ± 13.75; 143.15 ± 24) was significantly

lower than the one measured in the control cells (287.24 ± 18.20) (*** p < 0.001 and ** p < 0.01, Table 1).
Moreover, SO4

2− quantity internalized by erythrocytes treated with 100 µM Mel plus either 15 mM or
35 mM glucose was significantly higher (310.47 ± 17.7 and 269.76 ± 19.7) than that one measured at
15 mM glucose (t24) and 35 mM glucose (t24) alone (

◦◦◦
p < 0.001 and §§§ p < 0.001, Table 1).
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In DIDS-treated cells, the intracellular SO4
2− quantity after 45 min incubation (4.75 ± 8.50) was

significantly lower than that one determined in control erythrocytes (*** p < 0.001, Table 1).

3.2.3. Resealed Ghosts

The curves depicted in Figure 6B describe SO4
2− uptake as a function of time in resealed ghosts from

glucose-treated erythrocytes. In control resealed ghosts, SO4
2− uptake increased until equilibrium (45 min),

exhibiting a rate constant of 0.063±0.001 min−1. The rate constant values of 0.065 ± 0.001 min−1 and
0.066 ± 0.001 min−1 observed in resealed ghosts at, respectively, 15 mM glucose (t24) and 35 mM glucose
(t24) were not significantly different with respect to control (Table 2). The exposure to 10 µM DIDS
applied at the beginning of incubation in SO4

2− medium inhibited SO4
2− uptake (0.017 ± 0.001 min −1,

*** p < 0.001, Table 2).
The SO4

2− quantity internalized after 45 min incubation in SO4
2− medium by resealed ghosts of

erythrocytes previously treated with 15 mM (t24) and 35 mM glucose (t24) (160.3 ± 20.6 and 183.5 ± 14.6)
was not significantly different with respect to the one measured in control ghosts (183.69 ± 24,
Table 2). In DIDS-treated ghosts, intracellular SO4

2− quantity after 45 min incubation (21.45 ± 8.50)
was significantly lower than those determined in both control resealed ghosts and diabetic volunteer
resealed ghost erythrocytes (*** p < 0.001, Table 2).

3.2.4. Oxidative Conditions Assessment

The levels of TBARS determined in erythrocytes treated with different concentrations of glucose
(15–35 mM) were not significantly different with respect to those detected in 5 mM glucose (t24) treated
erythrocytes (control) (Figure 7A). As depicted in Figure 7B, membrane sulfhydryl content measured in
glucose-treated erythrocytes was not significantly different with respect to that measured in 5 mM (t24)
glucose-treated erythrocytes (control). Moreover, the GSH/GSSG ratio (Figure 7C) measured in 15 mM
and 35 mM (t24) glucose-treated erythrocytes was significantly lower (*** p < 0.001; ** p < 0.01) than
what measured at 5 mM glucose (t24) (control). Pre-exposure to 100 µM Mel significantly impaired this
reduction (§§ p < 0.01, ### p > 0.001) in both 15 mM and 35 mM glucose-treated erythrocytes.Antioxidants 2020, 9, 365 11 of 18 
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measured in glucose-treated erythrocytes at different concentrations (5-15-35 mM glucose) incubated 
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3.2.6. Band 3 Protein Expression Levels Determination  

Figure 7. (A) TBARS levels (µM) measured in glucose-treated erythrocytes incubated for 24 h at
different glucose concentrations (5–15–35 mM). ns (not significant) versus 5 mM glucose (t24) (control)
as determined by Bonferroni’s post-hoc test (n = 8). (B) Membrane sulfhydryl content measured as
µmol TNB/µg protein in glucose-treated erythrocytes (5–15–35 mM glucose) incubated for 24 h. ns (not
significant) versus control by Bonferroni’s post-hoc test (n = 8). (C) Estimation of the GSH/GSSG ratio
measured in glucose-treated erythrocytes at different concentrations (5–15–35 mM glucose) incubated
for 24 h. ns (not significant) versus control; *** p < 0.001 significant versus control; §§ p < 0.01 versus
15 mM glucose and ### p < 0.001 significant versus 35 mM glucose as determined by one-way ANOVA
followed by Bonferroni’s post-hoc test (n = 8).
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3.2.5. Glycated Hemoglobin (A1c) Measurement

Glycated hemoglobin levels in red blood cells exposed for 24 h to different glucose concentrations
(15–35 mM) were not significantly different with respect to those detected in 5 mM (t24) glucose-treated
erythrocytes (control) (Figure 8).
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Figure 8. Glycated hemoglobin measurement in glucose-treated erythrocytes incubated for 24 h at
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3.2.6. Band 3 Protein Expression Levels Determination

Figure 9 shows that B3p levels in erythrocytes incubated with either 15 mM glucose (t24) or 35 mM
glucose (t24) were not significantly different with respect to those determined in erythrocytes treated
with 5 mM glucose (t24) (control).
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Figure 9. Band 3 protein expression levels measured in glucose- treated erythrocytes incubated for
24 h at different glucose concentrations (5–15–35 mM), detected by Western blot analysis. ns versus
5 mM glucose (t24) (control) as determined by one-way ANOVA followed by Bonferroni’s post-hoc test
(n = 5).

4. Discussion

Chronic hyperglycemia is a major factor in diabetic complications development. Clinical evidence
and experimental data support the hypothesis that reactive oxygen species (ROS) generation is
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augmented in T2D and that diabetes development is strictly related to OS with the mechanisms still
unclear. Due to the fact of their sensitivity to oxidation, red blood cells represent a unique model to
study OS and to possibly verify the efficacy of antioxidant therapies [20] and, in this context, the role
of membrane transport systems in erythrocytes from diabetic patients has already been investigated.
Some authors reported about Ca2

+-ATPase activity of erythrocyte membranes decreased in both
diabetes [47,48] and in erythrocytes treated ex vivo with glucose [49], probably due to the glycation of
Ca2

+-ATPase [50,51].
Less is known about B3p’s function, essential to erythrocytes homeostasis, the assessment of which

has already been proven as a good tool to reveal damage in the case of OS-related diseases, such as
systemic scleroderma and canine leishmaniasis [22,23], or in other in vitro oxidative conditions [16,32].

Damage due to the fact of OS in hyperglycemic conditions has already been shown to reduce
rheological properties, erythrocytes survival, and to affect erythrocytes’ shape [13] which is known to
critically correlate with B3p function [16,32,52].

On this premise, the present paper aimed to verify whether anion exchange capability through
B3p is compromised in erythrocytes from diabetic volunteers or, ex vivo, after 24 h exposure to high
glucose concentrations (15–35 mM) in accordance with what was reported by other authors [42].

As an increase of A1c levels is commonly associated to T2D, erythrocytes from diabetic volunteers
was considered. Glycated hemoglobin, a minor fraction of Hb, is in vivo produced by non-enzymatic
binding of glucose to N-terminal amino acids of Hb A beta chains [53,54].

The first step of the present study was to assess erythrocytes’ integrity before conducting
measurement of anion exchange capability through B3p. With this purpose, erythrocytes from diabetic
volunteers underwent an osmotic fragility test. As no significant release of Hb was seen after 120 min
of incubation in a 0.7% v/v NaCl solution, SO4

2− uptake measurement was performed. According to
what was reported by other groups [42,55], osmotic fragility tests showed that diabetic erythrocytes
were more susceptible to hemolysis than those of Healthy volunteers (Figure 1A,B) after 180 min of
incubation in 0.7% v/v NaCl solution, probably due to the presence of glycated Hb.

Coming back to the assessment of anion exchange capability through B3p, the rate constant for
SO4

2− uptake was increased in red blood cells from diabetic volunteers (Figure 2A). To better clarify
the mechanisms underlying such acceleration, the technique of resealed ghosts was employed [16].
The evidence that the rate constant for SO4

2− uptake of hemoglobin-free resealed ghosts from diabetic
erythrocytes is similar to that one of the intact non-diabetic erythrocytes could suggest that glycation
of Hb may affect its cross-link with membrane proteins, namely, B3p, with consequences on anion
exchange (Figure 2B).

As expected, the altered anion exchange capability through B3p in erythrocytes from diabetic
volunteers was also associated to an increase of intracellular OS, as proven by the loss of membrane
asymmetry via formation of thiobarbituric acid reactive substances, oxidation of sulfhydryl groups of
membrane proteins, and a decrease in the GSH/GSSG ratio (Figure 3A–C) [56]. Furthermore, a decrease
in B3p expression levels was also observed (Figure 4). An increase in lipid peroxidation, a decrease in
membrane sulfhydryl groups, and reduced B3p expression levels have previously been associated
to a reduced rate of anion exchange capability after exposure to H2O2-induced oxidative stress [16].
In this regard, as the present findings show an accelerated rate constant for SO4

2−, the alteration
should be ascribed to glycation rather than oxidative damage, though both conditions are associated to
diabetes [5,6].

To complete the frame, in an attempt to further focus on the impact of hyperglycemia on anion
exchange capability through B3p and to possibly explain why the rate constant for SO4

2− uptake
is accelerated in red blood cells exposed to high glucose, hyperglycemia was modeled in vitro and
experiments were performed by exposing erythrocytes of healthy volunteers to high glucose levels
which mimics early hyperglycemic conditions [55]. Basically, transport via GLUT1 (insulin-independent
glucose transporter) makes glucose concentration in red blood cells cytosol similar to plasmatic levels
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which are normally approximately 5 mM. Nevertheless, such values may increase under hyperglycemia
conditions [57].

With regard to such in vitro tests, high glucose concentrations (15 and 35 mM) applied for 24 h make
erythrocytes more susceptible to osmotic fragility, similar to what was observed in erythrocytes from
diabetic volunteers, i.e., after at least 180 min of incubation in a 0.7% v/v NaCl solution (Figure 5B,C).
Such alteration is also associated to a significant change in anion exchange capability through B3p
observed after 24 h incubation at either 15 or 35 mM glucose (Figure 6A). To explain why the rate
constant for SO4

2− was accelerated in such treated erythrocytes, resealed ghosts were used, and,
in addition, oxidative damage and B3p expression levels were monitored, similarly to what was
performed for diabetic erythrocytes.

The first finding was that, similar to what was assessed in diabetic erythrocytes, when erythrocytes
were deprived of Hb, the rate constant for SO4

2− totally recovered, suggesting also in this case that
24 h incubation at high glucose concentrations may induce Hb alterations, reflecting on B3p function
(Figure 6 B). Similar to the first experimental frame of this work, the impact of oxidative conditions
possibly associated to in vitro hyperglycemia was monitored. Our results show that only the GSH/GSSG
ratio changed as detected in diabetic erythrocytes, while there were no oxidative membrane sulfhydryl
group level or lipid peroxidation events (Figure 7A–C), neither was there a decrease in B3p expression
levels associated to the observed accelerated rate constant for SO4

2− uptake (Figure 9). In an attempt
to verify whether Hb glycation was involved in this response—based on what was obtained with
hemoglobin-free resealed ghosts in studies by other authors [42,58]—the achievement of Hb glycation
after 24 h incubation of erythrocytes with 45 mM glucose (lower than glucose concentration here used)
was considered. As our results demonstrate, after 24 h exposure to 15 or 35 mM glucose erythrocytes
did not show Hb glycation (Figure 8); the alteration in anion exchange capability through B3p could be
ascribed to early oxidative damage (shown only by changed GSH levels) rather than to autooxidation
leading to glycation of proteins, as shown by the abovementioned studies [42,58]. Such discrepancy
may be due to the different glucose concentration employed.

To better support this finding, an antioxidant compound, possibly counteracting the effect of
in vitro hyperglycemia, was used. In this regard, Mel has been used on the basis of what was recently
reported by our group [32].

The exposure of red blood cells to Mel prevented the increase in the rate constant for SO4
2− uptake

observed under high glucose treatment (15 and 35 mM), demonstrating a correlation between Mel,
anion exchange capability through B3p, and hyperglycemia in an in vitro model (Figure 6A). This adds
new elements to a previous investigation recently performed by our group [32] about the antioxidant
effects of Mel. In addition, such a result is in accordance with other authors, reporting that Mel
restores the activity of antioxidant enzymes in red blood cells from multiple sclerosis patients which
confirms that under OS some antioxidant enzymes of erythrocytes may be selectively activated [59]. In
line with these authors, the present data describe Mel’s beneficial effect revealed by the GSH/GSSG
ratio restoration observed after pre-exposure to this antioxidant. Hence, it could be suggested that
oxidative damage by high glucose concentrations could be mainly due to the alterations at the endogen
antioxidant system level, namely, intracellular GSH, rather than to an effect directly exerted at the
membrane level. Such findings do not seem in line with what was previously demonstrated in an
H2O2-induced oxidative stress model on human erythrocytes [32] as different mechanisms of action of
oxidative damage could occur.

5. Conclusions

In conclusion, the present results suggest that: (i) the B3p function assessment is a sensitive tool
to assess the impact of hyperglycemia on red blood cells’ homeostasis, namely, in subjects with A1c
levels not associated to diabetes but possibly exhibiting a risk of poorly controlled glycemic levels;
(ii) in non-diabetic subjects, changes in anion exchange capability through B3p may be one of the
first consequences of hyperglycemia; (iii) hyperglycemia complications may be related to antioxidant

20



Antioxidants 2020, 9, 365

systems reflecting on B3p function, in addition to glycation of proteins; (iv) in diabetes, the damage at
the B3p level is due to the Hb glycation and is exacerbated by OS. Finally, the use of Mel in the in vitro
model contributed to: (1) supporting the hypothesis of oxidative damage at the B3p level in early
hyperglycemia conditions; (2) adding more knowledge about its antioxidant power, especially in the
case of OS associated to early hyperglycemic conditions; and (3) confirming that homeostasis of red
blood cells can be protected by Mel against OS.
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Abstract: d-Galactose (d-Gal), when abnormally accumulated in the plasma, results in oxidative
stress production, and may alter the homeostasis of erythrocytes, which are particularly exposed to
oxidants driven by the blood stream. In the present investigation, the effect of d-Gal (0.1 and 10 mM,
for 3 and 24 h incubation), known to induce oxidative stress, has been assayed on human erythrocytes
by determining the rate constant of SO4

2− uptake through the anion exchanger Band 3 protein (B3p),
essential to erythrocytes homeostasis. Moreover, lipid peroxidation, membrane sulfhydryl groups
oxidation, glycated hemoglobin (% A1c), methemoglobin levels (% MetHb), and expression levels
of B3p have been verified. Our results show that d-Gal reduces anion exchange capability of B3p,
involving neither lipid peroxidation, nor oxidation of sulfhydryl membrane groups, nor MetHb
formation, nor altered expression levels of B3p. d-Gal-induced %A1c, known to crosslink with
B3p, could be responsible for rate of anion exchange alteration. The present findings confirm that
erythrocytes are a suitable model to study the impact of high sugar concentrations on cell homeostasis;
show the first in vitro effect of d-Gal on B3p, contributing to the understanding of mechanisms
underlying an in vitro model of aging; demonstrate that the first impact of d-Gal on B3p is mediated
by early Hb glycation, rather than by oxidative stress, which may be involved on a later stage, possibly
adding more knowledge about the consequences of d-Gal accumulation.

Keywords: d-Galactose; oxidative stress; glycation; Band 3 protein; SO4
2− uptake; anion exchange

1. Introduction

d-Galactose (d-Gal) is a monosaccharide sugar, whose metabolism is connected to glucose
metabolism [1]. In physiological conditions, it is rapidly metabolized to glucose through specific
enzymes and driven from peripheral blood to glycolysis pathway to give energy to the cell [2],
keeping thus plasma d-Gal levels very low (plasmatic concentration range between 0.00008 and
0.00018 mM) [3,4]. Abnormally accumulated d-Gal [5,6], associated to galactosemia, can be directly
oxidized by galactose oxidase to produce hydrogen peroxide (H2O2) or, alternatively, can start a
non-enzymatic glycation reactions with free amino acid (mainly lysine and arginine) to form advanced
glycation end products (AGEs) [7–9].

When oxidative stress persists, the excessive free radical species accumulation can influence
many cellular signaling pathways and damage organic macromolecules, which can be oxidized [10,11].
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The overproduction of oxidative stress is a common patho-physiological state underlying many chronic
diseases, such as cardiovascular diseases [12,13], neurodegenerative diseases [14], cancer [15], metabolic
disorders (diabetes mellitus [16]), and diseases related to aging [17], although the precise mechanisms
contributing to the oxidative stress-induced damage are still under investigation. Several studies
have exploited the in vivo exposure to d-Gal as a typical model for exploring the mechanisms
underlying oxidative stress-related diseases in plasma or blood cells [6,18–21]. However, the effects of
d-Gal on oxidative stress production in human erythrocytes have been only partially clarified [22].
Moreover, it has been established that high sugar concentrations are correlated with an increase in
glycation of human erythrocytes proteins, resulting in modifications of lipids-proteins interaction.
Glycation of membrane proteins could induce membrane fluidity alteration, which reflects not only on
membrane bilayer, but also on intracellular environment [22–25].

Human erythrocytes are continuously exposed to oxidative molecules transported within the
vascular system and possibly interacting with erythrocytes membrane, and are more susceptible to
oxidative stress than other cells [26]. Oxidative damage has been demonstrated to decrease survival
and rheological properties of human erythrocytes, affecting their homeostasis, which is strictly linked
to Band 3 protein (B3p) function [27,28]. B3p mediates the Cl−/HCO3

− exchange across erythrocytes
membrane and plays a key role for erythrocytes deformability, ion balance and gas exchange, all essential
to tissue oxygenation [29,30]. The uptake of SO4

2−, slower and better detectable than that of Cl− or
HCO3

− [31,32], has been used to monitor the anion exchange capability through this protein by
a turbidimetric method. In particular, this method has been effectively used in vitro to investigate
the impact of different conditions on human erythrocytes homeostasis, including H2O2-induced
oxidative conditions, oxidative stress-related diseases, or high glucose levels [33–35], proving that
anion exchange capability of B3p is a suitable tool to evaluate cell response to oxidative conditions.
In addition, Pantaleo and collaborators [36] demonstrated that erythrocytes possess a mechanism to
sense the oxidative stress via B3p oxidation, docking of Syk kinase and phosphorylation of two B3p
Tyr residues, crucial for assuring membrane stability.

The effect of d-Gal on B3p function has never been evaluated. Since an excessive exposure to
d-Gal (25 mM) could lead to the overproduction of reactive oxygen species (ROS) and AGEs in
erythrocytes, thus contributing to oxidative stress events [22], and considering the current scarce
availability of studies in this field, in the present investigation we firstly tried to detect a possible
early damage of erythrocyte homeostasis by measuring the anion exchange capability through B3p
following short-term exposure (3 and 24 h) of human erythrocytes to 0.1 and 10 mM d-Gal [6] and,
secondarily, to verify whether at that stage the potential alterations may be linked to redox balance
variations. The present study is included in a wider field of investigation about the relationship,
still poorly clarified, between high d-Gal concentrations and membrane transport systems.

2. Materials and Methods

2.1. Solutions and Chemicals

The specific catalase inhibitor 3-amino-1,2,4-triazole (3-AT) [37], freshly prepared H2O2 and
NaNO2 were dissolved in distilled water and diluted from 3 M, 50 mM and 30% w/w stock solutions,
respectively. 4,4′-diisothiocyanato-stilbene-2,2′-disulfonate (DIDS) was prepared in dimethyl sulfoxide
(DMSO) and diluted from a 10 mM stock solution. N-ethylmaleimide (NEM) was prepared in ethanol
and diluted from a 310 mM stock solution. All chemicals were purchased from Sigma (Milan, Italy).
DMSO and ethanol were tested on erythrocytes at their final concentration (0.001% v/v) to preventively
exclude any effect related to the solvent.

2.2. Erythrocytes Preparation

Blood samples were obtained after oral informed consent from adults healthy volunteers (13 ♀,
11 ♂, age 28–45 years) with blood d-Gal concentrations ranging between 0.00008 and 0.00018 mmol/L
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(physiological concentrations) [4]. Patients with diabetes and cardiovascular disease have been excluded
from the study. Blood, collected in tubes containing ethylenediaminetetraacetic acid (EDTA) to prevent
coagulation, was washed with an isotonic solution with the following composition (in mM): NaCl 145,
glucose 5,4-(2-hydroxyethyl)-1 piperazineethanesulfonic acid (HEPES) 5, pH 7.4, osmotic pressure
300 mOsm/KgH2O). The samples were centrifuged thrice (ThermoScientific, Milan, Italy, 1200× g, 5 min)
to discard both plasma and buffy coat. Subsequently, erythrocytes were suspended in isotonic solution
at different hematocrit values and addressed to different treatments according to the experimental
design reported in Figure 1 (see treatments before time 0). After each treatment, erythrocytes were
subjected to SO4

2− uptake measurement, oxidative condition assessment, Western blot analysis,
or glycated hemoglobin measurement.
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Figure 1. Time course of different experimental conditions before SO4
2− uptake measurement. (A)

Gal-treated erythrocytes (0.1 or 10 mM, for 3 or 24 h). (B) 50 mM 3-AT pretreatment (10 min)
plus Gal-treatment.

2.3. SO4
2− Uptake Measurement

2.3.1. Control Condition

SO4
2− uptake via B3p was measured as described elsewhere [31,38]. After washing, erythrocytes

samples were suspended to 3% hematocrit and addressed to either control conditions assessment or
to incubation with d-Gal. With regard to control conditions, erythrocytes were suspended in 35 mL
isotonic solution containing SO4

2−, henceforth called SO4
2− medium (composition in mM: Na2SO4 118,

HEPES 10, glucose 5, pH 7.4, osmotic pressure 300 mOsm/KgH2O) and incubated at 25 ◦C. At fixed
time intervals (5, 10, 15, 30, 45, 60, 90 and 120 min), 5 mL erythrocytes suspension were transferred
in a tube containing DIDS (10 µM) to block B3p activity [39], and kept on ice. After incubation in
SO4

2− medium plus DIDS, samples were washed at least thrice by centrifugation (ThermoScientific,
4 ◦C, 1200× g, 5 min) and resuspension in isotonic solution to eliminate SO4

2− from the external
medium, and then hemolyzed in distilled water (1 mL). Proteins were precipitated by perchloric acid
(4% v/v). After centrifugation (ThermoScientific 4 ◦C, 2500× g, 10 min), the supernatant containing
SO4

2− underwent turbidimetric analysis. SO4
2− precipitation was performed by mixing the following

components: 500 µL supernatant from each sample, 1 mL glycerol previously diluted in distilled water
(1:1), 1 mL 4 M NaCl plus 37% hydrochloric acid (HCl) solution (12:1) and, finally, 500 µL 1.24 M
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BaCl2·2H2O. The absorbance of each sample was then read at 425 nm using a spectrophotometer
(Eppendorf, BioPhotometer Plus, Milan, Italy).

A calibrated standard curve previously obtained by precipitating known SO4
2− concentrations

was used to convert the absorbance to [SO4
2−] L cells × 10−2. Moreover, the rate constant (min−1) was

calculated by the equation: Ct = C∞ (1 − e−rt) + C0, where Ct, C∞ and C0 indicate the intracellular
SO4

2− concentrations at time t, 0 and ∞ respectively, e is Neper number (2.7182818), r is the rate
constant accounting for the process velocity and t is the time of each sample withdrawal. The rate
constant is the time needed to reach 63% of total SO4

2− intracellular concentration [31] and [SO4
2−] L

cells× 10−2 reported in figures stands for SO4
2−micromolar concentration trapped by 5 mL erythrocytes

(3% hematocrit).

2.3.2. d-Gal-Treated Erythrocytes

Once washed and suspended to 3% hematocrit and after either 3 or 24 h incubation at different
d-Gal concentrations added to the solution (0.1 and 10 mM, at 25 ◦C), erythrocytes samples were
washed and centrifuged (ThermoScientific, 4 ◦C, 1200× g, 5 min) to replace the supernatant with SO4

2−
medium. SO4

2− uptake was successively determined as described for control conditions. In addition,
to assay whether d-Gal effect was due to antioxidant system failure, 3-amino-1,2,4-triazole (3-AT),
a specific inhibitor of catalase [37], was applied 10 min before both 3 and 24 h treatment with either 0.1
or 10 mM d-Gal. In Figure 1, the time course of all experimental conditions followed by SO4

2− uptake
determination is shown.

2.4. Oxidative Condition Assessment

2.4.1. Thiobarbituric Acid Reactive Species Determination

To assess a possible lipid peroxidative effect of d-Gal on erythrocytes membranes, thiobarbituric
acid reactive species (TBARS) levels, deriving from reaction between thiobarbituric acid (TBA)
and malondialdehyde (MDA), i.e., the end products of the lipid peroxidation, were measured
as described by Mendanha and collaborators [40], with slight modifications. Trichloroacetic acid
(TCA, final concentration 10% w/v) was added to 1.5 mL of erythrocytes, which were either untreated
or pre-treated with d-Gal with or without 3-AT (Figure 1) and suspended at 20% hematocrit.
Samples underwent centrifugation (ThermoScientific, 25◦ C, 3000× g, 10 min) and 1 mL TBA (1% in
0.05 M NaOH) was added to the supernatant. Then, the mixture was heated for 30 min to 95 ◦C.
Finally, TBARS levels were obtained by subtracting 20% of the absorbance at 453 nm from the absorbance
at 532 nm (Eppendorf, BioPhotometer Plus). Erythrocytes samples were also incubated with H2O2

(10 mM, for 1 h, at 25 ◦C), as this compound is known to induce a significant lipid peroxidative
effect [41]. Results are indicated as µM TBARS levels (1.56 × 105 M−1 cm−1 molar extinction coefficient).

2.4.2. Membrane Sulfhydryl Groups Levels Determination

Membrane sulfhydryl groups concentration was estimated by the method of Aksenov and
Markesbery [42], with some modifications. Shortly, 100 µL of washed erythrocytes, which were
either untreated, or pre-treated with d-Gal with or without 3-AT (Figure 1) and suspended at 35%
hematocrit, were added to 1 mL of distilled water. Then, a 50 µL aliquot was diluted with 1 mL
phosphate-buffered saline (PBS), pH 7.4, containing 1 mM EDTA. The addition of 30 µL of 10 mM
5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB) began the reaction and samples were incubated for 30 min in
a dark room at 25 ◦C. Control samples, without protein extract or DTNB, were simultaneously handled.
Afterwards, samples were spectrophotometrically read at 412 nm (Eppendorf, BioPhotometer Plus),
and levels of 3-thio-2-nitro-benzoic acid (TNB) determined by comparison to blank (DTNB absorbance).
NEM (2 mM for 1 h incubation, at 25 ◦C) was used to obtain complete oxidation of membrane
sulfhydryl groups [27,43]. Results are reported as µM TNB/mg protein and data were normalized to
protein content.
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2.4.3. Methemoglobin Levels Determination

Methemoglobin (MetHb) levels have been assayed as previously described [44,45] with some
modifications. This assay is based on methemoglobin and (oxy)-hemoglobin determination by
spectrophotometry at, respectively, 630 and 540 nm wavelengths. Shortly, 25 µL of erythrocytes
at 35% hematocrit, which were untreated or pre-treated d-Gal with or without 3-AT (Figure 1),
were lysed in 1975 µL hypotonic buffer (2.5 mM NaH2PO4, pH 7.4, 4 ◦C). Erythrocytes samples were
then centrifuged (Eppendorf, 4 ◦C, 13,000× g, 15 min) to discard membranes and the absorbance of the
supernatant was read by a spectrophotometer (Eppendorf, BioPhotometer Plus). NaNO2 (4 mM for
1 h incubation at 25 ◦C) was used to obtain complete Hb oxidation [46]. MetHb percentage (%) was
calculated as follows: %MetHb = OD630/OD540 × 100 (OD is optical density).

2.5. Erythrocytes Membranes Preparation

Erythrocyte membranes were prepared as described by other authors [36], with slight modifications.
Briefly, packed erythrocytes (untreated or pre-treated with d-Gal with or without 3-AT pre-treatment),
were diluted into 1.5 mL of 2.5 mM NaH2PO4 (cold hemolysis solution) containing a cocktail of inhibitors
(1 mM PMSF, 1 mM NaF, and 1 mM Na3VO4). Samples were repeatedly centrifuged (Eppendorf, 4 ◦C,
18,000× g, 10 min) to take out hemoglobin. The obtained membranes were solubilized by sodium
dodecyl sulfate (SDS, 1% v/v) and kept for 20 min on ice. After centrifugation (Eppendorf, 4 ◦C,
13,000× g, 30 min), the supernatant, containing the solubilized membrane proteins, was stored at
−80 ◦C until use.

2.6. SDS-PAGE Preparation and Western Blot Analysis

After thawing, membranes were solubilized in Laemmli buffer (1:1 volume ratio) [47] and heated
for 10 min at 95 ◦C. The protein samples (20 µL) were separated by 7.5% SDS-polyacrylamide gel
electrophoresis and transferred to a polyvinylidene fluoride membrane by applying a constant voltage
(75 V) for 2 h at 4 ◦C. Membranes were blocked for 1 h at room temperature in 5% bovine serum
albumin (BSA) diluted in Tris-buffered saline (150 mM NaCl, 15 mM Tris-HCl) containing 0.1%
Tween-20 (TBST), and incubated overnight at 4 ◦C with the primary antibody (monoclonal anti-Band
3 protein antibody, B9277, Sigma-Aldrich, Milan, Italy, produced in mouse and diluted 1:5000 in
TBST). Successively, membranes were incubated for 1 h with peroxidase-conjugated goat anti-mouse
IgG secondary antibodies (A9044, Sigma-Aldrich, Milan, Italy) diluted 1:10,000 in TBST solution
at room temperature. To assess the presence of equal amounts of protein, a monoclonal anti-actin
antibody (A1978, Sigma-Aldrich, Milan, Italy), diluted 1:1000 in TBST solution and produced in
mouse, was incubated with the same membrane, as suggested by Yeung and collaborators [48].
A chemiluminescence detection system (Super Signal West Pico Chemiluminescent Substrate,
Pierce Thermo Scientific, Rockford, IL. USA) was used to detect signals, whose images were imported
to analysis software (Image Quant TL, v2003). The intensity of the corresponding protein bands was
determined by densitometry (Bio-Rad ChemiDocTM XRS+).

2.7. Glycated Hemoglobin Measurement (%A1c)

The levels of glycated hemoglobin (A1c) were determined with the A1c liquidirect reagent as
previously described by Sompong and collaborators [24], with slight modifications. Erythrocytes samples
(either untreated or pre-treated with d-Gal with or without 3-AT, Figure 1), were lysed with hemolysis
buffer (2.5 mM NaH2PO4) and incubated with latex reagent at 37 ◦C for 5 min. The absorbance was
measured at 610 nm (Eppendorf, BioPhotometer Plus). The levels of A1c were calculated from a standard
curve obtained by using known concentrations of A1c, and expressed as %A1c.

2.8. Experimental Data and Statistics

Data are expressed as arithmetic means ± S.E.M. Statistical analysis was performed by the
GraphPad Prism software (version 6.00 for Windows; San Diego, CA, USA). Significant differences
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between means were tested by one-way analysis of variance (ANOVA), followed by Bonferroni’s
multiple comparison post hoc test. Statistically significant differences were assumed at p < 0.05;
n represents the number of independent experiments.

3. Results

3.1. SO4
2− Uptake Measurement

Figure 2A,B describe the SO4
2− uptake as a function of time in untreated erythrocytes (control)

and erythrocytes treated with 0.1 or 10 mM d-Gal for 3 (t3) or 24 (t24) hours respectively, with or
without pre-incubation with 50 mM 3-AT. In control conditions, the rate constant of SO4

2− uptake
progressively increased and reached equilibrium within 45 min (0.067 ± 0.001 min−1). The rate
constant values of SO4

2− uptake in d-Gal (0.1 or 10 mM)-treated erythrocytes at both t3 and t24

(0.066 ± 0.001 min−1, ** p < 0.01; 0.065 ± 0.001 min−1, *** p < 0.001 and 0.060 ± 0.001 min−1, *** p < 0.001;
0.051 ± 0.001 min−1, *** p < 0.001; Table 1) were significantly lower than control. The rate constant of
SO4

2− uptake in erythrocytes treated with 50 mM 3-AT was not significantly different with respect to
control (0.068 ± 0.001 min−1). After pretreatment of erythrocytes with 50 mM 3-AT and subsequent
treatment with d-Gal, the rate constant of SO4

2− uptake was significantly lower than both control
and d-Gal (0.1 or 10 mM) treatment (0.065 ± 0.001 min−1, ***,§§§, p < 0.001; 0.066 ± 0.001 min−1, ***,◦◦◦ ,
p < 0.001 and 0.040 ± 0.001 min−1, ns, ***, p < 0.001; 0.038 ± 0.001 min−1, ***, p < 0.001, §, p < 0.05;
Table 1). As expected, SO4

2− uptake was significantly blocked by 10 µM DIDS applied at the beginning
of incubation in SO4

2− medium (0.018 ± 0.001 min−1, ***, p < 0.001, Table 1). The SO4
2− amount

internalized by erythrocytes after 0.1 or 10 mM d-Gal treatment (t3 and t24) and 45 min of incubation
in SO4

2− medium (269.76 ± 39.74 and 203.16 ± 39.74; 191.26 ± 19.90 and 179.97 ± 7.23, ***, p < 0.001,
Table 1) was significantly lower with respect to that measured in control conditions (313.81 ± 11.09,
Table 1). With regard to the treatment with 50 mM 3-AT alone, the amount of internalized SO4

2− was
not different with respect to that measured in control conditions (343.43 ± 12.23), while with both
3-AT and 0.1 or 10 mM d-Gal pre-treatment, amounts of internalized SO4

2− were significantly lower
than those measured following pre-treatment with 0.1 or 10 mM d-Gal alone (146.85 ± 18.46 and
191.26 ± 15.21, §§§,***, p < 0.001; 172.85 ± 18 and 152.85 ± 15.87, §, p < 0.05; Table 1). In DIDS-treated
cells, the intracellular SO4

2− amount after 45 min of incubation in SO4
2− medium (4.75 ± 8.50) was

significantly lower than that determined in control or in d-Gal (0.1 and 10 mM)-treated erythrocytes,
or in 50 mM 3-AT pre-treated erythrocytes (***, p < 0.001, Table 1).

3.2. Oxidative Conditions Assessment

3.2.1. TBARS Levels

Thiobarbituric-acid-reactive substances (TBARS) levels measured in erythrocytes after a 3 (data not
shown) and 24 h incubation with 0.1 or 10 mM d-Gal and in 50 mM 3-AT-incubated erythrocytes were
comparable to those detected in control erythrocytes (Figure 3). After 1 h treatment of erythrocytes
with 10 mM H2O2, known to produce lipid peroxidation, TBARS levels were significantly higher than
those measured in control and after 3 (data not shown) or 24 h treatment with d-Gal. TBARS levels in
erythrocytes treated with 50 mM 3-AT + 0.1 mM d-Gal (t24) or with 50 mM 3-AT + 10 mM d-Gal (t24)
were significantly higher with respect to those measured in control and 0.1 or 10 mM d-Gal-treated
erythrocytes. The latter however, were not significantly different with respect to TBARS levels measured
in erythrocytes treated with 10 mM H2O2 alone.

3.2.2. Membrane Sulfhydryl Groups Content Measurement

Membrane sulfhydryl groups content (µmol TNB/µg protein) measured after a 3 (data not shown)
and 24 h (Figure 4) incubation of erythrocytes with 0.1 or 10 mM d-Gal and in 50 mM 3-AT-incubated
erythrocytes was not significantly different with respect to those measured in control. As expected,
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after 1 h of erythrocytes treatment with the alkylating compound NEM (2 mM), sulfhydryl groups
content was significantly lower than control. Levels of membrane sulfhydryl groups in erythrocytes
treated with 50 mM 3-AT plus 0.1 or 10 mM d-Gal (t24) were significantly reduced with respect to
control and 0.1 or 10 mM d-Gal (t24) alone. Erythrocytes treated with 50 mM 3-AT plus 2 mM NEM
showed sulfhydryl groups levels lower than control, but not significantly different with respect to
2 mM NEM alone after a 3 (data not shown) and 24 h incubation.
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Figure 4. Membrane sulfhydryl groups content (µmol TNB/µg protein) in untreated (control) and in 0.1
or 10 mM d-Gal(t24)-treated erythrocytes. ns, not significant versus control or 2 mM NEM, ***, p < 0.001
versus control, §§, p < 0.01 versus 0.1 mM d-Gal (t24) and

◦◦
, p < 0.01 versus 10 mM d-Gal (t24) as

determined by one way ANOVA followed by Bonferroni’s post hoc test (n = 6).

3.2.3. Methemoglobin Measurement

Figure 5 shows Methemoglobin levels (% MetHb) in erythrocytes treated with different d-Gal
concentrations (0.1 and 10 mM, 24 h incubation) with or without 50 mM 3-AT pre-treatment.
MetHb levels measured after 3 h (data not shown) and after 24 h were not significantly different with
respect to those detected in untreated erythrocytes (control). After 1 h of erythrocytes treatment with
4 mM NaNO2, a well-known MetHb-forming agent, MetHb levels (%) were significantly higher than
control. Erythrocytes treated with 50 mM 3-AT plus 4 mM NaNO2 showed MetHb levels (%) higher
than control, but not significantly different with respect to 4 mM NaNO2 alone after both a 3 (data not
shown) and 24 h incubation.
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Figure 5. MetHb levels (%) in untreated (control) and in 0.1 or 10 mM d-Gal(t24)-treated erythrocytes
with or without 50 mM 3-AT. ns, not significant versus untreated erythrocytes (control) and 4 mM
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50 mM 3-AT pre-incubation as determined by one way ANOVA followed by Bonferroni’s post hoc test
(n = 6).
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3.3. Band 3 Protein Expression Levels Determination

Figure 6A,B show B3p expression levels in erythrocytes incubated for 24 h with 0.1 or 10 mM d-Gal
respectively, with or without pre-incubation with 50 mM 3-AT. Proteins expression after 3 (data not
shown) and 24 h incubation was not significantly different with respect to that determined in untreated
erythrocytes (control).Antioxidants 2020, 9, 689 11 of 18 
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Figure 6. Band 3 protein expression levels measured in untreated (control) and in 0.1 (A) or 10 mM (B)
d-Gal (t24)-treated erythrocytes, with or without 50 mM 3-AT pre-incubation, detected by Western blot
analysis. ns, not significant versus untreated (control), as determined by one-way ANOVA followed by
Bonferroni’s post hoc test (n = 5).

3.4. Glycated Hemoglobin Measurement

Figure 7 shows glycated hemoglobin levels (% A1c) measured in erythrocytes treated with different
d-Gal (0.1 and 10 mM) concentrations for 24 h, with or without 50 mM 3-AT treatment. %A1c levels
were unchanged after 3 h exposure to d-Gal (data not shown), while, after 24 h, they were significantly
increased with respect to control. Treatment with 50 mM 3-AT alone did not change %A1c levels
with respect to those measured in untreated erythrocytes, while %A1c levels in erythrocytes treated
with 50 mM 3-AT plus d-Gal (0.1 or 10 mM) were not significantly different with respect to those of
erythrocytes treated with d-Gal alone and higher than control.
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Figure 7. Glycated hemoglobin measurement (% A1c) in d-Gal-treated erythrocytes incubated for 24 h
with different d-Gal concentrations (0.1 or 10 mM) with or without 50 mM 3-AT, ***, p < 0.001 versus
untreated (control); ns, not significant versus both 0.1 mM d-Gal or 10 mM d-Gal, as determined by one
way ANOVA followed by Bonferroni’s post hoc test (n = 10).
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4. Discussion

Chronic administration of d-Gal has been widely used as a model to mimic a process very similar
to the natural aging, provoking oxidative stress [49] via increased production of ROS and changes
in antioxidant enzyme activities in the cell [50]. The decline in cellular homeostatic redox capacity is
responsible for macromolecules oxidation, thus compromising their functions [51]. ROS generation
may inflict extensive damage to the erythrocyte membranes due to membrane proteins oxidation
and lipid peroxidation [52], thus inducing membrane fluidity alteration, which reflects not only on
membrane bilayer, but also on intracellular environment. In this regard, specific modified forms of
hemoglobin (hemicromes) [53] have been shown to bind to membrane proteins, determining notable
alteration of membrane structure, namely on senescent erythrocytes [19].

Though several in vivo experiments have been conducted on plasma or blood cells from
animal models [6,18–21], the action mechanism of excessive d-Gal on human erythrocytes
remains poorly clarified. d-Galactose-induced superoxide production implies H2O2 formation due
to superoxide dismutase (SOD). As a consequence, H2O2, if abnormally accumulated, can inflict
damage to the cell. Under normal conditions, the entire endogenous antioxidant system of
erythrocytes, involving catalase, SOD and glutathione peroxidase (GPx) contributes to neutralize H2O2,
thus minimizing its detrimental oxidative effects. Nevertheless, an unbalance between antioxidant
enzymes involved in cell defense against ROS overproduction seems to be a mechanism through which
d-Gal induces cell senescence [19]. The re-organization of cell proteins under d-Gal treatment has
been also considered as an effect of cell aging. In particular, the oxidant effects of aging on Hb and
membrane transport systems have been studied [54,55].

As previously stated, d-Gal oxidant effects have been mainly studied in vivo, while, with regard
to in vitro investigations, there is still a lack of knowledge. A few data are available from an in vitro
study by Delwing-de Lima and coauthors using d-Gal at final concentrations of 0.1, 0.3, 0.5 and
10 mM on blood withdrawn from 30- or 60-day-old rats. These authors consider d-Gal concentrations
comprised in a range including both physiological and pathological values. According to other authors,
the normal range in human healthy adults corresponds to 0.000012 mM, which is lower than what
measured in newborn plasma [3,4]. On this basis, the aim of the present investigation was to verify
the effect of d-Gal at high concentrations (0.1 or 10 mM) in in vitro human erythrocytes model.
In particular, the purpose was to evaluate anion exchange capability through B3p and to verify the
potential mechanism through which d-Gal may affect this function. As reported elsewhere, B3p is
essential to erythrocytes homeostasis, whose assessment is a valid tool to detect damage in case of
oxidative stress-related diseases, such as Systemic Sclerodermia [56], Canine Leishmaniasis [45] and
hyperglycemic conditions [33], or in other oxidative conditions modeled in vitro [27,34].

The first step of the present research was to evaluate the SO4
2− uptake through B3p [27,31,32]

after either 3 or 24 h treatment with d-Gal (0.1 and 10 mM). Under these experimental conditions,
the rate constant for SO4

2− uptake. It is reasonably to suggest that, as a consequence of a reduced rate
for SO4

2−, the amount of this anion trapped after 45 min of incubation in SO4
2− medium was, in turn,

significantly reduced (Figure 2A,B). Similar d-Gal concentrations have been applied by Delwing-de
Lima and coauthors, which observed a consequent protective increase in catalase activity in both
young and old rat’s erythrocytes. In this regard, to verify whether the d-Gal effect was mitigated by
the endogenous antioxidant system, human erythrocytes were preventively exposed to 50 mM 3-AT,
a specific catalase inhibitor [37]. In these conditions, the d-Gal (0.1 and 10 mM)-induced reduction
in the rate constant for SO4

2− uptake was exacerbated, suggesting that antioxidant enzymes, namely
catalase, are critically involved in limiting the effect of excessive d-Gal.

The above mentioned results indicate that the modification of anion exchange capability through
B3p in erythrocytes is associated to an increase of oxidative stress. Hence, to better explore this effect
and according to what reported by other authors [19,57], lipid peroxidation and oxidation of membrane
sulfhydryl groups mainly belonging to B3p [58] have been successively evaluated. This choice is also
related to our previous studies on the impact of oxidant conditions on B3p efficiency [27,34,45,59,60].
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As shown by the present results, d-Gal effect was mediated neither by membrane lipids nor by
membrane sulfhydryl groups oxidation, at any concentration and at any time of incubation. Also in
this case, the use of the catalase inhibitor before d-Gal incubation produced a significant oxidation of
both lipids and membrane proteins (Figures 3 and 5). As a further step, to better clarify the mechanism
of action of d-Gal in human erythrocytes, B3p protein abundance has been also determined (Figures 5
and 6), showing that in d-Gal (0.1 or 10 mM)-treated erythrocytes, at both t3 and t24, the expression
levels of B3p were not reduced.

Therefore, following brief exposure of erythrocytes to high concentrations of d-Gal, the anion
exchange capability through B3p is lowered, independently on TBARS production, or alteration
in oxidative state, or expression levels of the membrane protein responsible for anion exchange.
These results are similar to what previously reported by our group on human erythrocytes exposed
in vitro to H2O2 [27]. Recent scientific evidences have reported that d-Gal accumulation induces
oxidative stress, cell senescence and cytotoxicity [61]. In this regard, B3p functions, being crucial
in the systemic homeostasis maintenance and affected by oxidative stress, could be correlated to
oxidative stress-induced alterations during galactosemia. The hypothesis was that the crosslink
between cytoplasmatic domain of B3p and Hb [62] was somehow compromised, thus reflecting on the
efficiency of anion exchange, which was lowered. Such change seems not to impair the binding of anti
B3p antibody.

This prompted us to take into account Hb in the present investigation, with specific regard to
oxidation and glycation processes. In this respect, our results demonstrated that 3 h of incubation
with d-Gal (0.1 or 10 mM) are insufficient to induce oxidative damage or glycation processes on Hb
(data not shown). On the other hand, a longer incubation (24 h) with d-Gal does not induce oxidative
stress events (Figure 5), but allows for the formation of higher glycated Hb levels (%A1c), with respect
to untreated erythrocytes (Figure 7). Hence, we could suggest that, unlike what already shown in
erythrocytes exposed in vitro to high glucose concentrations [33], d-Gal could generate early Hb
glycation [63], which induces direct damage on Hb and, in turn, affects the exchange capability via B3p,
cross-linked to Hb. However, we recently reported that in vitro exposure of human erythrocytes to
high glucose induces an acceleration of the rate constant of SO4

2− uptake, without A1c formation [33],
contrarily to what observed here following d-Gal treatment. This discrepancy could be due to the
different action mechanism of the two monosaccharides. Nevertheless, determination of anion exchange
capability, in both cases, can be considered a very sensitive tool to detect the effects of exposure to high
sugars concentrations [33], which were not revealed by parameters currently used to verify oxidative
damage at either lipid or protein level, i.e., TBARS formation, oxidation and expression levels of
membrane proteins.

According to other investigations, it seems more likely that in the present experimental conditions
glycation of Hb rather than of B3p may occur, putatively due to a faster penetration of d-Gal through
erythrocytes membrane at pH 7 than glucose [64] (approximately 3 times), which would let d-Gal
induce glycation of Hb more rapidly than glycation of membrane proteins such as B3p. In addition,
glycation of B3p should be excluded, since expression levels of this protein are unchanged after d-Gal
treatment and, as reported elsewhere [60], the migration of glycated forms of proteins is usually slower.
Kenawy and collaborators [63], using d-Gal treatment as a model of aging, stated that 90 days of d-Gal
treatment are needed to observe increased levels of glycated Hb in vivo. Therefore, the present study
provides novel elements about the first impact of excessive d-Gal on erythrocytes, which, as cited above,
seems not associated to oxidative damage but rather to glycation events. In this regard, other authors
have investigated proteins glycation induced by different sugars. In particular, the evidence of a
d-Gal-dependent glycation has been already provided by Ledesma-Osuna and collaborators [65],
reporting thatd-Gal is more reactive than glucose ord-lactose, leading to the coupling of 10, 3 and 1 sugar
residues, respectively, after 120 min of reaction on bovine serum albumin. Consequently, with regard
to the present data and to the present experimental conditions, it is reasonable to suggest that the high
reactivity of d-Gal could promote glycation as an early effect.
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What recently reported by our group [32] describes that erythrocytes exposed to high glucose or
erythrocytes withdrawn from patients with poorly controlled hyperglycemia exhibited an accelerated
rate constant of SO4

2− uptake, with the difference that only in the latter condition A1c formation was
seen. In light of this report, and taking into account that oxidative conditions along with glycation
affect erythrocytes in diabetic patients, it is reasonable to suggest that the extent of A1c formation
observed here after d-Gal treatment is not sufficient to provoke an increase in anion exchange capability
through B3p comparable to those detected in diabetic patients, but represents a first step of glycation
process, which in any case alters the efficiency of the anion exchanger, lowering its rate.

It is interesting to point out that, according to Kenawy [63] and co-authors, 90 days of d-Gal
treatment finally led to insulin resistance, which explains oxidative stress and inflammation at brain
level. These authors further underscored that insulin resistance reduced glucose utilization, leading to
mitochondrial dysfunction and ROS production. As in the present investigation d-Gal exposure was
shorter, we could hypothesize that glycation occurred as the first process in our conditions, followed by
oxidative stress, both leading to a detrimental effect on B3p. In addition, GSH/GSSG ratio considered
as an indicator of oxidative stress is not altered by d-Gal treatment (Figure S1).

At any rate, the in vitro oxidant effect of d-Gal cannot be excluded and higher d-Gal concentrations
and longer time of incubation are probably needed to induce oxidative stress events in human
erythrocytes, as demonstrated by other studies on senescence models [19,66]. As reported elsewhere,
the activities of some anti-oxidants enzymes, such as SOD1 and catalase, decline during aging [67]
and, according to other authors, this decrease may depend on an increase in glycation of SOD [68],
with consequent increased production of free radicals, responsible for aging. Such observation may
further support the hypothesis that, under excessive d-Gal concentrations, oxidative stress follows
glycation events. In this latter case, Jafarnejad and collaborators have demonstrated that a reduction in
protein glycation can be prevented by acetyl salicylic acid (ASA) [69], known as inhibitor of glycation,
thus inducing a decrease in AGEs levels and A1c formation [70]. Therefore, in analogy to what reported
by these authors, ASA could be also used to prevent the elevation of glycation levels, specifically for
Hb glycation in case of high d-Gal concentrations.

The contribution of the antioxidant system in preventing oxidative damage after production of
glycated proteins during d-Gal treatment of erythrocytes is not fully understood [19,71] and future
studies will be needed to elucidate the link between glycation and oxidative events.

Finally, it is opportune to mention some limits of this investigation, as well as future perspectives.
As a whole, the present study reports for the first time the effect of high d-Gal on erythrocytes by
using a validated in vitro model monitoring the anion exchange capability through B3p. At a first
stage, high d-Gal seems to reduce the anion exchange capability of erythrocytes as a consequence of
Hb glycation, rather than by oxidative action, which can only be detected after inhibition of catalase.
This important finding underscores that d-Gal effectively induced oxidative stress, which, however,
was mitigated by catalase activity. This would suggest that in vivo and, more specifically, in those
pathological conditions characterized by absence or reduction of functioning catalase, the effects of
the oxidative action of d-Gal could be more relevant. Future studies should focus on the impact of
d-Gal in subjects having a deficiency in erythrocytes catalase such as, for example, patients suffering of
acute myocardial infarction. In this context, the use of antioxidants chosen among the most lipophilic
radical-scavenging antioxidants, i.e., alpha-tocopherol [72], or low molecular weight antioxidants, such
as vitamin C and polyphenols, should also be investigated.

In addition, techniques more sensitive than those employed here (i.e., HPLC to detect MDA levels)
to assess the oxidative impact of d-Gal should be also considered, in an attempt to give more details
about high d-Gal toxicity and having the present outcomes as a starting point useful to shed light on
this topic.

5. Conclusions

Taken together, our findings suggest that: i) B3p function assessment is a sensitive tool to verify
the impact of d-Gal on erythrocytes homeostasis; ii) d-Gal (0.1 and 10 mM) induces a reduction in
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anion exchange capability independent from membrane lipids peroxidation, membrane sulfhydryl
groups oxidation, MetHb formation, or changes in B3p expression levels; iii) d-Gal effect, reflecting on
B3p efficiency, could develop through a two-phases process, with the first associated to early glycation
of Hb, overwhelming the oxidant effect of d-Gal; iv) d-Gal-induced oxidative damage could not be
excluded, but is promptly mitigated by the endogenous antioxidant system, specifically catalase.

Finally, our investigation adds first elements to the knowledge about d-Gal toxicity namely at
membrane transport systems levels, which is not only associated to in vitro aging models, but also
to failure of d-Gal metabolism in humans, due to congenital deficiency of enzymes, leading to d-Gal
accumulation. This study could offer a good basis to understand the early effect of excessive d-Gal,
shedding more light on possible complications related to undiagnosed galactosemia and highlighting
the relationship between AGEs and oxidative events, which need to be better clarified, as possibly
involved in the onset of galactosemia symptoms

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3921/9/8/689/s1,
Figure S1: Estimation of GSH/GSSG ratio measured in untreated (control) and d-Gal treated erythrocytes at
different concentrations (0.1 and 10 mM) with or without 50 mM 3-AT incubated for 24 h. ns not significant vs
control; *** p < 0.001 significant vs control; §§§ p < 0.001 vs 0.1 mM d-Gal;

◦◦◦
p < 0.001 significant vs 10 mM d-Gal,

as determined by one way ANOVA followed by Bonferroni’s post hoc test (n = 3).
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Abstract: Extracellular vesicles (EVs) released by different cell types play an important role in
many physiological and pathophysiological processes. In physiological conditions, red blood cell
(RBC)-derived EVs compose 4–8% of all circulating EVs, and oxidative stress (OS) as a consequence of
different pathophysiological conditions significantly increases the amount of circulated RBC-derived
EVs. However, the mechanisms of EV formation are not yet fully defined. To analyze OS-induced
EV formation and RBC transformations, we used flow cytometry to evaluate cell esterase activity,
caspase-3 activity, and band 3 clustering. Band 3 clustering was additionally analyzed by confocal
microscopy. Two original laser diffraction-based approaches were used for the analysis of cell
deformability and band 3 activity. Hemoglobin species were characterized spectrophotometrically.
We showed that cell viability in tert-Butyl hydroperoxide-induced OS directly correlated with oxidant
concentration to cell count ratio, and that RBC-derived EVs contained hemoglobin oxidized to
hemichrome (HbChr). OS induced caspase-3 activation and band 3 clustering in cells and EVs.
Importantly, we showed that OS-induced EV formation is independent of calcium. The presented data
indicated that during OS, RBCs eliminated HbChr by vesiculation in order to sacrifice the cell itself,
thereby prolonging lifespan and delaying the untimely clearance of in all other respects healthy RBCs.

Keywords: erythrocytes; microparticles; oxidative stress; vesiculation; band 3; tert-Bytyl
hydroperoxide t-BOOH; nitric oxide donor; calcium ionophore A23187

1. Introduction

Extracellular vesicles (EVs), which consist of microvesicles (MVs), microparticles (MPs), and
exosomes, are continuously produced in human blood from different cell types including circulating
and endothelial cells. EVs contain various molecules of parent cells such as different proteins, bioactive
lipids, and RNAs that can be taken up by recipient cells [1]. EVs are directly involved in different
physiological processes such as vasoregulation, thrombosis, hemostasis, and inflammation, acting
similar to signaling molecules or by direct transport of their constituents [2,3]. In normal conditions,
red blood cell (RBC)-derived EVs compose 4–8% of all circulating EVs [4]. EV formation is triggered
by structural alterations of the cell membrane, which are driven by factors that disrupt erythrocyte
skeleton/membrane attachment, including aging-associated oxidative damage [5,6], reactive oxygen
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species (ROS) [7], increased intracellular Ca2+ concentration [8,9], adenosine triphosphate depletion [10],
and RBC storage in blood banks [11]. RBC-derived EVs are not homogeneous by their size and content.
The increase in intracellular calcium concentration induces membrane shedding, producing EVs
containing cytoskeleton proteins, glycophorin, band 3 protein (band 3, anion transporter 1, AE1), and
acetylcholine esterase, but not hemoglobin (Hb) [12]. During RBC concentrates storage, EVs carry
aggregates of Hb, band 3, cytoskeleton proteins, caspases 3 and 8, Cluster of Differentiation (CD) 47,
and immunoglobulins G [13]. Throughout the 120 days of RBCs’ lifespan, up to 20% of Hb is lost due
to EV formation [14]. Formation of such EVs is proposed to rescue RBCs by getting rid of damaged
Hb molecules and clustered band 3, which are well-defined markers of senescent RBCs, therefore
prolonging the life span of these cells [15]. Two major mechanisms are described for EV formation
including an increase in intracellular calcium concentration and oxidative stress (OS)-induced Hb
oxidation [16]. Ca2+-activated protease calpain is involved in vesiculation by binding and degrading
band 3, band 4.1, and ankyrin, which lead to alteration of cell deformability [9,16–19]. OS triggers
membrane and Hb oxidation, clustering, and disruption of band 3-cytoskeleton anchorage, and all
these alterations lead to EV formation [7,17,20–23]. All these data indicate that there are various
mechanisms of RBC-derived EV formation, however, several questions are still unsolved. In this study,
we elucidated the effects of different stimuli such as oxidant concentration and Hb oxidation state,
as well as the role of calcium, caspase-3 activation, and band 3 clustering that trigger RBC-derived
EV formation.

Here, we showed that cell viability in tert-Butyl hydroperoxide-induced OS directly correlated
with the ratio of oxidant concentration to cell count, and that RBC-derived EVs contained Hb oxidized
to hemichrome (HbChr). OS induced caspase-3 activation and clustering of band 3 protein in both,
cells and EVs. Importantly, we showed that OS-induced EV formation was independent of calcium.
Presented data indicated that during OS, RBCs eliminate HbChr by vesiculation in order to sacrifice
the cell itself, thereby prolonging lifespan and delaying the untimely clearance of in all other respects
healthy RBCs.

2. Materials and Methods

2.1. Reagents and Chemicals

Calcein-AM and eosin-5-maleimide (EMA) were from Molecular Probes (Eugene, OR, USA).
Annexin-V conjugated with fluorescein isothiocyante (Annexin-V-FITC) was obtained from Biolegend
(Amsterdam, Netherlands). Anti-active caspase-3 FITC polyclonal antibodies were from BD
Pharmingen (San Diego, CA, USA). tert-Butyl hydroperoxide (t-BOOH), S-nitroso-L-cysteine
(SNC)—sodium nitrite and L-cysteine hydrochloride monohydrate, calcium ionophore A23187, and
basic buffer constituents were from Sigma-Aldrich (Munich, Germany). The buffers were isotonic
with osmolality 300 mOsm/kg H2O controlled by cryoscopic osmometer Osmomat 3000 (Gonotec,
Germany), pH 7.4, and had the following composition (in mM): HEPES buffer-NaCl, 140; KCl, 5;
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, HEPES, 10; MgCl2, 2; d-glucose, 5; NH4

+ buffer
-NH4Cl, 140; KCl, 5; HEPES, 10; MgCl2, 2; d-glucose, 5. Ca2+ (2 mM) or ethylene glycol-bis(β-aminoethyl
ether)-N,N,N′,N′-tetraacetic acid EGTA (2 mM) were added to HEPES buffer, as indicated.

2.2. Methods

2.2.1. RBC Preparation

Human blood was collected from healthy volunteers, who did not take any medication at least 10
days before the experiments, in S-monovette tubes (9NC, Sarstedt, Nümbrecht, Germany) with the
addition of 2mM EGTA. The donors provided their informed consents prior the blood draw, which
was performed according to our institutional guidelines and the Declaration of Helsinki. Studies using
human RBCs were approved by the Sechenov Institute of Evolutionary Physiology and Biochemistry
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of the Russian Academy of Sciences (IEPHB RAS) (study no. 3-03; 02.03.2019). RBCs were prepared by
centrifugation of whole blood at 400× g (Centrifuge ELMI-50CM, Elmi, Latvia) in HEPES buffer with
EGTA for 3 min at room temperature. Washed RBCs were resuspended in HEPES buffer with EGTA or
Ca2+, as indicated, and adjusted to 0.5 × 109 cells/mL (corresponding to Hematocrit 4.0–4.5%). The
main blood parameters (red blood cell count and mean cell volume (MCV)) were controlled by the
hematological counter Medonic-M20 (Boule Medical A.B., Stockholm, Sweden).

2.2.2. Stress Models

Oxidative stress was induced by tert-Butyl hydroperoxide, t-BOOH (0.25, 0.5, 1, 1.5, 2 mM). Calcium
stress, as increased intracellular Ca2+ concentration, was inducted by calcium ionophore A23187 (1
µM) in HEPES buffer with 2 mM calcium. Nitrosative stress was inducted by S-nitroso-L-cysteine,
SNC (500 µM). To evaluate whether t-BOOH effects on RBCs are reversible or not, we incubated RBCs
with 1 or 2 mM of t-BOOH for 0.5 h; the cells were divided into two groups, one of which was washed
2 times by HEPES buffer with EGTA (“washed”), and the other left without washing out t-BOOH (“no
washing”).

2.2.3. Microparticle Isolation and Analysis

In this study, we investigated EVs and divided them by their size, as characterized by flow
cytometry, and content, as characterized by spectrophotometry, to MPs, which were smaller and did
not contain Hb, and MVs, which were bigger and contained Hb. MP/MV isolation was performed
according to the protocol described in detail in [24]. Briefly, for analysis of MPs/MVs, we incubated
RBCs with the indicated compounds for 24 h, then the samples were gently centrifuged (50× g, 7
min) and the supernatant was collected for the future analysis. RBC supernatant was centrifuged at
20,000× g for 30 min (centrifuge 5810R, Eppendorf, Hamburg, Germany) for separation of free Hb
and pellet-containing MVs and MPs. The presence of MVs and MPs in pellets was confirmed by flow
cytometry, and then MVs and MPs were scanned spectrophotometrically for Hb species analysis.

2.2.4. Spectral Analysis of Hemoglobin Species

Absorption spectra of Hb species were registered by spectrophotometer SPECS SSP-715-M
(Spectroscopic Systems LTD, Moscow, Russia) in the wavelength range of 300–700 nm with a step size
of 1 nm at 25 ◦C. To study the effects of different stresses on free Hb, we hypoosmotically lyzed intact
cells and added the indicated compounds, and then the spectra were collected at the indicated time.
To study the Hb transformation in cells, we incubated the RBCs with the indicated compounds for the
indicated time, and then the cells were hypoosmotically lyzed and the free Hb spectra were scanned.
To study the Hb species encapsulated in MPs/MVs, we isolated MPs/MVs, as described in Section 2.2.3,
and scanned them.

Hemoglobin Species Calculation

The percentage of oxidized Hb in RBC suspensions was determined by spectrophotometry
using the millimolar extinction coefficients of the different Hb species (oxyhemoglobin, oxyHb;
methemoglobin, metHb; hemichrome, HbChr) according to [25]. Briefly, RBC lysates were scanned
from 500 to 700 nm while recording the absorbance values at 560, 577, 630, and 700 nm. These data
were used for the calculation of Hb species percentage using the equations presented in [25]. The data
are presented as percentage from the sum of all Hb species in the sample taken as 100%.

Induction of Hypoxia

RBC suspension was degassed with argon for 15 min. The oxygen sensor mini-Oksik 3 (“Analitika
service” Ltd, Moscow, Russia) was used to control the oxygen content in the hypoxia chamber
(Billups-Rothenberg, San Diego, CA, USA), with absorption registered in the range of 300–700 nm. The
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cuvette was sealed up with wrapping film during the registration of absorption for maintenance of
hypoxic conditions.

2.2.5. Characterization of RBC Deformability by Laser Diffraction Method

To estimate the osmotic and ammonium fragility of RBCs, we used the novel laser diffraction
method (laser microparticle analyzer LaSca-T, BioMedSystems Ltd., Saint-Petersburg, Russia), adapted
for cell physiology, according to Mindukshev et al. [26–28]. The intensity of scattered light was
continuously detected by forward scattering at various angles (Figures S1 and S2). The MCV data
from hematological counter Medonic-M20 (Boule Medical A.B., Stockholm, Sweden) were used as
initial volume values MCV300 for the calculation of the MCV changes by the original software of the
laser particle analyzer LaSca-TM.

Osmotic Fragility Test (OFT)

RBCs (0.5 × 109 cells/mL) were incubated at indicated concentrations of A23187, SNC, and t-BOOH
at indicated times. Then, aliquots (10 µL) of each sample were resuspended in 1 mL of HEPES buffer
for osmotic fragility test. Hemolysis curves were registered for a range of osmolality from 210 to 70
mOsm/kg H2O. For each osmolality step, we added corresponding volume of water and RBCs to the
sample to keep RBC concentration constant. The cell volume investigation algorithm was used for
the estimation of cell volume changes dynamics and percentage of hemolysis [26–29]. The following
parameters were calculated from hemolysis curves: H50, an osmotic fragility variable that represents
the saline concentration that induces 50% lysis; W, the distribution width; and MCV120, maximal mean
cell volume during the OFT, which is calculated from the hemolysis curve based on MCV300. MCV300,
mean cell volume, was controlled by a hematological analyzer. The basic principles of the OFT are
described in Figure S1.

Ammonium Stress Test (AST)

RBCs were prepared as for OFT. Control RBCs (106 cells/mL) were suspended in 1 mL of HEPES
buffer with EGTA and then for AST in 1 mL of NH4

+ buffer. The following parameters were calculated
from the hemolysis curves: Vhem, maximal hemolysis rate; %Hem, percentage of lyzed cells; and
MCVhem, maximal mean cell volume during the AST, which is calculated from the hemolysis curve
based on MCV300. The basic principles of the AST are presented in Figure S2.

2.2.6. Flow Cytometry Analysis

All flow cytometry experiments were performed on flow cytometer Navios (BeckmanCoulter,
Brea, CA, USA) with an analysis of no less than 20,000 events.

Size and Structure Analysis

For size and structure analysis, we used forward scatter (FSC)/side scatter (SSC) mode, which
provides information about cell size and structure. The intensity of light scattered in a forward direction
(FSC) correlates with cell size. The intensity of scattered light measured at a right angle or side scatter
(SSC) correlates with internal complexity, granularity, and refractiveness [30–32].

Esterase Activity Analysis

Calcein-AM was used for the evaluation of cell esterase activity. RBCs (0.5 × 107 cells/mL) were
incubated with calcein-AM (5 µM, 40 min, 37 ◦C) then diluted in 300 µL HEPES buffer with the
following registration of calcein fluorescence at green detector (fluorescence light sensor 1, FL1) by
flow cytometer Navios (BeckmanCoulter, Brea, CA, USA).
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Phosphatidylserine (PS) Externalization at the RBC Surface

Annexin-V is a Ca2+-dependent dye, and thus 2 mM Ca2+ was added to HEPES buffer for the
annexin test. RBCs (0.5 × 109 cells/mL) were incubated with annexin-V (0.1 µg/mL, 15 min, 25 ◦C), and
then fluorescence of annexin was registered at FL1 by flow cytometry.

Analysis of Band 3 Clustering

The contribution of the cytoskeleton in RBC transformations under OS was estimated using the
eosin-5-maleimide (EMA)-binding test. RBCs (0.5 × 109 cells/mL) were incubated with EMA in the
HEPES buffer (0.07 mM, 40 min) with the following registration of EMA fluorescence intensity at FL1
by flow cytometry.

Microparticle Detection

MPs and MVs were isolated as described in Section 2.2.3. The combined range of the cytometer
optical system was used for data collection W2 (Wide-High 9◦–19◦ + Narrow 2◦–9◦ mode). For W2 FSC
detection, we used Ultra Rainbow Fluorescent Particles at nominal size 3.0–3.4 µm (BD Biosciences,
San Jose, CA, USA) and Latex Beads of 0.5 µm (BeckmanCoulter, Brea, USA) to estimate MP/MV sizes.

Caspase-3 Activation

RBCs at 0.5 × 109 cells/mL were incubated with the indicated concentrations of A23187, SNC, and
t-BOOH at indicated time, fixed in 1% formalin (10 min), and were then centrifuged (400× g, 3 min).
Pellets then were resuspended in phosphate buffered saline containing 1% bovine serum albumin
(PBS BSA 1%) and permeabilized by 1% Tween-20 for 10min. Anti-active caspase-3 FITC polyclonal
antibodies were added to the samples and incubated for 20 min in the dark. Caspase-3 activity was
registered as the mean fluorescence intensity increase at FL1.

2.2.7. Confocal Microscopy

A Leica TCS SP5 MP scanning confocal microscope (Leica Microsystems Inc., Bannockburn,
IL, USA) was used for evaluation of EMA-binding/band 3 clustering and MP and MV formation.
Erythrocytes were captured with 20 (HCX APO CS 20/0.70; Leica Microsystems, Inc., Buffalo Grove,
IL, USA) or 63 (HCX APO CS 63/1.4; Leica Microsystems, Inc., Buffalo Grove, IL, USA) immersion
objectives. To resolve fine details (clustering and MVs), we used an additional electronic zoom with a
factor of 1.5 to 3.5. For imaging, the emitted fluorescence was acquired at 500 to 600 nm (green region
of the spectrum for EMA). Single focal plane images were merged and analyzed with standard Leica
LAS AF Software (Leica Microsystems, Inc., Buffalo Grove, IL, USA).

2.2.8. Data Analysis

Laser diffraction data were analyzed by the original software LaSca_32 v.1498 (BioMedSystems
Ltd., Saint Petersburg, Russia) of the laser particle analyzer LaSca-TM. Flow cytometry data were
analyzed by original software Cytometry List Mode Data Acquisition and Analysis Software v.1.2 for
Navios cytometer (BeckmanCoulter, Brea, CA, USA) and by FCS Express Flow 7 (De Novo Software,
Pasadena, CA, USA). Differences between groups were analyzed by IBM SPSS Statistics v.26 (IBM
Corporation, Armonk, NY, USA). The data are presented as the mean ± SD. Our variables conformed to
a normal distribution (Shapiro–Wilk’s test, p > 0.05). We used one-way analysis of variance (ANOVA)
for group comparisons. When the samples were homoscedastic (Levene’s test, p > 0.05), we used
Tukey honestly significant difference (HSD) post hoc analysis. When the equal variances were not
assumed, we used Tamhane’s T2 post hoc analysis. For paired groups analysis, we used a paired t-test.
p < 0.05 was considered statistically significant.
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3. Results

3.1. RBC Viability Strongly Depended on the Ratio of Oxidant to Cell Count

Calcein-AM could be used for the evaluation of RBC viability and OS-induced cytotoxicity [33].
Therefore, in our experiments, we used this test to assess the effects of OS on RBC viability through
esterase activity changes. In constant RBC concentration (0.5 × 109 cells/mL), calcein fluorescence
intensity significantly decreased with t-BOOH concentration increase (Figure 1A,B), whereas in
constant t-BOOH concentration, calcein fluorescence intensity directly correlated with RBC count
(Figure 1C). Analysis of these two plots (Figure 1B,C) revealed exponential dependency (R2 = 0.98)
between calcein fluorescence intensity, as a marker of OS, and the ratio of oxidant concentration to cell
count ([t-BOOH]/RBC) (Figure 1D). Here, we showed that it is very important to consider the ratio
([t-BOOH]/RBC) for characterization of OS effects on RBCs. On the basis of the presented data for all
our experiments, we kept RBC concentration (0.5 × 109 cells/mL) constant.
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Figure 1. Calcein fluorescence intensity strongly depended on oxidant to cell count ratio. Red blood cell
(RBC) suspension was incubated with tert-Butyl hydroperoxide (t-BOOH) at indicated concentrations
for 1 h, then RBCs were stained with calcein-AM (5 µM, 40 min) and analyzed for calcein fluorescence
intensity by flow cytometry at FL1 (logarithmic scale). (A) Representative histograms from five
independent experiments. (B) Dependence of calcein fluorescence intensity in constant RBC count
from t-BOOH concentrations. (C) Dependence of calcein fluorescence intensity in constant t-BOOH
concentration from RBC count. (D) Exponential dependency between calcein fluorescence intensity
and the ratio of oxidant concentration/cell count ([t-BOOH]/RBC). Data in (B,C) are presented as means
± SD, n = 5.

3.2. t-BOOH Induced RBC Vesiculation

For analysis of RBC transformations, we used flow cytometry protocol according to our previous
template [28], and cell volume changes were analyzed by the hematological analyzer (Figures 2 and 3).
For the evaluation of different types of RBC transformations, we divided dot plots for four regions.
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Gate 1 represents the native cells, gate 2—MPs, gate 3—transformed cells with increased SSC values,
and gate 4—MPs with increased SSC values (referred to as microvesicles, MVs) (Figure 2).
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Figure 2. Oxidative stress induced by t-BOOH-triggered RBC transformations and microvesicle
formation. RBCs (0.5× 109 cells/mL) were incubated at indicated concentrations of t-BOOH, A23187, and
S-nitroso-L-cysteine (SNC) at the indicated times. Gate 1 represents control RBCs, gate 2—microparticles
(MPs), gate 3—transformed RBCs, and gate 4—microvesicles (MVs). (A) Representative dot plots out
of six independent experiments. (B) Quantification of presented data expressed as mean ± SD, n = 6.
One-way ANOVA, Tamhane T2 (G1, G2 24 h, G4), or Tukey HSD post hoc (G2 3 h) were used where
appropriate. * p < 0.05, ** p < 0.001 compared to control (t-BOOH 0mM, 3 h); # p < 0.05, ## p < 0.001
compared to control (t-BOOH 0mM, 24 h).
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Figure 3. Effects of t-BOOH, A23187, and SNC on RBC volume changes. RBCs (0.5 × 109 cells/mL) were
incubated with indicated concentration of t-BOOH, A23187, and SNC for indicated times and were
analyzed by hematological analyzer. (A) Representative histogram of mean cell volume (MCV) changes
for one donor for 3 h; symbols indicate time of analysis. (B) Quantitative data from 10 independent
experiments (10 donors). Data are presented as mean ± SD (n = 10), one-way ANOVA, Levene’s test
< 0.05, and Tamhane T2 post hoc. ** p < 0.001 compared to 1h control; ##, p < 0.001 compared to 3 h
control; $, p < 0.05, $$, p < 0.001 compared to 24 h control.

In the control, more than 96% of RBCs were in gate 1 and remained constant for 24 h. t-BOOH
for 1- and 3-h slightly increased the FSC (cell volume) concentration-dependently and increased SSC
values (structural heterogeneity) without an increase in MP formation. After 24 h of 0.5 mM t-BOOH
application, cells slightly increased SSC and FSC values, whereas 1 and 1.5 mM led to the formation of
MVs and cells with increased SSC (gates 3 and 4). We also found that 2 mM of t-BOOH transformed
RBCs to high SSC (gate 3). The increase of intracellular calcium concentration (facilitated by A23187)
time-dependently triggered significant MP formation (gate 2), up to 32 ± 3% (p < 0.05, n = 6) after 24
h of incubation, whereas no significant MP formation triggered by t-BOOH or SNC application was
detected. The effects of SNC on RBCs for 1–24 h (all gates) were similar to t-BOOH at a concentration
of 0.5 mM. It is important to underline that t-BOOH induced only MV (gate 4), but not MP (gate 2)
formation. Analysis of RBC MCV changes is presented in Figure 3. Low doses of t-BOOH (0.5–1.5
mM) increased cell volume, whereas 2 mM of t-BOOH did not significantly change cell volume. In
contrast, A23187 significantly decreased MCV, and SNC had no significant effect on MCV.

3.3. Oxidative Stress Induced Hemoglobin Oxidation to Ferryl (Hemichrome) Forms

To evaluate how Hb oxidation state affects formation of RBC-derived MVs and MPs, we first
tested the effects of used compounds on different Hb species formation. To maintain maximum
oxygen-carrying capacity, Hb must be kept under reducing conditions in the ferrous (Fe2+) form by
an efficient enzymatic machinery [34]. HbFe2+ could spontaneously and during OS be oxidized to
form HbFe3+ (ferric Hb, methemoglobin, metHb), HbFe4+ (ferryl Hb), and ·HbFe4+ (ferryl radical).
These oxidatively unstable Hb intermediates (ferryl/ferryl protein radicals refer to as hemichromes,
HbChr) oxidize residues within the Hb globin chains (and other proteins within proximity), ultimately
leading to Hb degradation and heme loss [35]. We used several compounds that can oxidize Hb and
we elucidated their effects on Hb oxidation state (Figure 4).
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Figure 4. t-BOOH induced hemichrome (HbChr) formation. Spectral scans from 450 to 700 nm captured
the different oxidation states of hemoglobin (Hb) identified by characteristic peaks in the visible region.
(A) Representative spectra of free Hb oxidation by 1mM t-BOOH (ferric, 500 and 630 nm; ferryl/HbChr,
545 nm, 576 nm, and a flattened region between 600 and 700 nm) in comparison with intact Hb spectra
(ferrous, 541 and 576 nm) in HEPES-buffer at 25 ◦C in kinetics. (B) Representative spectra of free Hb
oxidation by 500 µM SNC in deoxygenated by N2 HEPES buffer at 25 ◦C in kinetics. Free oxyHb
was deoxygenated by N2 and then SNC was added for the indicated time. (C) Spectra of Hb from
hypoosmotically lysed RBCs after 3 h treatment with indicated compounds at indicated concentrations.
(D) After 24 h of RBC incubation with indicated compounds, we collected the MVs and MPs, as
described in the Materials and Methods section, and then MVs/MPs and supernatant (SN) from the last
washing step were analyzed. (E) Representative bar chart of Hb species calculated from one donor.

First, we tested the effects of used compounds on free Hb (Figure 4A,B), and then intact cells were
oxidized and lysed in hypoosmotic conditions, and corresponding spectra were scanned (Figure 4C).
t-BOOH firstly oxidized Hb to MetHb, followed by oxidation to HbChr (Figure 4A). To evaluate the
effects of NO donor (SNC), we used hypoxic conditions by application of N2. SNC first formed HbNO
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and then was oxidized to MetHb without significant formation of HbChr (Figure 4B,C,E and Table 1).
MPs and MVs were collected from RBCs after 24 h of the application of indicated compounds and then
supernatants and MV- and MP-containing pellets were scanned spectrophotometrically (Figure 4D).
t-BOOH-induced MVs contained ferryl forms of Hb, whereas SNC- and A23187-produced MPs did not
contain any significant amount of Hb. The percentage of Hb species was calculated according to [25]
and is presented in Figure 4E and Table 1. These data indicated that only t-BOOH-induced oxidative
stress resulted in HbChr formation, SNC led only to metHb formation, and increase of intracellular
calcium concentration had no effects on Hb oxidation.

3.4. t-BOOH Dose-Dependently Decreased RBC Deformability

Next, to characterize OS-induced RBC transformations and possible deformability changes in
conditions favorable for MVs and MPs release, we used the osmotic fragility test and ammonium
stress test. The osmotic fragility of RBCs is a composite index of their shape; hydration; and, within
certain limitations, proneness to in vivo destruction [36,37]. In standard OFT, the percent of hemolysis
in increasingly hypotonic solution (0.75%, 0.65%, and 0.60%) is recorded spectrally by optical density.
We developed the original automated, easy method for analysis of cells osmotic fragility. Previously,
for analysis of band 3 function, we established the original ammonium stress test that is based on
band 3 - Rhesus Associated Glycoprotein (RhAG) -facilitated ability of RBCs to swell and lyse in
isoosmotic ammonium buffer (NH4

+ buffer) [27,29]. The basic principles of both tests are described in
the Materials and Methods section (Section 2.2.5) and Figures S1 and S2.

The 1 h t-BOOH (0.5–1 mM) treatment led to an increase in H50 (the osmolality that triggers
hemolysis of 50% cells), indicating elevated fragility, and high doses (2 mM) decreased H50, indicating
increased rigidity (Figure 5A) in comparison with the control cells. OS dose-dependently increased
cell distribution width (W). Both parameters strongly indicated the significant decrease in RBCs’
deformability and increase in RBCs’ heterogeneity.

After 1 h of treatment, A23187 led to a significant decrease of MCV300 and subsequent MCV120, as
well as a significant decrease of H50, indicating decreased deformability. SNC effects were similar to
0.5 mM of t-BOOH, MCV300 and MCV120, W, and H50 were slightly increased in comparison to control
cells. The osmotic fragility test parameters are summarized in Table 2.
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Figure 5. Oxidative stress (OS)-induced decrease in osmotic fragility of RBCs. RBCs (0.5 × 109 cells/mL) 
were incubated with the indicated substances for 1h, and then aliquots (10 µL, 106 cells/mL final 
concentration) of samples were resuspended in HEPES buffer with EGTA to register light scattering 
intensity corresponding to control. Then, the osmolality was gradually reduced by H2O 
supplementation, from 300 to 70 mOsm/kg H2O, to maintain the RBC concentration, and the 
corresponding number of cells was added at each step of H2O supplementation. (A) Representative 
osmotic hemolysis curves from the osmotic fragility test (OFT). (B) Quantification of percentage of 

Figure 5. Oxidative stress (OS)-induced decrease in osmotic fragility of RBCs. RBCs (0.5 × 109

cells/mL) were incubated with the indicated substances for 1h, and then aliquots (10 µL, 106 cells/mL
final concentration) of samples were resuspended in HEPES buffer with EGTA to register light
scattering intensity corresponding to control. Then, the osmolality was gradually reduced by
H2O supplementation, from 300 to 70 mOsm/kg H2O, to maintain the RBC concentration, and
the corresponding number of cells was added at each step of H2O supplementation. (A) Representative
osmotic hemolysis curves from the osmotic fragility test (OFT). (B) Quantification of percentage of
hemolysis from osmotic fragility test calculated from six independent experiments. (C) Quantification
of MCV during osmotic fragility test calculated from six independent experiments.
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Table 2. Quantification of osmotic fragility test (OFT) data of six independent experiments (donors).

OFT
Characteristics Control t-BOOH A23187 SNC

0.5 mM 1 mM 2 mM 1 µM 500 µM

H50,
mOsm/kg H2O 122 ± 9 130 ± 7 117 ± 8 83 ± 6 ** 68 ± 7 ** 128 ± 6

W,
mOsm/kg H2O 44 ± 7 52 ± 8 60 ± 9 * 107 ± 10 ** 41 ± 6 47 ± 7

MCV300,
fL 84 ± 2 88 ± 6 87 ± 7 81 ± 6 73 ± 2 ** 86 ± 5

MCV120,
fL 124 ± 9 131 ± 8 115 ± 8 88 ± 6 * 83 ± 2 ** 127 ± 4

MCV300—data from hematology cell counter. Data are presented as means ± SD (n = 6), one-way ANOVA; if
Levene’s test < 0.05, Tamhane T2 post hoc (MCV300,) was used; if Levene’s test > 0.05, Tukey HCD post hoc (H50, W,
MCV120) was used. * p < 0.05, ** p < 0.001, compared to corresponding control.

Ammonium stress test results after 1 h were similar to the osmotic fragility test (Figure 6);
quantification of ammonium stress test data is presented in Table 3. %Hem (percentage of hemolyzed
cells), Vhem (hemolysis maximal rate), and MCVhem (maximal mean cell volume during the ammonium
stress test) as the markers of rigidity dose-dependently significantly decreased with the rise in t-BOOH
concentration, indicating the increased RBC rigidity and inhibited band 3 protein activity.
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Figure 6. OS dose-dependently decreased RBCs’ deformability and inhibited band 3 function.
Representative hemolysis curves of ammonium stress test one of eight experiments. RBCs (0.5
× 109 cells/mL) were incubated with the indicated compounds for 1 h, and then aliquots (10 µL, 106

cells/mL final concentration) of samples were resuspended in HEPES buffer to register light scattering
intensity corresponding to control. Then aliquots (10 µL, 106 cells/mL final concentration) of samples
were resuspended in NH4

+ buffer for ammonium stress test. Arrows indicate the start of the ammonium
stress test. Quantitation of these data is presented in Table 3.
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Table 3. Quantification of ammonium stress-test data of five independent experiments (donors).

AST
Characteristics Control t-BOOH A23187 SNC

0.5 mM 1 mM 1.5 mM 2 mM 1 µM 500 µM

Vhem 1.00 ± 0.02 1.01 ± 0.02 0.71 ± 0.21 0.57 ± 0.08 * 0.32 ± 0.09 * 0.06 ± 0.02 ** 1.04 ± 0.02

%Hem 96.5 ± 0.2 92.1 ± 2.6 80.8 ± 11.4 69.3 ± 9.6 * 47.8 ± 13.2 ** 40.0 ± 11.3 ** 95.6 ± 1.0

MCV300 84.9 ± 0.9 86.7 ± 2.3 87.5 ± 5.9 87.8 ± 4.3 88.6 ± 10.4 70.5 ± 3.7 * 86.87 ± 1.9

MCVhem 142.3 ± 3.2 143.8 ± 4.8 124.5 ± 9.8 116.0 ± 1.7 * 105.1 ± 1.9 ** 96.3 ± 6.5 ** 141.0 ± 2.8

MCV300—data from hematology cell counter. Data are presented as means ± SD (n = 5), one-way ANOVA; if
Levene’s test < 0.05, Tamhane T2 post hoc (Vhem, MCV300, MCV120) was used, if Levene’s test > 0.05, Tukey HSD
post hoc (%Hem) was used. * p < 0.05, ** p < 0.001, compared to corresponding control.

As described [38,39], an increase in intracellular calcium concentration significantly altered
RBCs’ deformability. In our experiments, RBC treatment with A23187 led to a significant decrease in
Vhem, %Hem, and MCV120, indicating the increased RBC rigidity. SNC did not cause any significant
deformability alterations compared to control; its effects were similar to those triggered by 0.5 mM
of t-BOOH.

Results of both important tests characterizing RBC features revealed that t-BOOH
dose-dependently decreased RBCs deformability, accrual of intracellular calcium concentration
increased RBC rigidity, and SNC had no significant effect on these parameters.

3.5. OS Induced RBC Transformation and Microvesicle Formation Was Independent on Extracellular
Calcium Concentration

Next, we tested whether extracellular calcium plays any role in OS-induced MP or MV formation.
It is well known that calcium plays a significant role in RBCs function [40–42] and that it triggers
eryptosis [43]; however, the role of calcium in MV formation is not yet clear. All our experiments
were performed in both HEPES buffer with EGTA or with 2mM calcium. In normal conditions (intact
RBCs, Ca2+ - enriched buffer) intracellular calcium concentration maintains less than 60nM [40,44],
whereas addition of A23187 equals intra- and extracellular concentrations (2mM) with the following
change in features of RBCs [45,46]. Therefore, we compared MV formation, PS surface exposure, and
caspase-3 activation in RBCs during OS induced by different t-BOOH concentrations, A23187, and
SNC, in HEPES buffer with calcium or with EGTA (Figures 7–9).

For MV formation analysis, we used the same template as in Section 3.2 and calculated events
in gates G1, G3, and G4 in HEPES-buffer containing calcium (2 mM) or EGTA (2 mM). Surprisingly,
calcium had no significant effect on OS-induced RBC transformations and MV formation (Figure 7A–D).
Next, we tested whether PS surface exposure (annexin-V binding) as a marker of eryptosis is dependent
on extracellular calcium. Similar to MV formation, calcium had no significant effect on OS-induced
annexin V binding (Figure 8A,B). We compared percentage of annexin V-positive cells after A23187,
t-BOOH, and SNC treatment (Figure 8C). A23187 and t-BOOH after 3 h significantly increased PS
exposure, whereas SNC had no significant effect.

In different conditions, PS surface exposure might be dependent, or independent, upon caspase-3
activation [47,48]. t-BOOH induced strong caspase-3 activation (Figure 9A,B), which, like MV formation
and PS surface exposure, was independent of calcium. In all tested conditions, A23187 and SNC did
not significantly activate caspase-3 (Figure 9B).

3.6. t-BOOH-Induced OS Triggered Band 3 Clustering

Band 3 plays a significant role in RBC functions, and clustering of this protein was demonstrated
in several RBCs disorders [7,21,23]. Additionally, band 3 clustering is one of important signals to
eliminate senescent and pathological RBCs [49]; therefore, we next used an EMA test to elucidate the
effects of the used compounds on band 3 clustering. Oxidative stress induces band 3 oxidation and
dissociation from spectrin skeleton, resulting in enhanced mobility and subsequent band 3 cluster
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formation [21,23,49]. In our experiments, we tested whether each of the used compounds triggers
band 3 clustering by applying the EMA-binding test. As expected, in control cells, EMA showed slight
homogeneous fluorescence (Figure 10A and Figure S4). During t-BOOH-induced OS, in both RBCs
and RBC-derived MV, we detected clustering of band 3 (Figure 10A and Figure S4). In contrast, A23187
and SNC induced neither MV formation nor band 3 clustering (Figure 10C and Figure S4), and, as
expected [50,51], A23187 triggered the formation of narrow spikes on the outer half of the bilayer, the
so-called echinocytosis, in RBC (Figure 10A and Figure S4).Antioxidants 2020, 9, x FOR PEER REVIEW 14 of 23 

 

Figure 7. OS-induced RBC transformation and MV formation were calcium-independent. RBCs (0.5 × 109 

cells/mL) were incubated with the indicated concentration of t-BOOH in HEPES buffer containing 2 mM 
calcium, or 2 mM EGTA, for indicated times and were analyzed by flow cytometry. (A) Representative 
SSC/FSC dot plots of one out of six independent experiments for 24 h. Template and gating correspond to 
Section 3.2. (B–D) Calculation of events distributed in the corresponding gates. Data are presented as mean 
± SD (n = 7), paired t-test; n.s., not significant. 

Figure 7. OS-induced RBC transformation and MV formation were calcium-independent. RBCs
(0.5 × 109 cells/mL) were incubated with the indicated concentration of t-BOOH in HEPES buffer
containing 2 mM calcium, or 2 mM EGTA, for indicated times and were analyzed by flow cytometry.
(A) Representative SSC/FSC dot plots of one out of six independent experiments for 24 h. Template and
gating correspond to Section 3.2. (B–D) Calculation of events distributed in the corresponding gates.
Data are presented as mean ± SD (n = 7), paired t-test; n.s., not significant.
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t-test; ** p < 0.001, compared to 3h in HEPES buffer with Ca2+; ## p < 0.001, compared to 3 h in HEPES 
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Figure 8. OS-induced annexin-V binding was calcium-independent. RBCs (0.5 × 109 cells/mL) were
incubated with indicated concentrations of t-BOOH, A23187, and SNC in HEPES buffer containing 2 mM
Ca2+ or 2 mM EGTA for indicated times. Annexin-V (0.1 µg/mL, 15 min, 25 ◦C) was added to treated
cells and analyzed by flow cytometry. (A) Representative annexin V/FSC dot plots of one out of six
independent experiments for 24 h. Gate G1 corresponds to control cells; G2 to annexin-V-negative EVs;
G3 to annexin-V-positive cells; G4, annexin-V-positive EVs. (B,C) Calculation of annexin-V-positive
events in G3 and G4. Data in (B–D) are presented as the mean ± SD, in (B)—paired t-test; ** p < 0.001,
compared to 3h in HEPES buffer with Ca2+; ## p < 0.001, compared to 3 h in HEPES buffer with EGTA;
n.s.—not significant. In (C)—one-way ANOVA, Levene’s test < 0.05, Tamhane’s T2 post hoc; * p < 0.05,
** p < 0.001, compared to 3 h control; # p < 0.05, ## p < 0.001, compared to 24 h control.
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Figure 9. t-BOOH-induced OS activated caspase 3 in RBCs. RBCs (0.5 × 109 cells/mL) were incubated
with indicated concentrations of t-BOOH, A23187, and SNC in HEPES buffer containing 2 mM calcium
or 2 mM EGTA for indicated times. After we incubated them with indicated compounds, cells were
fixed by 1% (final concentration) of methanol-free formaldehyde, permeabilized by 0.5% Tween for 20
min, and then anti-active caspase-3 antibodies were added for 30 min, with caspase-3 activation being
measured by flow cytometry according to the manufacturer’s instructions. (A) Original histograms
from one of seven independent experiments. (B) Data quantification based on seven independent
experiments. Data are presented as the mean ± SD (n = 7), one-way ANOVA (HEPES buffer with
EGTA both 3 h and 24 h), Tukey HSD post hoc (HEPES buffer with Ca2+ 3 h), Tamhane T2 post hoc
(HEPES buffer with Ca2+ 24 h); paired t-test HEPES buffer (EGTA) and HEPES buffer (Ca2+), ** p < 0.001
compared to corresponding control, # p < 0.05 compared to corresponding control, n.s.— not significant.
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Figure 10. t-BOOH-induced oxidative stress led to band 3 clustering and MV formation. RBCs (0.5× 109

cells/mL) were incubated as indicated with t-BOOH, A23187, and SNC at the indicated times, followed
by EMA staining (0.07 mM, 40 min). (A) Representative confocal images of t-BOOH transformed RBCs.
RBCs were processed for confocal microscopic analysis as described in the Materials and Methods
section (Section 2.2.7). (B) Original histograms of EMA fluorescence intensity after 24 h t-BOOH
treatment. (C) Quantification of flow cytometry data. Data are presented as mean ± SD (n = 7), one-way
ANOVA, Levene’s test > 0.05, Tukey HSD post hoc (3 h) was used, * p < 0.05, compared to 3 h control;
Levene’s test < 0.05, Tamhane T2 post hoc (24 h) was used, # p < 0.05, ## p < 0.001 compared to 24
h control.
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4. Discussion

Extracellular vesicles (EVs) released by different cell types play a significant role in many
physiological and pathophysiological processes. The cargo and types of EVs and their functional role
strongly depend on the cell of origin and mechanisms of EV formation [52]. It was reported
that RBC-derived EVs carry residual Hb, lipids, and proteins that are in charge of known
physiological effects of EVs [53,54]. RBC-derived EVs were shown to express phosphatidylserine
and cell-specific band 3 epitopes on the surface, as well as to contain enzymes involved in redox
homeostasis (glutathione S-transferase, ubiquitin, thioredoxin, peroxiredoxin-1, peroxiredoxin-2)
and complement-inhibiting proteins CD55 and CD59. The EV effects in health, disease, and blood
transfusion are a matter of continued investigation [3,15,54–58]. However, it has already been defined
that MVs could be captured by other circulated blood cells and by endothelial cells; thereby, EVs are
involved in coagulation promotion, inflammation, immune modulation, endothelial dysfunction, and
vasodilatation impairment, as well as having vasoactive properties potentially altering oxygen delivery
homeostasis [17]. Moreover, EVs from RBCs could increase production of tumor necrosis factor-alpha
in monocytes and CD4+, as well as CD8+ T-cell proliferation [57].

Two main mechanisms of RBC-derived EV formation connected with an increase of intracellular
calcium concentration and Hb oxidation were proposed [58]. The increase in intracellular calcium
concentration leads to programmed cell death, so-called eryptosis for RBCs [59], which could be
triggered by numerous xenobiotics and exogenous substances [60] as well as several pathological states
including diabetes, hepatic failure, sepsis, and chronic kidney disease [61–65]. As expected [38,39,41],
intracellular calcium increase mediated by A23187 led to RBC shrinkage (Figures 3 and 5) and
subsequent rapid loss of flexibility (Figures 5 and 6), which could be explained by the opening of the
Ca2+-sensitive Gardos channels resulting in hyperpolarisation and a loss of K-, Cl-, and water [66].
MPs formed during eryptosis by membrane shedding are around 200 nm in diameter and are
characterized by surface phosphatidylserine (PS) exposure [9]. However, the question of whether EV
formation during eryptosis is connected with classical apoptotic pathways (caspase-3 activation) is
still under debate [7,13]. In our experiments, increase in intracellular calcium mediated by application
of A23187 led to strong PS surface exposure in both RBCs and EVs but did not activate caspase-3
(Figure 9B). In contrast, OS-triggered PS exposure and EV formation were independent of calcium
and caspase-3 activation, which indicated that two different mechanisms, calcium-dependent and
-independent mechanisms, are responsible for surface PS exposure and EV formation. The classification
of RBC-derived EVs is also not yet clearly defined. Some authors refer to these as microvesicles [13,17],
while others use the term microparticles for the same kind of EVs [2,3], without detailed characterization
of differences between them. In our study, we divided RBC-derived EVs into two populations: (a) EV,
derived from A23187-treated RBCs, which were smaller and did not contain Hb, referred to as MPs, and
(b) OS-triggered EVs, which were bigger and contained oxidized Hb, referred to as MVs [22]. Various
compounds and pathological states might unquestionably trigger both pathways of RBC-derived EV
formation, however, in our study, we focused mainly on important conditions that facilitate OS-induced
RBC transformation, MV formation, and characterization of these MVs.

The increase in intracellular calcium concentration is regarded as the main driving force of RBC
transformation and EV formation [17]. OS-induced increase of intracellular calcium mobilization was
shown in several publications [40,67], however, the question as to whether it is the main trigger of
RBC transformation remained open; therefore, in our experiments, we first tested the influence of
extracellular calcium on RBC transformation and EV formation, comparing HEPES buffer with 2 mM
calcium with HEPES buffer containing 2 mM EGTA. Surprisingly, we found no significant differences
in OS-induced RBC transformation and EV formation in these two conditions. Most of our experiments
were performed in HEPES buffer with 2 mM EGTA, and similar experiments were performed in
HEPES buffer with 2 mM calcium (Figure 7), with there being no significant differences in RBC
transformation, annexin-V binding (Figure 8A,B), MV formation, or caspase-3 activation (Figure 9B).
On the basis of these data, we concluded that Hb oxidation to HbChr but not increase of intracellular
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calcium concentration is most likely the main driving force of OS-induced RBC transformation and
EV formation.

The next important question raised in our study was connected with oxidant and RBC
concentration, as well as time of incubation with oxidant (Figure 1). In most of the literature,
t-BOOH is used to induce OS in RBCs, with highly controversial results, from an increase of cell volume
to cell shrinkage, content of produced microparticles, and cell deformability. Here, we showed that RBC
transformation, deformability, band 3 clustering, and MV formation in t-BOOH-induced OS strongly
depended on oxidant concentration/time and the ratio of oxidant to cell count (Figure 1). t-BOOH
concentration less than 0.5 mM did not induce significant changes in RBCs; MV formation started
at concentrations 1–1.5 mM, whereas at 2 mM, cells rigidity increased with reduced MV formation
(Figure 5). We also checked whether the effects of t-BOOH during long-term treatment are reversible or
not, finding that even 30 min t-BOOH application is sufficient to make the effects of oxidant irreversible
(Figure S3).

Another aspect of OS-induced RBC transformation that was also an important part of our work
and should be considered in future studies was connected with the calcein-AM test, a marker of cellular
esterase activity. Clearly, esterase activity did not directly correlate with RBC transformation and MV
formation (Figures 1 and 2). t-BOOH dose-dependently reduced calcein fluorescence; however, cell
transformation and MV formation continued even in the conditions of almost completely inactivated
esterase activity after 3 h of incubation with t-BOOH (Figure 2).

Processes such as senescence, hyperthermia, transfusion, increase of intracellular calcium
concentration, RBC storage in blood banks, and oxidative stress accelerate RBC vesiculation [11].
Through MV generation, erythrocytes were shown to remove membrane patches containing removal
molecules, damaged cells and membrane constituents [15,17,58]. In our experiments, only t-BOOH
induced the formation of high SSC MVs, which contained highly oxidized Hb (HbChr), whereas
A23187 and SNC did not, indicating that RBC-derived EVs were heterogeneous in content, with or
without Hb. These data indicated that during OS, RBCs eliminate HbChr by vesiculation in order to
sacrifice the cell itself, thereby prolonging lifespan and delaying the untimely clearance of in all other
respects healthy RBCs [6,9,15].

5. Conclusions

OS-triggered RBC transformations and MV formation is mediated by complex processes including
Hb oxidation, band 3 clustering, cytoskeleton reorganization, an increase in intracellular calcium
concentrations, and other alterations in RBC cellular organization. OS could be developed as
consequences of several pathological states such as diabetes, sepsis, chronic kidney disease, and hepatic
failure, and the degree of OS and RBC transformations might be significantly variable, being dependent
on the conditions. t-BOOH is often used for the analysis of RBCs in OS conditions, however, published
data focusing on RBCs’ responses to OS are highly variable and depend on concentration/time of
t-BOOH administration. Therefore, we first established standards for evaluation of t-BOOH-induced
OS and showed that it is especially important to consider not only oxidant concentration but also the
ratio of oxidant to cell count. Next, we developed two new original methods, ammonium stress-test
and automated osmotic fragility test, based on laser diffraction analysis of RBC transformations,
which allow us to characterize RBCs’ osmotic and ammonium fragility. Thus, the presented data,
methodology, and new methods for the analysis of OS-induced RBC transformations will allow us to
characterize these cells more broadly during OS.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3921/9/10/929/s1,
Figure S1: Evaluation of RBCs’ osmotic fragility by laser diffraction method. Figure S2: Basic principles of
ammonium stress-test. Figure S3: Effects of 30 min t-BOOH-induced oxidative stress on RBCs were irreversible
for 4 and 24 h. Figure S4: t-BOOH-induced oxidative stress led to band 3 clustering and MV formation.
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Abstract: Although artemisinin-based combination therapies (ACTs) treat Plasmodium falciparum
malaria effectively throughout most of the world, the recent expansion of ACT-resistant strains in
some countries of the Greater Mekong Subregion (GMS) further increased the interest in improving
the effectiveness of treatment and counteracting resistance. Recognizing that (1) partially denatured
hemoglobin containing reactive iron (hemichromes) is generated in parasitized red blood cells (pRBC)
by oxidative stress, (2) redox-active hemichromes have the potential to enhance oxidative stress
triggered by the parasite and the activation of artemisinin to its pharmaceutically active form, and
(3) Syk kinase inhibitors block the release of membrane microparticles containing hemichromes, we
hypothesized that increasing hemichrome content in parasitized erythrocytes through the inhibition
of Syk kinase might trigger a virtuous cycle involving the activation of artemisinin, the enhancement
of oxidative stress elicited by activated artemisinin, and a further increase in hemichrome production.
We demonstrate here that artemisinin indeed augments oxidative stress within parasitized RBCs
and that Syk kinase inhibitors further increase iron-dependent oxidative stress, synergizing with
artemisinin in killing the parasite. We then demonstrate that Syk kinase inhibitors achieve this
oxidative enhancement by preventing parasite-induced release of erythrocyte-derived microparticles
containing redox-active hemichromes. We also observe that Syk kinase inhibitors do not promote
oxidative toxicity to healthy RBCs as they do not produce appreciable amounts of hemichromes.
Since some Syk kinase inhibitors can be taken daily with minimal side effects, we propose that Syk
kinase inhibitors could evidently contribute to the potentiation of ACTs.

Keywords: Plasmodium falciparum; syk kinase inhibitors; artemisinin derivatives; hemichromes;
oxidative stress; reactive oxygen species
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1. Introduction

Following entry into the bloodstream of its human host, Plasmodium sporozoites injected by an
infected mosquito migrate to the liver and initiate the hepatic stage of the parasite life cycle by invading
hepatocytes, within which they multiply and differentiate into schizonts containing thousands of
hepatic merozoites. These merozoites are subsequently released into the blood where they initiate the
erythrocytic stage by invading and replicating within red blood cells (RBCs), and they multiply ~18-fold
every 48 h. During the course of their intra-erythrocyte life, the parasite ingests and digests about
70% of the host cell hemoglobin (Hb) with the obligate release of heme that must be converted into an
insoluble crystalline form called hemozoin to prevent oxidative damage to the maturing parasite [1,2]
and to maintain the colloid osmotic balance in the parasitized erythrocyte resisting premature lysis [3,4].
Suppression of hemozoin formation is thought to constitute a major mechanism of action of several
anti-malaria drugs, including quinine, chloroquine, and mefloquine [5,6]. Artemisinin or one of
its synthetic derivatives constitutes the other major component of most anti-malaria therapies [7,8].
Although the mechanisms of action of ACTs (artemisinin combination therapies) are still debated [9,10],
most hypotheses invoke involvement of redox reactions in their cytotoxicity, since (i) the essential moiety
in all therapeutically active forms of artemisinin is its endoperoxide ring [11], (ii) other components of
common ACTs promote the accumulation of oxidative heme [12], (iii) erythrocyte mutations that increase
oxidative stress within the parasitized RBC confer partial protection against malaria [13–19] (e.g., sickle
cell, β-thalassemia, G6PDH (Glucose-6-phosphate dehydrogenase) deficiency, etc., and (iv) many other
oxidizing drugs were found to exhibit antimalarial activity [20,21]. Taken together, these observations
suggest that oxidative stress can be detrimental to the parasite, probably by creating an environment that
is harmful to parasite maturation, proliferation, or egress. In addition to hemoglobin digestion, from the
early stages of their development, parasites also lead to hemoglobin oxidation and partial denaturation
products in the host cell [13,22]. In particular, P. falciparum intra-erythrocyte growth causes hemoglobin
oxidation (methemoglobin) and its partial denaturation (hemichromes), characterized by iron binding
to distal histidine in the heme pocket [23–27]. Interestingly, hemichromes (HMCs) are classified as
reversible and irreversible. While low-spin state HMCs are poorly reactive, reversible HMCs can still
be reduced to their high-spin functional, redox-active form [28]. HMCs bind with high affinity to
the N-terminal of the cytoplasmic domain of band 3 [29–34], the major transmembrane erythrocyte
protein which forms junctional complexes with the cytoskeleton, assuring mechanical stability of the
membrane [35]. Following their binding to band 3, HMCs trigger the oxidation of the two cysteine
residues (C201 and C317) lying in the band 3 cytoplasmic domain with the formation of two disulfide
intermolecular cross-links between two band 3 molecules [22,36]. Notably, disulfide cross-linked band
3 dimers acquire the capability to dock Syk protein kinase, leading to the phosphorylation of band
3 Tyr 8 and Tyr 21 [37]. This event leads to the uncoupling of the oxidized phosphorylated band 3
from ankyrin, the major link between the membrane and cytoskeleton, facilitating the clustering of the
band 3–hemichrome complex to form large aggregates known as Heinz bodies [32,38]. As expected
from the essential role of the band 3–ankyrin complex in assuring membrane stability, those aggregates
tend to protrude from the erythrocyte surface and are progressively released through membrane
vesiculation [39]. As a matter of fact, membrane-bound HMC aggregates and circulating microparticles
(MPs) were described in hemolytic diseases such as sickle cell anemia, thalassemias, G6PD deficiency,
and malaria [40–42]. Notably, in all cited situations, those changes were attributed to the oxidative
stress generated by denatured hemoglobin. As expected, the release of MPs from the membrane of
parasitized RBCs determines the depletion of band 3 molecules, leading to pronounced membrane
destabilization at the final stages of parasite development. We also demonstrated that counteracting
band 3 depletion with Syk inhibitors impedes the final egress of merozoites [43–45]. Due to the
recent emergence of malaria strains in Southeast Asia that exhibit resistance to ACTs [46–49], the
quest for new anti-malarials that might synergize with artemisinins in preventing the spread of drug
resistance is intensifying [50,51]. Recognizing that artemisinin needs to be converted in highly reactive
carbon-centered radicals via endoperoxide cleavage and that HMCs containing redox active iron
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are generated in parasitized erythrocytes, we hypothesized that inducing the retention of HMCs
through the inhibition of Syk kinase might both increase oxidative stress and accelerate the activation
of artemisinin. In this possible mechanism, we also hypothesized that accumulation of reactive HMCs
should also aggravate the oxidative stress caused by artemisinin catalyzing additional peroxidation
reactions and inducing further HMC generation with a possible synergistic effect between Syk inhibitors
and artemisinin. In this paper, we test multiple aspects of this hypothesis. We firstly show that Syk
inhibitors promote increased accumulation of hemichromes within the infected RBC by preventing the
release of hemichrome-enriched microparticles. We also observe that this accumulation is strongly
augmented by co-administration of artemisinin, enhancing the oxidative stress within the infected
erythrocyte. Upon demonstrating this phenomenon, as expected from our hypothesis, the combined
effect of a Syk kinase inhibitor plus artemisinin is highly synergistic, creating a combination therapy
with superior antimalarial activity to the two antimalarials administered alone (see graphical abstract
of the proposed mechanism of action).

2. Material and Methods

Unless otherwise stated, all materials were obtained from Sigma-Aldrich, St. Louis, MO, USA.

2.1. Cultivation of Plasmodium falciparum-Infected RBCs (pRBCs)

Freshly drawn blood (Rh+) from healthy adults or from G6PD-deficient patients of both sexes
was used. RBCs were separated from plasma and leukocytes by washing three times with RPMI
(Roswell Park Memorial Institute) 1640 medium. Plasmodium falciparum laboratory strains Palo Alto,
FCB1, and It-G (all mycoplasma-free) were used. Parasites were maintained in continuous culture
using the method of Träger and Jensen [52]. Specifically, the parasitemia was routinely maintained
around 5%, and parasites were synchronized by 5% sorbitol treatment as described by Lambros
and Vanderberg [53]. For all experiments, mature parasites (shizonts and segmenters) after percoll
separation [54] were added to washed RBCs and, 12 h after the infection (occurring within 6 h), the
cultures were ready for the experimental procedures.

2.2. Ethics Statement

Healthy blood donors, all adults, provided written, informed consent before entering the study.
The study was conducted in accordance with Good Clinical Practice guidelines and the Declaration of
Helsinki. No ethical approval was requested as human blood samples were used only to sustain the
parasites in in vitro cultures.

2.3. Drug Susceptibility Assays of Cultured Parasites

All Syk inhibitors were solubilized initially at 10 mM concentration in anhydrous DMSO (Dimethyl
sulfoxide) and then serially diluted into anhydrous DMSO prior to the addition to malaria cultures.
Untreated cultures were run in parallel with the same final concentration 0.01% (v/v) of DMSO as the
drug-treated cultures. Cultures at the ring stage of P. falciparum were treated at 12 h post infection,
from 3 to 24 h, with the indicated concentrations of dihydroartemisinin (DHA), artesunate (AS), or
artemether (ATH) combined with the desired concentration of one of the following Syk inhibitors:
P505-15 (Selleckchem); R406 (Calbiochem, Darmstadt, Germany), entospletinib (Selleckchem), Syk
inhibitor II (henceforth abbreviated as SYK II), piceatannol, or imatinib (Santa Cruz Biotechnology).

2.4. Preparation of Iron Chelator Deferasirox

Deferasirox (DFX) (Med Chemexpress) was dissolved in DMSO as a 1 mM stock solution and
diluted into culture medium to achieve a final DMSO concentration of 0.001% (v/v). Stock solutions
were then filtered through a Swinnex Millipore filter (pore size 0.2 µm) for sterilization prior to addition
to malaria cultures.
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2.5. Isobologram Preparation and Combination Index (CI) Measurement

Microsoft Excel was used to plot parasite counts following treatment with different combinations
of the above drugs. To characterize the nature of the interaction (i.e., synergy, additivity, antagonism)
between any two drugs, the experiments were performed at the IC50 (half maximal inhibitory
concentration) concentrations obtained in in vitro experiments in pRBCs as previously described.
The desired inhibitors were plotted on the x- and y-axes, and the line of additivity was constructed
by connecting the two points defining the IC50 values of the two monotherapies. As defined in
the quantitative combination index theorem of Chow–Talalay [55,56], experimental data points
located below, on, or above the additivity line are interpreted to indicate synergy, additivity, or
antagonism, respectively.

2.6. Assessment of Parasitemia by Light Microscopy

To evaluate the parasitemia and the parasite stage, thin smears of infected parasite cultures
were prepared at the indicated times and stained with Diff-Quick stain (Medion Diagnostics, CH).
A minimum of 5000 cells were examined microscopically by three observers. The experiments were
done at least in triplicate.

2.7. IC50 Measurement

To calculate the half maximal inhibitory concentrations of the different Syk inhibitors, either
used as single drugs or in combination with others antimalarial drugs, we used ICEstimator software
version 1.2. The program estimates IC50 values using a nonlinear regression function of the R software.

2.8. Preparation of Cells for Confocal Microscopy

RBCs and parasitized RBCs (pRBCs) treated for 12 h with P505-15 (0.5 µM) at ring stage were
pelleted and washed twice in PBS containing 5 mM glucose and then fixed for 5 min in 0.5% acrolein in
PBS (Phosphate-Buffered Saline). Cells were rinsed three times, then permeabilized in PBS containing
0.1 M glycine (rinsing buffer) plus 0.1% Triton X-100 for 5 min, and rinsed again 3× in rinsing buffer. To
ensure complete neutralization of unreacted aldehydes, the cells were then incubated in rinsing buffer
at room temperature for 30 min. After incubation, all nonspecific binding was blocked by incubation
for 60 min in blocking buffer (PBS containing 0.05 mM glycine, 0.2% fish skin gelatin, and 0.05%
sodium azide). Resuspended RBCs and pRBCs were allowed to adhere to polylysine-coated cover slips,
after which the cover slips were mounted with Aqua-Mount (Lerner Laboratories, New Haven, CT).
The autofluorescence of hemichromes was visualized by exciting at 488 nm and observing the emission
in the 630–750 nm range (pRBCs stained for nucleic acid by DAPI (4′,6-Diamidino-2-Phenylindole).
Samples were imaged using a Bio-Rad MRC1024 (Bio-Rad) confocal microscope equipped with a 60 ×
1.4 numerical aperture oil immersion lens.

2.9. Hemichrome Analysis

RBCs and pRBCs were incubated for 3, 6, 12, and 24 h with Syk inhibitors (Imatinib, R406, and
P505-15) (0.5 µM) with/without DHA (0.5 nM). Cells were washed with cold PBS, and hypotonic
membranes were prepared at 4 ◦C as previously described [57]. To solubilize the HMCs and to
dissociate the cytoskeletal proteins, membranes were treated with 130 mM NaCl, 10 mM HEPES,
1mM EDTA (Ethylenediaminetetraacetic acid), and 1.5% C12E8 [57] and incubated under stirring
(1400 rpm) at 37 ◦C for 15 min (Eppendorf ThermoMixer® C.). To eliminate insoluble aggregates and
debris originated from the parasite, detergent-treated membranes were centrifuged for 5 min at 20 ◦C,
15,000× g. To isolate the high-molecular-weight protein aggregate containing HMCs, the supernatant
was loaded on a Sepharose CL6B column [57], chromatographic fractions were screened by visible
spectroscopy, the fractions were characterized by the absorption spectrum of HMCs, and lack of the
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absorption peaks of Hb at 520 and 280 nm was collected for the quantitative measurement of HMCs
and characterization of its components.

HMCs were quantified in the high-molecular-weight fraction by visible spectrometry using the
following equation:

−133 × Abs577 − 144 × Abs630 + 233 × Abs560 (1)

expressed as nmol/mL of solubilized membranes [58,59].

2.10. Hemoglobin Release Quantification

Following centrifugation at 1000× g, hemoglobin concentration was measured in the culture
supernatant as previously described [60].

2.11. Electron Paramagnetic Resonance (EPR) Measurements

The detection of free radicals was carried out using N-tert-butyl-α-phenylnitrone (PBN) as a spin
trap. PBN (1 M stock solution in DMSO) was added to normal RBCs, RBCs treated with 400 µM
phenylhydrazine (PHZ), or parasitized (parasitemia 5%) pelleted red blood cells (from 2% hematocrit
culture), and the volume was adjusted with PBS after addition of dihydroartemisinin (200 µM in DMSO)
or Syk inhibitor (P505-15) (0.5 µM) and different concentrations (100–400 µM) of Deferasirox when
needed. The solution was then transferred into a flat quartz cell (FZKI160-5 × 0.3 mm, Magnettech,
Berlin, Germany) for EPR analysis. EPR spectra were obtained at room temperature (RT) using the
X-band on a Bruker EMX-8/2.7 (9.86 GHz) equipped with a gaussmeter (Bruker, Wissembourg, France)
and a high-sensitivity cavity (4119/HS 0205). WINEPR and SIMFONIA software (Bruker, Wissembourg,
France) were used for EPR data processing and spectrum simulation. Typical scanning parameters
were as follows: scan number, 5; scan rate, 1.2 G/s; modulation frequency, 100 kHz; modulation
amplitude, 1 G; microwave power, 20 mW; sweep width, 100 G; sweep time, 83.88 s; time constant,
40.96 ms; and magnetic field, 3460–3560 G. The intensity of the EPR signal was calculated by double
integration of the EPR Signal.

2.12. ROS Analysis

Glutathione (GSH) and N-acetyl-l-cysteine (NAC) were purchased from Sigma (France).
For the detection of intracellular reactive oxygen species (ROS) levels, we employed the

cell-permeable ROS-sensitive probe 2′,7′-dichlorodihydrofluorescein diacetate (CM-H2DCFDA) which
fluorescens at 520 nm (λex = 480 nm) upon oxidation. Oxidation of CM-H2DCFDA (prepared as a
0.5 mM stock solution in DMSO) in RBCs was monitored by measurement of the fluorescence of the
desired RBC suspensions (0.2% Hematocrit) in 96-well black-walled microplates (Corning®, Sigma
Aldrich) using an SAFAS Xenius (Monaco). The relative fluorescence is expressed as “% maximal
emission” as determined with the software “Xenius”, where maximal emission was defined as the
fluorescence emission obtained following addition of 3 mM H2O2.

2.13. Isolation and Characterization of Microparticles (MPs)

RBCs and pRBCs at ring stage were treated with P505-15 for 12 h. Supernatants containing the
RBC-derived MPs were then collected and centrifuged at 25,000× g for 10 min at 4 ◦C to eliminate
spontaneously formed red cell ghosts and cell debris. To isolate MPs, the supernatant was then
centrifuged at 100,000× g for 3 h at 4 ◦C; the morphology and the size of isolated MPs were documented
by confocal microscopy through the characteristic autofluorescence of HMCs (excitation: 488 nm;
emission: 630–700 nm) as previously described [39,61].

The presence of HMCs in MPs was further confirmed by visible spectrometry analysis
(characteristic absorption spectrum of HMCs [57] and total absence of the absorption peaks of
Hb at 520 and 580 nm). Proteins composition of MPs was documented by mass spectrometry analysis
as previously described; briefly, MPs obtained from 2 mL of pRBCs were pelleted and solubilized with
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2% SDS, solubilized proteins were separated by SDS-PAGE, and, following staining with colloidal
Coomasie blue, electrophoretic bands were excised and identified by high-resolution MALDI-TOF
peptide mass fingerprinting.

MPs were characterized and quantified by FACS (flow cytometry) analysis as described [44] utilizing
a BD FACSCanto™ A flow cytometer (Becton Dickinson Biosciences, San Jose, CA, USA). The RBCs and
pRBCs were excited with blue (488 nm, air-cooled, 20 mW solid state) and red (633 nm, 17 mW HeNe) laser
light. Data from at least 50,000 events were acquired and analyzed with FACSDiva TM software (Becton
Dickinson Biosciences, San Jose, CA, USA). MPs from RBCs and pRBCs were identified by their fluorescence
(Glycophorin-A positive cells) and quantified with BD Trucount™ beads (Becton Dickinson Biosciences,
San Jose, CA, USA). The MPs localized within the platelet region (R1) were distinguished from platelets
(CD61-FITC positive) by their glycophorin-A-positive/CD61-negative response. The number of BD Trucount™

beads was counted, and the absolute numbers of MPs were then calculated with the following formula: (No.
of glycophorin A positive events/No. of beads collected) × BD Trucount™ concentration × dilution factor.
MPs and platelets were incubated with 20 µL of PBS-G (PBS containing 2 mM glucose) containing 3 µL of
PE-conjugated PE Mouse Anti-Human glycophorin A Clone GA-R2 (HIR2) (Becton Dickinson Biosciences,
San Jose, CA, USA) monoclonal antibody, alone or with 5 µL of FITC-conjugated Mouse Anti-Human CD61
Clone VI-PL2 (Becton Dickinson Biosciences, San Jose, CA, USA) monoclonal antibody for 30 min at RT
(room temperature) in the dark. The MPs were diluted in 400 µL of PBS-G–paraformaldehyde 1% and
transferred to flow cytometer tubes preloaded with a known density of fluorescent BD Trucount™ beads
(Becton Dickinson Biosciences, San Jose, CA, USA, Catalog No 340334) and quantified.

MPs were also quantified measuring their band 3 content by Western blot analysis as previously
described [61].

2.14. Statistical Analysis

We performed comparisons with the use of Student’s t-test (two-tailed) using the SPSS version 22.0
Statistical package. Descriptive statistics are presented as mean ± standard deviation. Additionally, an
independent sample t-test was used to compare between means. In all statistical analyses, the level of
significance (p-value) was set as * p < 0.05, ** p < 0.001.

3. Results

3.1. Effect of Syk Inhibitors on Accumulation of Hemichromes in Parasitized RBCs

To test the hypothesis that Syk tyrosine kinase inhibitors might increase the hemichrome
(HMC) content of malaria-infected erythrocytes (pRBCs) by blocking release of hemichrome-enriched
microparticles, we firstly measured the HMC concentrations in pRBCs in the presence and absence of a
variety of Syk inhibitors. As shown in Figure 1A, although untreated pRBCs accumulated only low
levels of HMCs, incubation with different Syk inhibitors characterized by different IC50s on isolated Syk
(P505-15: 1 nM, R406: 41 nM, imatinib: 5 µM) increased accumulation of HMCs, and this accumulation
correlated roughly with the potency of the specific Syk inhibitor. Because these inhibitors have no
detectable effect on uninfected RBCs, we conclude that Syk inhibitors can enhance accumulation
of hemichromes in infected RBCs without promoting hemichrome formation or accumulation in
healthy erythrocytes. Next, to determine whether addition of dihydroartemisinin (DHA) might further
enhance Syk inhibitor-promoted accumulation of HMCs, the same experiment was repeated using a
very low concentration of DHA (0.5 nM) to minimize the cytotoxic effects on P. falciparum. This low
concentration of DHA did not cause an increase of HMCs in RBCs or in pRBCs. On the contrary,
DHA in combination with Syk inhibitors caused a consistent increase of HMC content in pRBCs.
No effect on HMC accumulation was measurable in control RBCs (Figure S1, Supplementary Materials).
Our motivation for employing such a low concentration of DHA was to obtain an initial indication
of possible synergy between DHA and a Syk inhibitor, since the concentration of DHA employed in
this study was found to promote no hemichrome formation by itself (Figure 1) and no measurable
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anti-plasmodial effect. In this regard, it should be noted that, within 12 h of treatment, no morphological
changes of parasites were observed with any treatment. On the contrary, the combination of DHA and
Syk inhibitor caused a moderate delay of maturation after 24 h. To minimize the bias that may derive
from the loss of viability of parasites, data presented in Figure 1 were obtained within 12 h of treatment.
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Figure 1. (A) Effect of parasitized red blood cell (pRBC) treatments with Syk inhibitors (imatinib,
R406, and P505-15) (0.5 µM) and dihydroartemisinin (DHA) (0.5 nM) on the accumulation of HMC
after 12 h of incubation. (B) Time course of hemichrome (HMC) accumulation contained in pRBCs
treated with the representative Syk inhibitor, P505-15 (0.5 µM) and/or DHA (0.5 nM) for 3, 6, and
12 h. Data are the average of five independent experiments ± SD. Significant differences to untreated
pRBCs at * p < 0.05; ** p < 0.001. (C) Confocal Images of HMCs contained in pRBCs untreated and
treated for 12 h with P505-15 (0.5 µM). HMCs were visualized by their autofluorescence at 488 nm
(excitation)/630–750 nm (emission). Images were acquired using the same magnification with a Leica
TCS SP5 X (Leica Microsystems, Germany) confocal microscope equipped with a 60 × 1.4 numerical
aperture oil immersion lens. The scale bar in the figure is 7.5 µm.
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As predicted from our hypothesis, co-administration of the low dose of DHA (0.5 nM) further
augmented the hemichrome content of Syk inhibitor-treated RBCs (Figure 1A). Moreover, as shown
in Figure 1B, this aggravated accumulation of hemichromes likely begins almost immediately
following drug addition, since the pRBC content of hemichromes is prominently increased by 3
h post administration. As Syk inhibitors were added to cultures 12 h post infection, we could
notice that hemichrome accumulation was already enhanced at the ring stage. This observation is
in accordance with previous reports showing that pro-oxidant hemoglobinopathies such as G6PD
deficiency, hemoglobins C and S, and thalassemias can promote hemichrome production in the first
half of parasite development [13,23,24,26,34,55]. Taken together, these data suggest that Syk inhibitors
and DHA may synergize in enhancing accumulation of reactive hemichromes in pRBCs. We then
studied the effect of Syk inhibitors in the presence and absence of DHA during the earlier stages of
parasite development. Figure 1B shows the time-dependent accumulation of HMCs in untreated pRBCs
and in pRBCs treated with Syk inhibitor (P505-15) in the presence and absence of DHA. Although
treatment with DHA had little effect on HMC concentrations at any maturation stage, P505-15 exerted
considerable impact on HMC accumulation during all early stages of parasite maturation (from early
ring stage cultures to trophozoites), and this effect was further enhanced by co-administration of a low
dose (0.5 nM) of DHA. Treatment with the other Syk inhibitors (R406 and imatinib) caused similar
degrees of HMC accumulation, both in the presence and in the absence of DHA. Indeed, by imaging
the autofluorescence of HMCs upon excitation at 488 nm (λem = 630–700 nm), the absence of HMCs in
healthy RBCs, their low abundance in pRBCs, and their strong accumulation in P505-15-treated pRBCs
could be visually confirmed (Figure 1C). HMCs were also measured following their semi-selective
extraction from erythrocyte membranes by mild detergent treatment followed by size-exclusion
purification to isolate the high-molecular-weight aggregate (>2 × 106 kDa) containing HMCs. HMCs
were quantified according to their spectral characteristics [28,55]; notably, in the high-molecular-weight
fraction, no free oxyHb was detectable (lack of absorption peaks at 488 and 520 nm). The purity
of HMCs contained in the high-molecular-weight fraction, measured as a fraction of total protein
concentration, was higher than 80%.

3.2. Effect of Syk Inhibitors on MP Production

Next, to test the hypothesis that hemichromes are discharged from pRBCs by blebbing off

hemichrome-enriched microparticles (MPs), following a first centrifugation step to eliminate erythrocyte
ghosts and debris, we pelleted the MPs at 100,000× g from the supernatants of both healthy and
parasitized RBC suspensions. Isolated MPs were then resuspended and examined by confocal
microscopy exploiting the fluorescence of HMCs upon excitation at 488 nm (λem = 630–700 nm).
As shown in Figure 2A, the supernatant collected from healthy RBCs was essentially void of
MPs. In contrast, the supernatant from untreated pRBCs was found to contain considerable
hemichrome-loaded MPs, i.e., as evidenced by the autofluorescence of the MPs. More importantly,
the supernatant from Syk inhibitor-treated (P505-15) pRBCs displayed essentially the same level of
autofluorescent MPs as seen in suspensions of healthy RBCs. The presence of high-molecular-weight
protein aggregates in MPs was confirmed utilizing the same method used for pRBC membranes
(see previous paragraph). Spectral analysis also revealed the absence of oxyHb, confirming a strong
analogy between the high-molecular-weight HMC aggregates isolated from pRBC membranes and MPs.
As previously observed [20], MPs isolated from pRBCs supernatants were relatively homogeneous
with a diameter lower than 1 µm; moreover, the morphology and the dimensions of the fluorescent
aggregates observed in the MPs are compatible with HMC aggregates observed in the pRBC membranes.
MPs were characterized and quantified by FACS utilizing anti-glycophorin antibody to label RBC
membranes. Western blot analysis using anti-band 3 antibody further confirmed the variations of RBC
membrane-derived MPs (Figure 2B–D).
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Figure 2. (A) Confocal Images of isolated microparticles (MPs) contained in pRBCs untreated and
treated for 12 h with P505-15 (0.5 µM). MPs were visualized by their autofluorescence at 488 nm
(excitation)/630–750 nm (emission). Images were acquired using the same magnification with a Leica
TCS SP5 X (Leica Microsystems, Wetzlar, Germany) confocal microscope equipped with a 60 × 1.4
numerical aperture oil immersion lens. The scale bar in the figure is 1 µm. (B) Representative flow
cytometric density plot of MPs in supernatant collected from RBCs, pRBCs, and P505-15-treated pRBCs.
MPs were identified as glycophorin A-positive events (R1). The number of MPs was quantified using
the known density of fluorescent trucountTM beads (arrows). (C) Graphical representation of flow
cytometric density plot of MPs. (D) MP anti-band 3 Western blotting.

To substantiate the role of oxidative stress in MP generation, we treated pRBCs with ROS
scavengers reduced glutathione and N-acetyl-l-cysteine. As shown in the fifth figure (C,D), those
compounds inhibited ROS production and the release of MPs. The relatively high concentrations
needed to exert the observed inhibition are plausibly due to the limited membrane permeability of
those molecules.
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3.3. Hemichromes Accumulation and ROS Production

The next element of our hypothesis was that enhanced accumulation of hemichromes in Syk
inhibitor- and DHA-treated pRBCs should increase the oxidative stress within the pRBCs. To test
this step in the hypothesis, we quantitated the level of free radicals generated within the RBCs by
EPR using a spin trap, α-phenyl-N-tert-butylnitrone (PBN), to stabilize any generated free radicals.
The six-lined spectra, characteristic of the PBN adduct formed after radical trapping in different samples,
are presented in Figure 3A. Simulation of the spectra yielded the following parameters: g = 2.0059,
aN = 14.9 G, and aH = 3.3 G, indicating that a hydroxyl radical was generated and transformed into a
CH3 radical after reaction with DMSO. Importantly, little or no signal was recordable in either control
RBCs or healthy RBCs treated with DHA, P505-15, or both together, i.e., indicating that the combination
of DHA + Syk inhibitor does not induce significant oxidative stress in healthy RBCs. In contrast,
stimulation of HMC formation in healthy cells by treatment with phenylhydrazine (PHZ) was found to
enable the DHA + Syk inhibitor combination to potently induce free radical formation, i.e., suggesting
that HMCs must be present to catalyze the antimalarial-induced formation of free radicals. Consistent
with these results, although only a low-intensity EPR signal was observed in untreated pRBCs (ring
stage), this signal was significantly enhanced upon brief incubation (10 min) with 200 µM DHA (this
high concentration was chosen due to the short time of incubation) and then further strengthened
by addition of P505-15 (p-value = 0.028) (Figure 3A). Since very similar results were obtained when
the ROS-sensitive fluorescent probe, CM-H2DCFDA (p-value = 0.022), was employed to quantitate
oxidative stress (Figure 3B), we conclude that, in the presence of HMCs, induced by phenylhydrazine
or parasite growth, intra-erythrocyte oxidative stress can be greatly increased by the addition of Syk
inhibitors plus DHA.
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Figure 3. (A) Intensity of electron paramagnetic resonance (EPR) spectra (arbitrary units) in the presence
of N-tert-butyl-α-phenylnitrone (PBN) spin trapping agent in RBCs treated with phenylhydrazine (PHZ)
(400 µM) with/without DHA (200 µM). RBCs and pRBCs treated with/out P505-15 (0.5 µM) for 24 h
with/without 10-min incubation of DHA (200 µM). (B) The same experiments mentioned above (A) were
performed using the fluorescent probe 2′,7′-dichlorodihydrofluorescein diacetate (CM-H2DCFDA), a
cell-permeable indicator of reactive oxygen species (ROS). Data are the average ± SD of five independent
experiments. Significant differences between no-DHA RBCs and pRBCs at ** p < 0.001.

Figure 4A, chelation of the heme iron significantly decreased the intensity of the free radical signal
(p-value = 0.019), indicating the requirement of accessible iron in the production of activated DHA and
oxidative free radicals in the parasitized RBC.
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Figure 4. (A) Intensity of EPR spectra (arbitrary units) in the presence of PBN spin trapping agent in
pRBCs treated with/without P505-15 (0.5 µM) for 24 h with/without 10-min incubation with DHA (200
µM) and with different concentrations (100–400 µM) of Deferasirox (DFX). (B) The same experiments
mentioned above (A) were performed using the probe CM-H2DCFDA. Data are the average ± SD of
five independent experiments. Significant differences between untreated DHA-RBCs and pRBCs at
* p < 0.05, ** p < 0.001.

These data suggest that the availability of reactive iron in hemichrome-rich pRBCs but essentially
absent from healthy RBCs is essential for the catalysis of activated DHA and ROS production.
As evidenced in the previous paragraph, ROS scavengers decreased the production of ROS in pRBCs
(Figure 5A,B) and MPs released from pRBCs (Figure 5C,D).
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Figure 5. ROS production was performed using the probe CM-H2DCFDA in pRBCs pretreated
with/without P505-15 (0.5 µM) and DHA (200 µM) and their MPs for 24 h at different concentrations
of N-acetyl-l-cysteine (NAC) (A,C) and GSH (Glutathione) (B,D). Significant differences between
untreated DHA-RBCs/MPs and pRBCs/MPs at * p < 0.05, ** p < 0.001.
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3.4. Evaluation of Synergy between Syk Inhibitors and Artemisinins in Suppression of Parasitemia

The previous paragraphs suggest that DHA and Syk inhibitors act synergistically to induce
the formation of ROS in pRBCs. To determine whether this synergistic production of ROS might
translate into synergistic suppression of parasitemia, we employed the combination index theorem
of Chow–Talalay [55,56] to quantitate the synergy/antagonism between DHA and Syk inhibitors in
eliminating P. falciparum from cultures of fresh human blood. As noted in Section 3, experimental
data points in the required isobolograms that lie below the diagonal line indicate synergy, while those
that lie on the diagonal demonstrate additivity, and those that reside above the line are interpreted to
indicate antagonism. To construct these isobolograms, ring-stage pRBCs (12 h post infection) were
treated with increasing concentrations of the desired drugs for 24 h, and the residual parasitemia
was quantitated to determine the IC50 value of each Syk inhibitor at the indicated concentration of
artemisinins. As seen in Figure 6, regardless of the Syk inhibitor employed, all inhibitors synergized
with DHA in suppressing parasitemia.
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Figure 6. Isobolograms showing the interactions between Syk Inhibitors (P505-15, R406, entospletinib,
SYK II, piceatannol, and imatinib) and dihydroartemisinin (DHA), after 24 h of incubation in the P.
falciparum Palo Alto strain. Synchronized P. falciparum cultures were treated for 24 h with different
concentrations (from 0.05 to 2.5 µM) of different Syk inhibitors (P505-15, R406, entospletinib, SYK II,
piceatannol, and imatinib) in combination with different concentrations of DHA (from 0.6 to 10 nM)
at the ring stage. IC50 concentrations of all the drug combinations were plotted in isobolograms to
determine synergy, additivity, or antagonism.

Moreover, as noted from their quantitative combination index values (Table 1), the strength of
the observed synergies corresponded approximately with the potencies of the Syk inhibitors (i.e.,
combination index (CI) values were 0.42 for P505-15 and R406, followed by entospletinib and SYK II at
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0.51, and then piceatannol and imatinib at 0.56 and 0.73, respectively), and similar strong synergy was
also observed when other forms of artemisinins were evaluated (Table S1, Supplementary Materials).

Table 1. Combination index value (CI) 24 and 48 h after treatment.

Syk Inhibitors
(nM) Dihydroartemisinin Artesunate Artemether

24 h 48 h 24 h 48 h 24 h 48 h

P505-15 1 (IC50 = 1 nM)
500 0.54 ± 0.03 0.75 ± 0.06 0.97 ± 0.03 0.55 ± 0.07 0.87 ± 0.03 0.83 ± 0.01
250 0.51 ± 0.01 0.71 ± 0.03 0.76 ± 0.08 0.51 ± 0.01 0.89 ± 0.01 0.65 ± 0.03
100 0.42 ± 0.04 0.55 ± 0.04 0.63 ± 0.03 0.61 ± 0.03 0.95 ± 0.01 0.63 ± 0.04
50 0.43 ± 0.05 0.49 ± 0.01 0.58 ± 0.07 0.49 ± 0.05 0.98 ± 0.04 0.58 ± 0.01

Entospletinib 1 (IC50 = 7.7 nM)

500 0.52 ± 0.01 0.85 ± 0.06 0.87 ± 0.03 0.74 ± 0.04 1.01 ± 0.03 0.83 ± 0.04
250 0.51 ± 0.07 0.84 ± 0.07 0.73 ± 0.02 0.62 ± 0.01 0.95 ± 0.05 0.68 ± 0.04
100 0.77 ± 0.04 0.78 ± 0.03 0.66 ± 0.01 0.60 ± 0.02 0.98 ± 0.03 0.63 ± 0.03
50 0.82 ± 0.03 0.69 ± 0.05 0.62 ± 0.02 0.55 ± 0.02 1.04 ± 0.07 0.72 ± 0.04

R406 1 (IC50 = 41 nM)
500 0.42 ± 0.04 0.95 ± 0.06 0.82 ± 0.04 0.75 ± 0.02 0.85 ± 0.03 0.93 ± 0.04
250 0.46 ± 0.02 0.81 ± 0.03 0.63 ± 0.01 0.72 ± 0.01 0.82 ± 0.01 0.88 ± 0.04
100 0.50 ± 0.03 0.60 ± 0.04 0.76 ± 0.03 0.50 ± 0.02 0.80 ± 0.04 0.73 ± 0.03
50 0.60 ± 0.05 0.58 ± 0.01 0.92 ± 0.02 0.44 ± 0.02 0.82 ± 0.04 0.72 ± 0.04

SYK II 1 (IC50 = 41 nM)

500 0.51 ± 0.01 0.92 ± 0.02 0.79 ± 0.04 0.89 ± 0.04 0.97 ± 0.01 0.73 ± 0.02
250 0.66 ± 0.01 0.93 ± 0.02 0.55 ± 0.01 0.99 ± 0.03 0.99 ± 0.03 0.58 ± 0.04
100 0.77 ± 0.06 0.52 ± 0.03 0.67 ± 0.04 0.96 ± 0.01 1.06 ± 0.05 0.53 ± 0.05
50 0.99 ± 0.04 0.46 ± 0.05 0.89 ± 0.02 0.90 ± 0.04 1.12 ± 0.01 0.62 ± 0.07

Imatinib 1 (IC50 = 5 µM)

500 0.79 ± 0.02 0.78 ± 0.01 0.67 ± 0.03 0.75 ± 0.02 1.01 ± 0.02 0.83 ± 0.01
250 0.73 ± 0.06 0.57 ± 0.07 0.61 ± 0.04 0.96 ± 0.04 0.89 ± 0.03 0.78 ± 0.06
100 0.83 ± 0.01 0.58 ± 0.02 0.70 ± 0.01 0.64 ± 0.01 0.91 ± 0.01 0.73 ± 0.04
50 0.92 ± 0.05 0.55 ± 0.05 0.90 ± 0.02 0.60 ± 0.02 0.85 ± 0.02 0.82 ± 0.04

Piceatannol 1 (IC50 = 10 µM)

500 0.57 ± 0.04 0.67 ± 0.02 0.77 ± 0.01 0.65 ± 0.03 0.95 ± 0.01 0.73 ± 0.02
250 0.56 ± 0.01 0.66 ± 0.04 0.71 ± 0.03 0.66 ± 0.07 0.78 ± 0.01 0.80 ± 0.01
100 0.68 ± 0.03 0.58 ± 0.05 0.80 ± 0.02 0.84 ± 0.02 0.85 ± 0.02 0.83 ± 0.04
50 0.79 ± 0.02 0.49 ± 0.03 085 ± 0.01 0.90 ± 0.04 0.78 ± 0.03 0.75 ± 0.01

Combination index (CI) (Chow–Talalay) of different Syk inhibitors (P505-15, R406, entospletinib, SYK II, piceatannol,
and imatinib) at different concentrations (50–500 nM) in combination with different artemisinin derivatives
(dihydroartemisinin, artesunate, and artemether) after 24 and 48 h of incubation: additive effect (C = 1), synergism
(CI < 1), and antagonism (CI > 1). 1 IC50 on Syk catalytic subunit.

To add evidence to the role of oxidative stress mediated by HMCs in the mechanism leading
to the synergistic interaction between Syk inhibitors and artemisinin, we conducted experiments
growing P. falciparum in G6PD-deficient RBCs that, due to their reduced capability to produce NADPH
(Nicotinamide adenine dinucleotide phosphate), are known to maximize the effects of oxidative stress,
promoting the formation of HMCs both in vitro and in G6PD-deficient patients following ingestion of
redox-active drugs or fava beans [30,62,63]. As previously described [34], parasites display the same
growth rate in control and G6PD-deficient RBCs. In G6PD-deficient RBCs, we observed an increment
in HMC content following DHA and Syk inhibitor treatment (Figure S2 Supplementary Materials).
In addition, in G6PD-deficient RBCs, we measured a significant (p < 0.01) decrease in IC50 for DHA
(from 2.60 nM to 1.75 nM) and a variable increase in synergistic interaction between DHA and Syk
inhibitors. The CI shifted from 0.42 to 0.36 for P505-15 and from 0.73 to 0.33 for imatinib. The change
in CI was significant (p < 0.01) only for the less specific Syk inhibitor imatinib, possibly indicating that
potent Syk inhibitors are capable of determining the maximal synergistic effect on DHA (Figure S3,
Supplementary Materials).
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It was also important to notice that treatments with DHA + Syk inhibitors did not cause any
increase in HMCs in non-parasitized G6PD-deficient RBCs, confirming that this combination does not
cause oxidative injury to RBCs. To further investigate this relevant issue, we measured hemolysis as
the percentage of total Hb contained in RBCs released in the supernatant following 24 h of treatment
with DHA (10 nM) + P505-15 (250 nM). In untreated control and G6PD-deficient RBCs, we could
not observe a significant difference in hemolysis (1.21% ± 0.76% and 1.66% ± 0.53%, respectively);
following 24 h of treatment, we observed a non-significant increase in hemolysis both in control and in
G6PD-deficient RBCs (2.43% ± 1.76% and 3.06% + 1.53%, respectively).

Because chelation of iron by DFX was found to block the production of ROS by DHA + Syk
inhibitor (Figure 6), we then predicted that DFX might similarly prevent the synergistic elimination
of parasitemia by DHA + Syk inhibitor. As shown in Figure 7 and Table 2, this prediction was
indeed realized.Antioxidants 2020, 9, x 15 of 22 
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Figure 7. Isobolograms showing the interactions between Syk Inhibitors (P505-15 and R406) and
dihydroartemisinin (DHA) and artesunate (AS) in combination with the iron chelator Deferasirox
(DFX), after 24 h of incubation in the P. falciparum Palo Alto strain. Synchronized P. falciparum cultures
were treated for 24 h with different concentrations (from 0.05 to 2.5 µM) of representative Syk inhibitors
(P505-15 and R406) in combination with different concentrations of DHA and AS (from 0.6 to 10 nM)
using a fixed concentration (50 µM) of the iron chelator Deferasirox (DFX) at the ring stage.
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Table 2. Combination index value (CI) 24 h after treatment. Combination index (CI) (Chow–Talalay) of
different SYK inhibitors (P505-15 and R406) at different concentrations (50–500 nM) in combination
with different artemisinin derivatives (dihydroartemisinin and artesunate) using a fixed concentration
of the iron chelator Deferasirox (DFX) after 24 and 48 h of incubation.

Syk Inhibitors (µM) Deferasirox (50 µM)

P505-15 Dihydroartemisin Artesunate

500 1.08 ± 0.05 1.15 ± 0.07
250 1.05 ± 0.04 1.01 ± 0.09
100 1.08 ± 0.10 1.11 ± 0.03
50 1.29 ± 0.08 1.42 ± 0.05

R406

500 1.03 ± 0.06 1.03 ± 0.02
250 0.96 ± 0.07 1.08 ± 0.04
100 1.17 ± 0.05 1.10 ± 0.06
50 1.29 ± 0.03 1.16 ± 0.08

Thus, regardless of whether dihydroartemisinin or artesunate was combined with P505-15 or
R406 (Syk inhibitors), addition of DFX moved all data points back to the diagonal line, indicating
the elimination of synergy between artemisinin and Syk inhibitor. These data argue that reactive
iron and ROS production are critical to creation of the potent synergy between these two classes of
antimalarial drugs.

Finally, to determine whether the combined action of Syk inhibitor plus artemisinin on P. falciparum
survival might depend on the stage of parasite maturation, we compared the effects of the combination
therapy with each monotherapy at different stages of parasite development. Figure 7 shows that, upon
adding DHA + P505-15 (2 nM + 250 nM) at different stages of parasite development, the maximal
activity was observed between 12 and 36 h post infection corresponding to ring and trophozoite stages.
The data in Figure 8B reveal that none of the drugs have a measurable impact on pRBC morphology at
6 h post infection, after which the monotherapies (i.e., DHA or Syk inhibitor alone) display detectable
but comparatively mild effects (few pycnotic cells (less than 2%)) on pRBC morphology.

In contrast, by 12 h post infection, the combination therapy is seen to exert a major influence
on growth progression and pRBC morphology, essentially blocking the normal pathway of parasite
maturation. While other explanations of the synergistic potency of the combination therapy can
be envisioned, the data are very consistent with the ability of DHA to enhance the oxidative
stress arising from hemichromes accumulated in pRBCs and with the capacity of Syk inhibitors
to greatly augment this oxidative stress by preventing the discharge of these oxidative hemichromes in
HMC-enriched microparticles.
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apochromatic objective with 1.32 numeric aperture and a DFC420C camera and DFC software version 

3.3.1 (Leica Microsystems, Wetzlar, Germany). The scale bar in the figure is 7.5 µm. 

In contrast, by 12 h post infection, the combination therapy is seen to exert a major influence on 

growth progression and pRBC morphology, essentially blocking the normal pathway of parasite 

maturation. While other explanations of the synergistic potency of the combination therapy can be 

 

Figure 8. (A) Stage dependency of the efficacy (6, 12, 24, 36, 40, and 48 h) expressed as relative activity
at one fixed dosage of DHA + P505-15 (2 nM + 250 nM). Relative activity of DHA + P505-15 (2 nM +

250 nM) added at 6, 12, 24, 36, 40, and 48 h of incubation. Values are expressed as percentage of DHA +

P505-15 activity (treatment time at 24 h post infection) measured as % activity. Data are the average of
five experiments ± SD. (B) Morphological changes in P. falciparum induced by Syk inhibitor (P505-15)
in combination with a fixed concentration (1.25 nM) of dihydroartemisinin after 6, 12, and 24 h of
treatment. Representative images of selected damaged parasites at 6, 12, and 24 h of treatment in control
and drug-treated cultures selected from Diff-Quik® fix-stained thin blood films. The micrographs were
obtained using a Leica DM IRB microscope equipped with a 100× oil planar apochromatic objective
with 1.32 numeric aperture and a DFC420C camera and DFC software version 3.3.1 (Leica Microsystems,
Wetzlar, Germany). The scale bar in the figure is 7.5 µm.
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4. Discussion

Based on all the above data, we wish to propose a mechanism for the effects of artemisinins
and Syk inhibitors on P. falciparum parasitemia. Following invasion of an erythrocyte, the parasite
must digest hemoglobin in order to multiply ~18-fold during its 48-h intra-erythrocyte life cycle [19].
Parasite growth is accompanied by the production of ROS leading to hemoglobin oxidation and the
formation of the hemichromes [13,64–66], which are known to be redox-active compounds [28,67,68].
In order to reduce this oxidative toxicity, the parasite promotes erythrocyte membrane weakening via
activation of the phosphorylation of band 3 by Syk tyrosine kinase, which in turn enables the release of
hemichrome-enriched MPs from the RBC membrane. In the absence of added drugs to enhance this
oxidative stress, the parasite apparently copes with these oxidants from the pRBC. However, when
a drug is added, it increases the pRBC’s oxidative stress, and the parasite’s ability to detoxify the
added stress is exceeded as shown in Figures 3 and 4, leading eventually to parasite death. Syk kinase
inhibitors prevent the discharge of HMCs in membrane-encapsulated microparticles [44] and force the
accumulation/retention of redox-active HMC forms, enhancing the oxidative stress within the pRBC
and, therefore, activating artemisinins. On the other hand, we observed that artemisinin compounds
strongly enhance the generation of HMCs in pRBCs. This apparently cooperative behavior between Syk
kinase inhibitors and artemisinins may be at the basis of their synergistic anti-plasmodial interaction.

A mechanism to explain the observed synergy between artemisinins and Syk inhibitors is also
implied in the data of Figure 3A,B, where artemisinins are not observed to induce oxidant production in
healthy RBCs. We explain this difference between healthy RBCs and pRBCs by noting that redox-active
hemichromes and/or traces of free heme released from hemichromes or from the parasite food vacuole
are required to catalyze the production of pharmaceutically active artemisinin [69]. In addition, this
mechanism could be relevant to determine the high selectivity of artemisinin for parasitized RBCs and,
consequently, their effectiveness. The lower effectiveness of artemisinins observed in patients with
hemoglobinopathies could, therefore, determine the loss of selectivity due to artemisinin activation in
non-parasitized RBCs containing traces of hemichromes and/or free heme.

Based on this pathway, the activation and/or the potency of artemisinins must depend on
the abundance of HMCs in parasitized RBCs, which in turn will depend on the ability of the
parasite to eliminate these HMCs in discharged microparticles. The release of MPs containing
hemichromes was already described in oxidized erythrocytes [70,71], in parasitized RBCs [20,44],
and in different hematological diseases characterized by hemichrome formation such as thalassemias
and G6PD-deficient RBCs following oxidant treatment [39,66]. Supporting the proposed mechanism
of action, iron chelators and ROS scavengers suppressed the anti-plasmodial activity of the Syk
inhibitor + artemisinin treatment. On the contrary, G6PD-deficient RBCs enhanced the synergistic
combination between Syk inhibitor + artemisinin combination and HMC accumulation. Importantly,
no hemichrome formation or hemolysis was observed in non-parasitized G6PD-deficient parasites
treated by Syk inhibitors and artemisinins, evidencing the need of the additional ROS generated by
malaria parasites to trigger a virtuous cycle between the accumulation of redox-active HMCs and the
activation of artemisinin. Those data are also suggestive of a lack of hemolytic effect exerted by Syk
inhibitor + artemisinin combination in normal and G6PD-deficient RBCs, although more specific tests
will be conducted to exclude the pro-hemolytic activity of this combination.

5. Conclusions

In conclusion, the presented data highlight the complex interactions occurring among ROS
production due to parasite metabolism, redox-active HMCs, and artemisinin activation, documenting
the role of Syk inhibition as a key element to synergistically improve the activity of artemisinins. Since
some Syk kinase inhibitors such as R406 can be administered for long periods with minimal side
effects [72,73], we propose that Syk kinase inhibitors could contribute measurably to the potencies
of ACTs.
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Moreover, classical tyrosine kinase was not identified in the Plasmodium falciparum genome [74].
The use of a drug targeting human Syk, an enzyme expressed in erythrocytes, displays the potential
advantage of preventing the selection of mutant resistant parasites.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3921/9/8/753/s1,
Figure S1. Effect of RBC treatment with P505-15 (0.5 µM) and DHA (0.5 nM) on the accumulation of HMC after
12 h of incubation. Data are the average of five experiments ± SD; Figure S2 Effect of pRBC treatments with a
representative Syk inhibitor (P505-15) (0.5 µM) and DHA (0.5 nM) on the accumulation of HMC after 3, 6, 12, and
24 h. Data are the average of five experiments ± SD. Significant differences to untreated pRBCs at * p < 0.05; ** p
< 0.001; Figure S3. Isobolograms showing the interactions between Syk Inhibitors (P505-15 and imatinib) and
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cells; Table S1. Combination index (CI) (Chow-Talalay) of different SYK inhibitors.
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Abstract: Oxidative stress (OS) results from an imbalance between the production of reactive oxygen
species and the cellular antioxidant capacity. OS plays a central role in neurodegenerative diseases,
where the progressive accumulation of reactive oxygen species induces mitochondrial dysfunction,
protein aggregation and inflammation. Regulatory non-protein-coding RNAs (ncRNAs) are essential
transcriptional and post-transcriptional gene expression controllers, showing a highly regulated
expression in space (cell types), time (developmental and ageing processes) and response to specific
stimuli. These dynamic changes shape signaling pathways that are critical for the developmental
processes of the nervous system and brain cell homeostasis. Diverse classes of ncRNAs have been
involved in the cell response to OS and have been targeted in therapeutic designs. The perturbed
expression of ncRNAs has been shown in human neurodegenerative diseases, with these changes
contributing to pathogenic mechanisms, including OS and associated toxicity. In the present review,
we summarize existing literature linking OS, neurodegeneration and ncRNA function. We provide
evidences for the central role of OS in age-related neurodegenerative conditions, recapitulating the
main types of regulatory ncRNAs with roles in the normal function of the nervous system and
summarizing up-to-date information on ncRNA deregulation with a direct impact on OS associated
with major neurodegenerative conditions.

Keywords: oxidative stress; neurodegeneration; ncRNA; miRNA; tRNA fragments; lncRNA; circRNA

1. Introduction

Neurodegenerative disorders are a heterogeneous class of diseases characterized by a slow,
progressive neuronal dysfunction and loss. The etiology of this class of diseases has not been
fully elucidated, with highly complex and multifactorial causes participating in disease onset and
progression. Nevertheless, several lines of evidence suggest that oxidative stress (OS) has a central
role in this type of disorders. OS is the result of an imbalance between the increase in reactive oxygen
species (ROS) and the production of antioxidants to eliminate them. A variety of mechanisms involving
oxidative damage have been described in neurodegenerative conditions, including mitochondrial
dysfunction, the oxidation of nucleic acids, proteins and lipids, activation of glial cells, apoptosis,
cytokines production and inflammatory responses. The identification of molecular modifiers of the
endogenous antioxidant activity is key to boost novel therapeutic designs [1].
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The advent of high-throughput sequencing technologies revealed that the human genome is
pervasively transcribed; with a large proportion corresponding to non-coding RNA (ncRNA) transcripts,
the most abundant class of RNAs in cells [2,3]. ncRNAs have been classified according to their length
and activity [4] with many classes revealed as essential regulators of gene expression through a variety
of mechanisms [5].

ncRNAs are especially abundant and diverse in the central nervous system (CNS), showing a
highly specific and dynamic temporal and spatial expression pattern that guides neurodevelopmental
processes, including neural stem cell proliferation and differentiation [6,7]. In addition to their role
in developmental processes, ncRNAs are key for the maintenance and normal functioning of adult,
post-mitotic neurons. Most studies have been focused on microRNAs (miRNAs), the best-known class
of ncRNAs. Although the roles for a progressively increasing number of ncRNAs are continuously
being uncovered, the biological functions of the vast majority remain unknown.

While the precise expression levels of ncRNAs are key for the normal function of the CNS,
the deregulation of ncRNA pathways have been linked to human disease, including neurodegenerative
conditions [8–11]. In the present manuscript, we will provide an overview on the functional association
between ncRNAs and the response to OS, a major hallmark in neurodegenerative disorders, and we
will review the OS–ncRNA axis in major neurodegenerative conditions.

2. Oxidative Stress in Neurodegenerative Diseases

2.1. Reactive Oxygen Species Production and Activities

Reactive oxygen species (ROS), including hydrogen peroxide (H2O2) and free radicals such as
superoxide anion (O2

−) and hydroxyl radical (OH−), are the consequence of aerobic metabolism
and endogenously produced as by-products of diverse enzymatic reactions, including those of the
mitochondrial respiratory chain. During mitochondrial electron transport, O2 reduction results in
superoxide (O2

•−) that is detoxified to H2O2 by the mitochondrial manganese superoxide dismutase,
and H2O2 can be converted to the hydroxyl radical (OH−). Another important source of ROS is the
β-oxidation occurring in peroxisomes, whose main product is H2O2 [12,13]. Endogenously, ROS are
generated following immune cell activation and ischemia or in ageing.

ROS can be also produced by non-enzymatic reactions, as those initiated by ionizing radiation,
or as a result of the interaction between redox-active metals and oxygen species. Free iron (Fe2+) reacts
with H2O2 (Fenton reaction) generating very reactive and damaging hydroxyl radicals. Other chemical
reactions involving superoxide lead to Fe2+ production, which in turn affects redox recycling [14].
Calcium, which is an important signaling molecule, is indirectly involved in the generation of ROS by
enhancing the electric flow into the respiratory chain and by stimulating the nitric oxide synthetase that
produces nitric oxide. In addition, exogenous sources of ROS exist, including air pollution, cigarette
smoke or heavy metals. These exogenous products are incorporated by cells and metabolized into free
radicals [15,16].

At low concentrations, ROS can serve as relevant second messengers in cell signaling and are vital
to human health. Examples of activities regulated by ROS at low to moderate concentrations include
the support of cell proliferation and survival pathways in host defense cells [17] and the regulation of
ATP production through the activation of uncoupling proteins [18]. Nevertheless, the increased and
sustained production of ROS induces a pathological chain reaction that results in damage to DNA,
lipids and proteins, overall producing progressive cell dysfunction [19,20]. To maintain physiological
redox balance, cells have endogenous antioxidant defenses regulated at the transcriptional level by
Nrf2/ARE [21]. The imbalance between the formation of ROS and the antioxidant capacity of cells to
detoxify ROS or repair the resulting damage may eventually lead to many chronic diseases, such as
atherosclerosis, cancer, diabetics, and neurodegenerative diseases.
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2.2. Oxidative Stress in Neurodegeneration

Neurodegenerative diseases are characterized by progressive and chronic cell dysfunction and
death that frequently starts affecting specific regions of the central nervous system (CNS), worsening
over time and impacting more regions in a predictable fashion. Neuronal loss is often associated
with protein misfolding and aggregation both in the extracellular space and intracellularly, in specific
cells (Figure 1). While many neurons cope with sustained ROS increases, there are particular cell
populations that show varying degrees of susceptibility to OS, a phenomenon that has been called
differential vulnerability [22].
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Figure 1. Oxidative stress in neurodegenerative disorders. Dysfunction in neural protein synthesis
and processing entails mitochondrial defects, the alteration of RNA metabolism and the deposition of
protein aggregates, which ultimately, encompass the generation of ROS and OS. At the same time, ROS
production implies the alteration of protein folding and the production of neurotoxins which activates
neuroimmune cells and enhances the production of neuroinflammatory cytokines.

Although differential vulnerability is influenced by the etiology of each neurodegenerative
condition; shared unique features generally render neuronal cells particularly susceptible. Compared
to other cells, neurons are more dependent on mitochondrial oxidative phosphorylation, to fulfill their
high-energy demands. Neurons are exposed to high O2 concentrations and consume 20% of the body
oxygen [23]. About 1–2% of the consumed O2 is converted into ROS, with this percentage dramatically
increasing with age [24]. In addition, neurons are enriched in metal ions, which are accumulated along
aging and catalyze ROS formation; and are also rich in fatty acids that are prone to oxidation. This is
accompanied by a decreased concentration of antioxidant enzymes in neurons compared with other
cells and tissues, resulting in impaired antioxidant capacities in the brain [25].

OS is considered an important age-dependent factor. During the process of ageing, the capacity
of neurons to counteract ROS accumulation diminishes, rendering them more susceptible to
neurodegenerative conditions such as Alzheimer’s disease (AD) and Parkinson’s disease (PD) [26].
The excess of ROS produces the oxidation and misfunction of biomolecules [21,27,28]. The ROS
mediated oxidation of amino-acid residues in proteins results in the introduction of carbonyl groups,
which is a good estimate of OS extent [29–31]. ROS also produce lipid peroxidation and peroxy-radicals
initiate a chain reaction leading to the formation of breakdown products such as 4-hydroxy-2, 3-nonenal
(HNE) [32]. HNE can modify proteins and produce detrimental effects, including the dysregulation
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of intracellular calcium signaling which ultimately induces an apoptotic cascade in neurons [33–35].
OS damage in DNA involves hydroxylation, carbonylation and nitration [36,37] and is characterized
by increased levels of 8-hydroxy-2-deoxyguanosine and 8-hydroxyguanosine [38,39]. OS can produce
DNA strand breaks, which agrees with increased carbonyls in the nuclei, in neurodegenerative diseases.
A non-enzymatic reaction of sugars with protein deposits produces advanced glycation end-products
that are neurotoxic and pro-inflammatory molecules [40,41]. The accumulation of these products in
neurodegenerative diseases is caused by an accelerated oxidation of glycated proteins [42].

The aggregation of misfolded proteins forming high-ordered insoluble fibrils is common to
diverse neurodegenerative diseases and participates in neurotoxicity [43], although the underlying
mechanism is still uncertain [44]. Abnormal folding is thought to be influenced both by genetic and
environmental factors, with compelling evidence supporting a tight effect of OS [45]. Proteins modified
by accumulated ROS form aggregates, which inhibit the proteasome, the major machinery for the
removal of misfolded and aberrant proteins [46]. The normal function of the proteasome is essential
for the timely removal of oxidized proteins and the maintenance of normal cell homeostasis, but the
disruption of this process leads to protein accumulation and cell death [47,48].

Finally, the generation of ROS is regulated by redox-sensitive metals and therefore the disruption
of metal homeostasis in the brain may also lead to the uncontrolled formation of ROS. Specifically,
increased exposure to metals like iron, copper and zinc has been associated to neurodegenerative
conditions through the disruption of the mechanisms that regulate their activity.

3. Regulatory Non-Coding RNAs in the Normal Function of the Nervous System

The human genome is almost transcribed in its entirety, from both strands-sense and reverse-, in a
very tissue-, cell-, organ-environmental-specific way. Nevertheless, as descried in the Human Genome
Project, only the 1–5% of it is transcribed into protein-coding genes [49]. The phase III (2012–2017) of the
ENCODE (Encyclopedia of DNA Elements) project identified around 20,000 protein-coding genes and
almost 40,000 are non-coding genes transcribed into ncRNA [50]. The increasing number of functional
ncRNA in complex organisms has been proposed as the answer to the inconsistent correlation between
the complexity of an organism and the number of protein-coding genes [51].

NcRNAs are classified as housekeeping RNAs and regulatory ncRNAs. Housekeeping ncRNA are
highly expressed constitutively and ubiquitously and play crucial roles in routine cell maintenance;
they include transfer RNAs (tRNAs), ribosomal RNAs (rRNAs), small nuclear RNAs (snRNAs)
and small nucleolar RNAs (snoRNAs). Regulatory ncRNAs, which are the focus of the present
review, are characterized by a highly regulated and specific expression pattern, by their activity as
transcriptional and post-transcriptional gene expression modulators and their high sensitivity to cell
needs [52]. Regulatory ncRNAs can be classified based on their length as long non-coding RNAs
(lncRNAs; >200 nucleotides) and short/small non-coding RNAs (sncRNAs; <200 nucleotides, usually
between 18 and 40 nt) [11]. Discoveries over the last 40 years have elucidated diverse functions for
ncRNAs involving the regulation of mRNA expression stability and translation, including splicing
regulation, chromosome maintenance and segregation, and even the transmission of regulatory signals.

In particular, RNA biology is of paramount significance in the CNS. The development of CNS and
brain morphogenesis is a very complex spatiotemporal-organized process and requires an exquisite
regulation of stem cell proliferation and differentiation. The brain is the organ showing the highest
diversity of regulatory ncRNAs [7,53,54], and their dynamic expression and activity underlies CNS
complex functions including neurodevelopment, synapse function, cell polarity and maturation,
and the responses to intra- and extracellular stimuli [6]. In this section, we outline the role of the main
classes of regulatory ncRNAs in the development and correct function of the nervous system. We have
focused on main regulatory ncRNAs with (1) reported roles in OS management and (2) perturbed
activity in neurodegenerative conditions.
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3.1. microRNAs

microRNAs (miRNAs, ~21 nt), the most studied class of regulatory ncRNAs, were discovered
in 1993 in C. elegans [55]. They are one of the main negative post-transcriptional regulators of gene
expression. This regulation is achieved by the direct, incomplete, base pair targeting of mRNAs, which
results in the recruitment of diverse RNA-decay factors, or in translation repression.

miRNAs can be generated from both intronic and exonic regions of the genome. Transcribed by
RNA polymerase II as long double-stranded primary miRNAs, they are processed by Drosha RNase III
enzyme and DGCR8 protein in the nucleus. Exported into the cytosol as pre-miRNA, RNase III Dicer-1
processes it into a mature ~21 nt double stranded RNAs. After strands’ separation, the so-called guide
strand will associate to the Argonaute (AGO) proteins forming the RNA induced silencing complex
(RISC), the main player in gene translation repression by miRNAs [56,57].

Although miRNA expression and correct biogenesis is important in the whole organism,
they appear as indispensable molecules for CNS development and adult brain function [58,59]. In fact,
the depletion of miRNA biogenesis-related proteins, Dicer-1 or DGCR8, strongly affects embryonic
and neural development [58,60–62]. Chmielarz and colleagues recently reported that the specific
removal of Dicer in dopaminergic neurons leads to the progressive degeneration of these cells in mice
striatum and consequent locomotor affectation [63]. In the same work, the authors stimulated miRNA
biogenesis using enoxacin-Dicer stimulator—in Dicer-KO cultured cells obtaining a neuroprotective
effect and rescuing neuron viability [63]. miRNAs also orchestrate neural signaling processes including
neurotransmitter release and dendrites and spines generation. During synaptogenesis, local mRNA
translation and protein synthesis are mediated through miRNA regulation (reviewed by Hu and Li
2018 [64]). Specifically, diverse evidence points to miR-137 as an important regulator of synaptic function
and pre-synaptic protein expression [65–67]. Together with miR-146a-5p, miR125b and miR-223,
miR-137 also controls post-synaptic responses as they target different glutamate receptors [68,69].
Deep sequencing analysis revealed that miR-135 and miR-191 are involved in spine remodeling and
plasticity [70]. Among others, miR-16-5p, miR-134 and miR-132 are pivotal for dendritic growth [71–74].

miRNAs have likewise been studied in glial cells. Several works on murine cells and animal models
have reported the role of specific miRNAs in gliogenesis [75]. The specific deletion of Dicer1 in mouse
oligodendrocyte precursors revealed the role of miR-219 in their differentiation [76]. Additionally,
other miRNAs such as miR-125b and miR-124 are implicated in cerebral immune response through the
regulation of glial cell proliferation and microglial polarization [77,78], as reviewed by Guo et al. [79].

3.2. tRNA-Derived Fragments

tRNAs-derived fragments (tRFs) are being revealed as a new class of regulatory ncRNAs. tRFs
(<40 nt) are bioactive molecules classified according to their size and the part of the mature tRNA from
where they derive, as previously reviewed in Kumar et al. [80]. tRFs can be constitutively produced
and/or induced as a result of cellular stress response pathways. Diverse nucleases are responsible
for the biogenesis of tRFs in vertebrates including RNase Z, Dicer and angiogenin (ANG). Under
stress conditions, ANG produces a subtype of tRNA halves (tRNA-derived stress-induced RNAs or
tiRNAs) [81], and Dicer is involved in the biogenesis of tRFS derived from the D loop or the 3′-end of
mature tRNAs [82]. However, the role of Dicer in tRF biogenesis may be limited, as its depletion has
little impact on tRF levels in multiple model organisms [83].

tRFs are highly abundant in the brain, where they accumulate during ageing [84,85], pointing
these species as risk factors in neurodegenerative conditions. Furthermore, tRF expression dynamics
have been associated to stem cell differentiation [86], denoting that the biogenesis of specific tRFs is an
indicator of cell status and participates in biological processes associated to particular physiological or
pathological conditions.

Although tRFs’ heterogenous functions are not entirely understood, they regulate mRNA
processing and translation, controlling processes such as cell growth and differentiation [87].
The discovery of stable tRFs–AGO complexes led to the hypothesis that tRFs could work as miRNA
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inhibiting gene expression. Recently, a tRF derived from a tRNA–Gly with miRNA structural and
functional features, was shown to bind to AGO and repress the expression of the Replication Protein A1
(RPA1) gene [88]. However, a recent large-scale meta-analysis of CLASH sequencing data (cross-linking
ligation and sequencing of hybrids) [89] suggests a more complex scenario, since tRF-RNA pairing
in AGO1 occurs in the 3′-UTR, 5′-UTR and intronic regions of genes. tRFs can also regulate gene
expression by competitively binding to AGO proteins, thus affecting the silencing activity on target
genes [90].

Furthermore, tRFs repress translation through binding to ribosomal factors, emphasizing their
implication in multiple layers of gene expression regulation [91]. Specific tiRNAs, derived from
tRNA-Ala and tRNA-Cys, have been shown to inhibit protein translation by assembling into a
G-quadruplex-like structure (G4-motif). G4–tRFs displace eIF4G/A from caped and uncapped mRNAs,
inhibit translation initiation, and induce the assembly of stress granules, which are dense cytosolic
aggregates where RNA-binding proteins control the utilization of mRNA during stress [92]. However,
G4-tRFs do not impair translation from internal ribosomic entry sites (IRES), underlying survival
and apoptosis pathways [93,94]. tiRNAs cooperate with the translator inhibitor YB-1 to promote
stress granules’ formation [95], promoting survival under acute stress conditions in U2OS or MCF7
cells. These studies highlight a mechanism by which the OS-induced tRNA cleavage inhibits protein
synthesis and activates a cytoprotective stress response program. Nevertheless, while these studies
have been performed in cell lines undergoing acute stress, the role of tiRNAs and stress granules in
neuronal pathology involving chronic stress needs to be clarified.

3.3. Long Non-Coding RNAs

The ENCODE project established the existence of 9000–50,000 lncRNAs in the human genome.
Transcribed from intergenic regions, from gene regulatory regions and from specific chromosomal
regions by RNA polmymerase II, they are usually subjected to capping and alternative splicing [7,96].
lncRNAs’ main functions encompass the control of gene expression at different levels—both
transcriptional and translational—the control of chromatin folding and the recruitment of chromatin
modifiers [97,98]. Due to this wide repertoire of functions, lncRNAs can be located in the nucleus
maintaining the nuclear architecture, in the cytoplasm regulating gene expression and in the
mitochondria where they participate in signaling and regulate cell-energy and apoptosis [99,100].
The function of lncRNAs is associated with their unique subcellular localization [101], but how cells
sort different lncRNAs to specific subcellular compartments remains unclear. Furthermore, although
several lncRNAs have been well characterized to date, further research is still required to understand
their myriad of functions.

Forty percent of described lncRNAs have been reported in the CNS [102], where they participate
in gene expression, imprinting and pluripotency regulation, as reported by numerous studies [103–106].
One of the first described lncRNAs was H19, a paternally imprinted gene, whose importance in
embryonic development and neural viability has been established [107]. Furthermore, H19 is involved
in glia activation during epilepsy [108]. Other lncRNAs, such as Evf2 and MALAT1, are highly
abundant in neurons showing a dynamic expression pattern in cell differentiation. Evf2 regulates
neural differentiation [109] and MALAT1 plays an essential role in synapse formation and dendritic
development in hippocampal neurons [104]. NeuroLNC, a nuclear lncRNA, has been recently involved
in synapsis establishment. Its interaction with the well-known RNA-binding protein TDP-43 appears
to be essential for the correct release of neurotransmitters [106]. In addition, RMST1 functions
as a guide-RNA for SOX2 transcription factor towards neurogenic genes [110] promoting neural
differentiation although it is also expressed in astrocytes [111]. Similarly, Pnky lncRNA, a highly
conserved lncRNA, is very abundant in neural stem cells, regulating alternative splicing and cell
fate decisions. Ramos and colleagues described it as essential for neural cell differentiation and
renewal [112]. Another highly conserved lncRNA, Cyrano, is as well enriched in the nervous system,
being a very important molecule for embryonic stem cells maintenance. Kleaveland et al. determined
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a whole functional circuit for Cyrano in which it represses miR-7 expression and avoids CDR1-AS
destruction, a circular RNA known to regulate neuronal activity [113]. On the other hand, NEAT1,
a lncRNA mostly expressed in oligodendrocytes and astrocytes, regulates alternative splicing and has
been related to the neural response to stress [99].

3.4. Circular RNAs (circRNAs)

Circular RNAs (circRNAs), are the only type of ncRNA with covalently linked ends. Usually
derived from protein-coding genes and single-stranded, they are produced by a non-canonical form
of splicing, the so-called back-splicing [114,115]. This extraordinarily stable class of ncRNAs have
been found in diverse species, from prokaryotes to eukaryotes, being expressed in a tissue-specific
manner. circRNAs are generally found in the cytoplasm where they mostly act as miRNA sponges [116].
Other attributed circRNA functions comprise the regulation of riboproteins and RNA interaction,
the transport of miRNAs inside the cells or the regulation of cell differentiation and proliferation [116].

Similar to other ncRNAs, circRNAs are over-represented in the nervous system, showing a
differential expression pattern along neurodevelopmental stages and in the distinct brain regions.
As recently reviewed somewhere else [117], the high expression of circRNAs during neurogenesis
and nervous system development has been already reported [117,118] and their role in synaptic
transmission has been widely explored. In particular, CDR1-AS, a miR-7 sponge, was analyzed in
a mouse model where synaptic malfunction and an adverse sensorimotor effect was observed after
Cdr1as KO [119]. Moreover, hippocampal neurons present an increased expression of circHomer1_a
among other circRNAs, in their post-synaptic terminals, contributing to synapses homeostasis and
function [118]. Another example of the important regulatory role of circRNAs is CircDYM, shown to
regulate cerebral immune response by decreasing microglial activation [120].

4. NcRNAs and Oxidative Stress Management in Neurodegenerative Diseases

Diverse classes of ncRNAs are involved in OS signaling pathways. The general oxidation of
RNAs, including the most abundant classes of ncRNAs (rRNAs and tRNAs) is an early event in
major neurodegenerative diseases (reviewed in [121]). However, the understanding of the impact of
oxidized rRNA on cell physiology is still very limited [122]. Other classes of housekeeping ncRNAs
(snRNAs and snoRNAs) are also altered in response to ROS accumulation [123], with specific species
modulating the cell response to OS in cancer [124]. Interestingly, defects in snoRNAs are associated
with neurodevelopmental disorders such as Prader–Willi syndrome [125]. Moreover, several works
have identified small RNA molecules generated through the processing of snoRNAs (sno-derived
RNAs), specifically involved in gene silencing [126]. Nevertheless, although snRNAs and snoRNAs
are altered in neurodegenerative conditions, their direct involvement in OS management and neuronal
dysfunction needs further research efforts.

Compelling evidence exists involving the regulatory ncRNAs in OS-neurodegeneration pathways.
Regulatory ncRNA expression is sensitive to ROS accumulation, with these perturbations contributing
to neuronal dysfunction and microglial activation. miRNAs are the most intensively studied class,
and different types are up- and downregulated in response to OS; however, analogous studies regarding
other classes of ncRNAs are scarce. The dynamic changes in the concentration of specific ncRNA that
target important genes for the control of ROS homeostasis and metabolism, together with the intrinsic
differential susceptibility of cells to ROS-damage, underlie the cell capability to cope with sustained
ROS production. This is particularly relevant in neuronal cells with increased susceptibility to OS as
explained in the previous section.

Specific ncRNA pathways regulating the cell response to OS are similarly altered in diverse
neurodegenerative conditions, which may underlie commonly perturbed pathways, including
mitochondrial dysfunction and the spread of insoluble protein inclusions. However, the altered
activity of ncRNAs specifically targeting disease-related genes provides a scenario highlighting
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the differences in the development and progression of the different neurodegenerative diseases
(Figure 2, Table S1).
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Figure 2. Regulatory ncRNAs are involved in oxidative stress (OS) management in diverse
neurodegenerative diseases. Experimentally evidenced ncRNAs related to proteosomal and
mitochondrial dysfunction, protein metabolism, reactive oxygen species (ROS) and OS generation and
neural viability for Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD)
and amyotrophic lateral sclerosis (ALS) are shown.

In this section, we will focus on regulatory ncRNA deregulation with direct implications in OS in
the context of major neurodegenerative conditions: Alzheimer’s disease (AD), Parkinson’s disease
(PD), Huntington’s disease (HD) and amyotrophic lateral sclerosis (ALS). Most studies report miRNA
alterations and we will provide the latest evidence for the involvement of lncRNAs, and other less
known classes.

4.1. Alzheimer’s Disease

AD is a progressive neurodegenerative disease associated with memory deficits and cognitive
decline. AD is the most common form of dementia, accounting for 60 to 80% of cases, with less than half
expected to be pure AD and the majority expected to be mixed dementias [127]. The main hallmarks of
AD are the extracellular accumulation of amyloid-β (Aβ) peptides and the hyperphosphorylation of the
microtubule-associated Tau protein, leading to the accumulation of senile plagues and neurofibrillary
tangles, respectively. These changes are accompanied by progressive synaptic loss, and severe neuronal
demise. OS plays a major role in AD, believed to be stronger than in other neurodegenerative
diseases [128]. Despite the vast amount of knowledge about the pathology, the causes of AD
development are still not clear. Mutations in PSEN1, PSEN2 and APP genes are associated to rare
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autosomal, dominant, early-onset AD; [129] and variants of the APOE gene are a strong genetic risk
factor for both early-onset and late-onset AD [130].

Diverse classes of ncRNAs are involved in AD pathogenesis [131]. Numerous studies report
the participation of miRNAs in AD, by regulating the target genes involved in the accumulation of
Aβ and Tau phosphorylation [132–135]. In addition to these mechanisms, miRNAs regulate the cell
response to OS, which is key in AD progression, causing early, chronic inflammation and underlying
mitochondrial dysfunction, abnormal changes in lipids and proteins, the oxidative damage of nucleic
acids and changes in gene expression [128]. Loops may be generated in which ncRNAs change their
expression under OS and numerous proteins involved in OS management are targeted by miRNAs.

As previously mentioned, aging is a major risk factor in neurodegenerative conditions, where ROS
are progressively accumulated [26]. In line with this, ageing-associated decreased levels of miR-186
may contribute to AD pathogenesis since miR-186 targets 3′UTR of BACE1 encoding the β-secretase
enzyme that processes APP to Aβ peptides and protects from OS-pathogenesis in AD [136].

Through studying ROS-modulated miRNAs in oxidative stressed primary hippocampal neurons,
a group of miRNAs (miR-329, miR-193b, miR-20a, miR-296, and miR-130b) was upregulated [137].
Analogous perturbations were found in the hippocampus of senescence-accelerated mouse strains,
and enrichment pathway analysis of genes targeted by co-regulated miRNAs highlighted pathways
analogously affected in AD, including apoptosis and MAPK signaling [138]. These data suggest
an involvement of these miRNAs in the frame ncRNAs–OS–AD [137]. Specific miRNAs can also
promote OS. For instance, miR-125b has been tagged as an important factor in AD promoting APP,
BACE1 and Tau overexpression and hyperphosphorylation [139]. In a neuroblastoma cell model,
the overexpression of miR-125b induced OS and stimulated apoptosis. Furthermore, supporting a link
between miRNA deregulation, OS and neuronal dysfunction, miR-125b stimulated the production of
pro-inflammatory cytokines [140].

In AD, ROS-generating soluble Aβ [141] induces the expression of miR-134, miR-145 and miR-210
and reduces the expression of miR-107 [142]. Decreased expression of miR-107, which targets BACE1
mRNA, is associated with early stages of AD [142]. Furthermore, carriers of APOE4 allele, show
decreased levels of miR-107 [143,144] and a parallel increased production of Aβ peptides, which in turn
produce Tp53 gene expression deregulation involved in cell death in neurodegenerative conditions,
including AD [143]. Overall, these data suggest a positive feed-back loop in which the early decrease
in miR-107 contributes to sustained ROS biogenesis in AD. In addition, miR-153 that targets APP and
APLP2, an APP homologue, is decreased in a human neuronal cell line upon exposure to Aβ peptides
and H2O2 [145], further linking ncRNAs with OS-pathology in AD.

ROS equally influences Tau phosphorylation and the associated neurofibrillary tangles
accumulation in AD. Numerous studies correlate miRNA activity with Tau phosphorylation.
For instance, miR-200a-3p reduces Aβ accumulation and Tau hyperphosphorylation by targeting BACE1
and PRKACB, respectively [146]. miR-219 is overexpressed in AD brains and in a neuroblastoma cell
line, where decreased phosphorylated Tau is observed due to the miR-219 targeting of TTBK1
and GSK-3β [147]. Other miRNAs show an AD deregulation pattern that may contribute to
Tau-phosphorylation pathology. miR-132-212 is amongst the top downregulated miRNAs in AD,
and has been revealed as a master regulator of neuronal health, through a direct regulation of the
Tau modifiers acetyltransferase EP300, kinase GSK3β, RNA-binding protein Rbfox1, and proteases
Calpain 2 and Caspases 3/7 [148]. In addition, miR-132-212 directly targets Tau mRNA [133] overall
suggesting that the deficiency of this miRNA contributes to neuronal dysfunction in AD and other
tauopathies. Another miRNA involved in Tau metabolism is miR-26b which is upregulated in AD
brains at early stages of the disease [149]. Induced miR-26b overexpression in rat brains resulted
in increased Tau-phosphorylation and apoptotic neuronal death. Moreover, miR-26 blockage in cell
culture was neuroprotective in front of OS [149]. Furthermore, miR-146a upregulation in AD may have
detrimental consequences by targeting the ROCK1 kinase. ROCK1 decreased activity is associated
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with the inhibition of phosphorylation of the phosphatase and tensin homolog (PTEN), a pathway
involved in neuronal Tau hyperphosphorylation in AD [150].

tRFs are another type of regulatory small ncRNAs included in the present review, with emerging
roles in the physiology and pathology of the nervous system. There is little information directly
correlating the activity of specific tRFs in AD pathology. However, 13 tRFs are deregulated in
the senescence-accelerated mouse prone 8 (SAMP8) as an AD model and other aging related
neurodegenerative diseases [85]. The pathway enrichment analysis of the mRNAs putatively targeted
by deregulated small tRFs highlighted brain functions, such as vesicle synapse formation and vesicle
cycle. In addition, tRFs accumulate during neuronal OS [151], a major contributor to AD pathology.
These results, the fact that tRFs increase in aging in the nervous system [84,85] and the activity of
specific species in the cell response to stress strongly suggests a role in AD pathology.

In addition to sncRNAs, the most recent studies show that the manipulation of diverse lncRNAs
regulates the cell response to OS in cell and mouse models of AD, suggesting they should be
considered in therapeutic developments. Mechanistically, lncRNAs modulate the expression of specific
genes involved in cell survival and/or in the management of OS. Silencing SOX21-AS1 lncRNA has
been proposed to alleviate neuronal OS and suppress neuronal apoptosis in AD mice through the
upregulation of FZD3/5 and the subsequent activation of the Wnt signaling pathway [152]. Other
studies have shown that silencing BDNF-AS [153] and ATB [154] lncRNAs in PC12 neuronal cell model
attenuates apoptosis and OS induced by Aβ.

A common mechanism of action of lncRNAs is the specific sponging of miRNAs that results
in their reduced activity. It has been shown that Aβ treatment increased the expression of XIST in
hippocampal neurons. XIST knockdown ameliorated the toxicity, oxidative stress, and apoptosis
induced by Aβ in hippocampal neurons through a mechanism involving miR-132 targeting [155]. In an
Aβ-induced mouse model of AD, the increased expression of SNHG1 was detected, and its knockdown
could reverse Aβ toxicity. Besides, SNHG1 sponged miR-361-3p, which targets ZNF217, suggesting
that SNHG1 detrimental effects are the result of the deregulation of the miR-361-3p/ZNF217 axis [156].
Another recent study using an analogous AD mouse model showed that the lncRNA TUG1 that binds
miR-15a was upregulated in response to Aβ intraventricular injection. TUG1 silencing and miR-15a
upregulation improved the spatial learning ability and memory ability, ameliorated pathological injury,
depressed neuronal apoptosis, and strengthened the antioxidant ability of hippocampal neurons in
AD mice [157]. Although these studies point to a role of lncRNAs in OS-induced neurotoxicity, data on
the deregulation pattern of the aforementioned lncRNAs in AD in humans are lacking and therefore
the involvement of these species in AD evolution needs further investigation.

Through the regulation of miRNA availability, circRNAs provide a novel, little explored source
of bioactive ncRNAs, whose dysregulation may impact neurodegenerative processes, including
AD [158]. circRNA deregulation is detected in the cerebrospinal fluid of AD patients [158] and in AD
cortices, showing associations with AD diagnosis and neuropathological severity [158]. Furthermore,
changes were reported at pre-symptomatic stages in autosomal, dominant AD, suggesting a possible
involvement in disease progression [159]. Specifically, ciRS-7 is downregulated in the grey matter of AD
patients’ cortex [160,161]. ciRS-7 sponges miR-7 and its downregulation results in the increased activity
of miR-7. Because miR-7 targets Ubiquitin Ligase 2A (UBE2A) involved in the autophagic clearance of
Aβ [162], it is tempting to speculate about the possible involvement of ciRS-7-miR-7-UBE2A pathway
in Aβ metabolism and OS. ciRS-7 has been recently shown to regulate the levels of APP and BACE1
protein by promoting their degradation via proteasome and lysosome [163]. This would point to ciRS-7
being a neuroprotective. In addition, APP reduced the level of ciRS-7, revealing a mutual regulation
of ciRS-7 and APP, which would explain the reduced ciRS-7 expression in AD [163]. Another recent
study shows that the expression of circHDAC9, which is a miR-138 sponge is inversely correlated with
that of miR-138 in Aβ-treated N2a cells and APP/PS1 mice. Decreased miR-138 results in excessive
Aβ production induced by miR-138, in vitro. The authors show decreased levels of circHDAC9 in the
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serum of AD patients; suggesting that the pathway circHDAC9/miR-138 could participate in APP
processing in AD [164].

4.2. Parkinson’s Disease

PD is the most common movement disorder, affecting approximately 1% of the population over
60 years old and reaching 4–5% of the population over 85 years old. Clinically, PD is mainly described
by motor symptoms, which include a tremor at rest, bradykinesia, stooped posture and a characteristic
festinating walking. Non-motor symptoms such as depression, sleep disorders, and dementia precede
the appearance of motor symptoms and worsen with progression of PD [165]. Pathologically, PD is
defined by the loss of dopaminergic (DA) neurons in the substantia nigra (SN) pars compacta, corpus
striatum and brain cortex [166]. This loss is accompanied by the presence of cytoplasmic protein
inclusions, named Lewy bodies (LB), and enlarged aberrant Lewy neurites (LN). The causes leading to
PD are not well understood. While genetic mutations in specific genes account for 5–10% of cases, in the
majority of cases the etiology is unknown [167,168]. Familial and idiopathic forms of the disease share
common pathogenic pathways, including mitochondrial dysfunction, energy production imbalance
disruption of the ubiquitin–proteasome system and OS [166,169,170].

Major sources of OS in the highly vulnerable DA neurons include dopamine metabolism,
the impairment of the antioxidant system, mitochondrial dysfunction andα-synuclein aggregation [170].
Excess of oxidized dopamine in the cytosol produces ROS, which was proposed to underlie selective
vulnerability of DA neurons. miRNA-133b regulates cytosolic concentration of dopamine, by indirectly
targeting the vesicular monoamine transporter 2 (VMAT2). miR-133b downregulates the transcription
factor Pitx3, resulting in decreased VMAT2 expression [171]. The dopamine transporter DAT is
another target of miR-133b that can regulate cytosolic dopamine concentration and ROS production in
DA neurons [172]. Its downregulation in the PD midbrain suggests its possible participation in PD
neuropathology and OS [173].

Diverse genes involved in the correct function of mitochondria are mutated in familial forms
of PD, including DJ-1, Parkin and PINK1 [169]. However, altered levels or the activity of normal
versions of these genes underlie mitochondrial dysfunction and OS also in sporadic, non-familial
cases of PD. In this scenario, perturbations of ncRNAs that target these genes may contribute to PD
neuropathology. Precisely, PINK1 protects neurons from OS [174] and its loss of function increases
ROS biogenesis in dopaminergic neurons [175]. miR-27a and miR-27b target PINK1 and regulate the
autophagic clearance of damaged mitochondria [176]. Furthermore, miR-27a regulates the expression
of subunits of the mitochondrial complex [177], overall suggesting that their manipulation could be
considered in therapeutic designs.

DJ-1 protein is an important player of mitochondrial activity and cell response to OS [178–180].
miR-4639 inhibits DJ-1 expression, and subsequent OS and neuronal death. Early miR-4639-5p
upregulation has been recently shown in the plasma of PD patients [181], thus identifying this miRNA
as a putative biomarker and a target for therapeutic development. Moreover, a recent study has shown
that DJ-1 downregulation results in miR-221 decreased expression in mouse and cell models [182].
miR-221, with a relevant role in neurite outgrowth and neuronal differentiation, regulates the expression
of diverse pro-apoptotic proteins and prevents OS-induced BIM expression. In addition, miR-221
protects neuronal DA cells knocked down for DJ-1 from MPP+-induced OS and cell death. Together,
these data point to an important role of miR-221 perturbed expression in the neuronal response to OS.
Additionally, the upregulation of miR-494 contributes to OS-induced neuronal death by inhibiting the
expression of DJ-1 [183].

The downregulated expression of miR-34b and miR-34c has been likewise reported in PD
brains, at pre-motor, early stages of PD [184]. The reduced activity of miR-34b and miR-34c using
a complementary antisense oligonucleotide in a DA neuronal cell line resulted in ROS induction,
mitochondrial dysfunction and cell death, and a parallel decreased expression of Parkin and DJ-1.
The deregulation at pre-motor stages of PD brains can be extended to diverse classes of ncRNAs [185],
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suggesting that ncRNA perturbations occur early in the course of the disease, and participate in
disease evolution.

In PD, deregulated miRNAs may also contribute to an impaired antioxidant system. OS induces
the translocation of the transcription factor Nrf2 to the nucleus, where it activates the expression
of genes involved in the response to OS. Keap-1 is an inhibitor of Nrf2 and is regulated by diverse
miRNAs, including miR-153, miR-27a, miR-142-5p, and miR-144 and miR-7 [186–189]. Among them,
miR-7 downregulation is of particular interest since it has been shown to be decreased in the substantia
nigra of PD patients [187]. In PD, decreased miR-7 may contribute to the impaired expression of
antioxidant genes, through the Keap-1, Nrf2 pathway.

A recent study showed that, in addition to miRNAs, diverse types of sncRNAs are deregulated
in PD human brains [185]. Among the different classes, tRFs were revealed as the species optimally
classifying pre-motor cases of PD versus control patients; suggesting that tRFs are early perturbed
in PD. The mechanisms underlying the altered expression and activities of deregulated tRFs have
not been elucidated. ANG is directly involved in the stress-induced biogenesis of tiRNAs [81].
Specific ANG mutations have been found in PD patients [190], and ANG is decreased in a α-syn
mouse model of PD [191], suggesting that ANG dysfunction could contribute to tRFs perturbations.
Mechanistically, ANG-generated tiRNAs have been proposed as protective [90]; however, the virally
mediated overexpression of ANG in the substantia nigra failed to protect from DA neuronal loss in
a neurotoxin-based mouse model of PD [192]. Other studies confirm a link between ANG-induced
tiRNAs and the neuronal response to stress [193]. The lack of NSun2 that methylates two cytosine
residues in tRNAs results in an increase in stress-induced ANG-mediated 5′-tiRNAs accumulation.
The increase in these species contributes to the death of hippocampal and striatal neurons, through the
inhibition of protein translation and cell stress [193]. These studies suggest a context-dependent effect
of ANG–tiRNAs as neuroprotective or neurotoxic molecules. Moreover, a high-throughput functional
analysis, that included antisense oligonucleotides targeting specific tRFs deregulated in PD brains,
identified specific types involved in the response of dopaminergic SH-SY5Y cells to MPP+ OS [194].
In brains from motor cases of PD, a tRNA-Tyr derived fragment is upregulated [185]. This tRF sensitizes
neuronal cells to OS-induced p53-dependent cell death [195], suggesting a possible contribution of
TyR-tRF biogenesis to the neuronal dysfunction in PD.

On the other hand, numerous studies have recently highlighted the participation of lncRNAs in
OS pathways in the context of PD. MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) and paraquat,
that damage the substantia nigra and are widely used to model PD [196], influence the activity of the
transcription factor Nrf2 and alter the expression of diverse lncRNAs. In a rat model of PD induced by
6-OHDA, the lncRNA UCA1 was increased in the rat midbrain [197]. The siRNA-mediated decrease in
UCA1 upregulated the expression of tyrosine hydroxylase (TH) positive cells, reduced apoptosis and
OS in neurons of the substantia nigra and improved the neuroinflammatory response [197]. Several
works report the role of MALAT1 lncRNA in apoptosis regulation in PD pathology. The downregulation
of MALAT1 in MPP+-induced animal and cell models inhibited apoptosis through the sponging of
miR-124 [198]. TUG1 that sponges miR-152-3p is increased in mouse and cell models of PD [199].
In these models, TUG1 silencing protected dopaminergic SH-SY5Y cells and neurons from OS and
neuroinflammation. In cells submitted to MPP+ stress, TUG1 inhibition was accompanied by a
suppression of PTEN and cleaved caspase-3 expression and an increase in TH. The protective effects
of TUG1-decrease were reversed in the presence of a miR-152-3p inhibitor, suggesting that the
miR-152-3p/PTEN pathway regulated TUG1 effects.

In addition, the linc-p21 is upregulated in PD [200], and highly expressed in SH-SY5Y cells
undergoing MPP+ stress [201]. The knockdown of linc-p21 attenuated cytotoxicity, OS, cell apoptosis
and neuroinflammation induced by MPP+ in this model. Moreover, the overexpression of linc-p21
produced opposite effects, overall suggesting that linc-p21 is an OS responsive and dosage sensitive
lncRNA likely involved in PD. The linc-p21-regulated response to MPP+ depends on its activity as a
sponge of miR-625, which in turn regulates TRPM2 expression. In the substantia nigra of PD patients
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and in diverse PD model systems, the neuron-specific lncRNA NEAT1 is also upregulated [202].
However, NEAT1 expression has been shown to be neuroprotective, since the interference-mediated
depletion of NEAT1 aggravated death in the cells exposed to paraquat in a LRRK2-mediated manner.
A study focused on identifying deregulated lncRNAs in the substantia nigra of PD patients described
a pronounced increase in the Long Intergenic Non-Protein Coding RNA, p53-Induced Transcript,
LINC-PINT, that was also observed in other models of PD and other neurodegenerative conditions [203].
Experimentally, the depletion of LINC-PINT exacerbated the death of cultured neuronal cells exposed
to OS, suggesting a neuroprotective role of this transcript in diverse neurodegenerative disorders.

Studies about the possible involvement of circRNAs in PD are limited. In the SN, the age-dependent
accumulation of circRNAs observed in healthy individuals was lost in PD individuals [204]. However,
in the same brain area, increased levels of CircSLC8A1 were found, with this circRNA showing binding
sites for miR-128. Hence, miR-128 targeted genes were increased in the PD SN, suggesting a regulation
of miR-128 activity by CircSLC8A1. In addition, CircSLC8A1 expression was sensitive to OS status in
culture cells, overall suggesting an OS-mediated deregulation of the CircSLC8A1/miR-128 pathway in
PD. circRNAs have also been shown to be deregulated in multiple brain regions in the MPTP mouse
model of PD [205]. The enrichment pathway analysis of deregulated circRNAs highlighted diverse
biological functions, including synapse function, neuronal differentiation, axon guidance and PD
metabolism. Specifically, the authors suggest that the mmu_circRNA_0003292-miRNA-132-Nr4a2
pathway can be involved in the regulation of pathogenic mechanisms [205]. Using the same mouse
model of PD, a recent report has shown a decreased expression of circDLGAP4 upon MPTP treatment
and an analogous deregulation pattern in MPP+ treated cell models [206]. In SH-SY5Y and MN9D cells,
circDLGAP4 was neuroprotective, exerting its function via the regulation of miR-134-5p activity, which
in turn regulates the cAMP response element-binding protein (CREB). The circDLGAP4/miR-134-5p
axis modulates the CREB-dependent signaling which affects the expression of genes involved in
neuronal survival, providing the mechanistic scenario for the protective activity of circDLGAP4 and the
detrimental consequences of its decrease in PD. A direct role of ciRS-7 in PD has not been established.
However, the ciRS-7 targeting of miR-7 activity results in increased levels of miR-7-regulated genes,
including α-syn [161]. Another recently reported sponge of miR-7 is circSNCA [207]. In the MPP+

PD cell model, the dopamine receptor agonist pramipexole, used in PD treatment, downregulated
circSNCA, resulting in an miR-7 increase, an α-syn decrease and reduced cell apoptosis. These results
point to a better understanding of PD pathology and to possible therapeutic designs contemplating the
manipulation of circRNA activity.

4.3. Huntington’s Disease

HD is a dominant rare hereditary disorder (1:10,000–1:20,000), caused by an expanded CAG
trinucleotide repeat in the exon 1 of the HTT gene (reviewed in McColgan et al. [208]). CAG repeat
length correlates with age onset symptoms that include motor, cognitive psychiatric alterations,
combined with sleep and circadian disturbances. A major neuropathological feature is the loss of
striatal GABAergic medium spiny neurons and the cortical neurons projecting to them, accompanied
by astrogliosis and microglia activation. The progressive atrophy of the striatum and cerebral cortex
leads to patient death at 15–20 years from the disease onset [208,209].

The expanded CAG repeat produces an abnormal protein with an expanded track of glutamines
that has been proposed to underlie a number of toxic effects [209,210]. In addition, the RNA has been
recently highlighted as a direct pathogenic contributor, involving gene silencing, the sequestrations of
proteins with affinity for the CAG repeat RNAs and repeat associated non-ATG (RAN) translation
resulting in homopolymeric proteins prone to aggregation [211,212].

Strong miRNA deregulation is detected in brain samples of HD patients and HD mouse models.
In humans, miRNAs and miRNA-variants (IsomiRs) are dysregulated both in the frontal cortex
and putamen, the most affected areas in HD [213]. Although the effect of the isomiRs is uncertain,
the perturbations of those involving the seed region of the miRNA may likely vary the gene targeting
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profile, thus increasing the complexity in the miRNA depending effects. The strong perturbations
in miRNA expression described in HD could be explained, at least in part, by the accumulation of
AGO2 in aggregates [214], through a mechanism involving impaired autophagy [215]. AGO2 is a
major executor of the miRNA-mediated gene silencing, and its accumulation in HTT-aggregates results
in abnormal miRNA activity and expression levels. Furthermore, reduced levels of Drosha and Dicer,
involved in the biogenesis and activity of miRNAs, are downregulated in mouse models of HD [216],
providing further evidences for a general dysregulation of miRNA pathways. Specifically, Packer et al.
reported that miR-9/miR-9* is downregulated in HD, with this resulting in the mislocalization of the
transcriptional repressor REST that controls the expression of neural genes and is a key mediator of the
transcriptional changes occurring in HD [217]. Specific miRNAs are altered at pre-motor stages of
the disease in a knock-in mouse model, indicating that miRNA perturbations are an early event [218].
This study showed CAG length-dependent miRNA expression changes in the brain, especially in the
striatum, revealing a molecular signature that correlates with the onset of disease. In comparing mRNA
and miRNA transcriptomic data from the same animals, the authors highlighted a number of miRNAs
with potential relevance in the regulation of HD mRNA perturbations, including miR-212/miR-132,
miR-218 and miR-128 [218].

HD-perturbed miRNAs have been shown to regulate the cell response to OS. For instance,
the sequence-specific inhibition of miR212/miR132 induces apoptosis in cultured primary neurons,
whereas their overexpression is neuroprotective against OS in neurodegenerative scenarios [219].
In addition, miR-218 downregulation protects from oxidative-glucose deprivation/re-oxygenation in
PC12 cells, through reducing inflammatory cytokines secretion, OS status, and apoptosis rate [220].
Furthermore, a number of the HD-deregulated miRNAs have been identified as general regulators of
the neuronal response to OS, in a high-throughput functional screening [194]. These data strongly
suggest a contribution of miRNA perturbations in the OS management, linked to HD.

lncRNA involvement in OS in the context of HD has been little explored; nevertheless, specific
lncRNAs are perturbed in HD and likely contribute to pathogenesis. An analysis of microarray data
reported diverse deregulated lncRNAs, including DGCR5, a target of the transcriptional repressor
REST [221]. In addition, the upregulation of TUG1 and NEAT1 and the downregulation of MEG3 are
detected in the HD caudate [221]. The upregulation of the TUG1 and NEAT1 mouse orthologs has
been validated in the brain of diverse HD mouse models [222]. The inhibition of NEAT1 and MEG3
results in a significant decrease in HTT aggregates and Tp53 expression inhibition in a cell model.
Although an OS readout is not provided, alterations in Tp3 and protein aggregation have direct links
with cell OS.

4.4. Amyotrophic Lateral Sclerosis

ALS is a progressive disorder characterized by the progressive degeneration of motor neurons in
the brain and spinal cord leading to the loss of the voluntary control of movements. It begins with
focal weakness but spreads inexorably to involve most muscles. Death due to respiratory paralysis
typically occurs in 3 to 5 years. The total number of cases is approximately 3 to 5 per 100,000 (reviewed
in [223]). The degeneration of motor neurons is accompanied by neuroinflammatory processes, with
the activation and proliferation of astroglia, microglia, and oligodendroglial cells [224,225]. SOD1
mutations are present in about 15 to 20% of families with ALS [226]. In addition, a hexanucleotide
repeat expansion in the first intron/promoter region of the lncRNA C9ORF72 is the most common
genetic cause of ALS, present in 40% of familiar cases [227]. Mechanistically, the RNA toxicity of
C9ORF72-related ALS is based on the direct sequestration of important RNA binding proteins by the
hexanucleotide repeat and RAN translation into dipeptide repeats.

Familial and sporadic ALS forms commonly show the aggregation of specific proteins in the
cytoplasm, especially in motor neurons. These include the nuclear TAR DNA-binding protein 43
(TDP-43), showing cleaved forms, hyperphosphorylation, and mislocalization to the cytoplasm [228].
Ubiquilin 2 aggregates are also common [229], similar to intracytoplasmic deposits of wild-type
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superoxide dismutase 1 (SOD1) in sporadic ALS [230]. The SOD1 gene encodes the cytosolic copper-
and zinc-dependent superoxide dismutase (Cu, ZnSOD) that converts O2- into H2O2; however,
several observations make it unlikely that motor neuron death occurs because of a loss of dismutase
function [231] and it is generally accepted that mutant Cu, ZnSOD presents a novel, cytotoxic activity
of unknown nature. However, diverse evidence supports the involvement of OS in ALS pathology
(reviewed in [231]).

Studies of miRNAs in ALS have been centered in biomarker discovery [232–237] and miRNA
activity manipulation for therapeutic designs [234,236,238,239]. For example, miR-27a, miR-34a,
miR-155, miR-142-5p, and miR-338-3p have been proposed as biomarkers and potential ALS therapeutic
targets, directly or indirectly involved in OS [234,236,238,239]. A study identified 15 deregulated
miRNAs in ALS and induced pluripotent stem cells differentiated to motor neurons [235]. In this
study, gene ontology and molecular pathway enrichment analysis indicated that the predicted target
genes of the deregulated miRNAs are involved in neurodegeneration-related pathways. miR-34a
and miR-504 are especially interesting as they are involved in the p53 pathway. Specifically, miR-34a
targets SIRT1, previously reported as involved in neural survival in an ALS mouse model [240].
In addition, a microarray analysis identified the upregulation of miR-29a, miR-29b and miR-338-3p in
ALS brains [241]. miR-338-3p deregulation is particularly interesting since it targets nuclear-encoded
mitochondrial mRNAs encoding subunits of the oxidative phosphorylation machinery [242]. A general
downregulation of miRNA levels is found in multiple forms of human ALS. ALS-causing mutations are
sufficient to inhibit miRNA biogenesis. The underlying mechanism involves stress granule formation
and perturbations in Dicer and AGO2 interactions with their partners. Enhancing Dicer activity with
enoxacin appeared to be beneficial for neuromuscular function in ALS mouse models, suggesting that
targeting miRNA activity in future therapeutic designs would be interesting [243].

ER stress leading to apoptosis has been strongly associated with motor neuron degeneration in
ALS. Nrf2, involved in redox reactions, participates in ER stress-induced apoptosis and together with
ATF4 repress miR-106b-25 cluster. It has been shown that the Nrf2/ATF4/miR-106b-25 cluster may be
relevant for ALS pathogenesis [244]. In addition, miR-142-5p, that is downregulated in the CSF of ALS
patients, has been shown to reduce OS via the upregulation of the Nrf2 signaling pathway [236,245].

The involvement of tRFs in ALS is supported by ANG mutations occurring in familial and
sporadic forms of ALS [246]. ANG mutations are associated to a decreased ANG ribonuclease activity
and impaired formation of protective 5′-tiRNAs that inhibit the translation initiation and trigger the
assembly of stress granules, as explained in Section 3.2 [247,248]. In a YB-1-dependent manner, cells
treated with 5′-tiDNA-Ala modestly, but significantly, enhanced motor neuron survival in response to
OS [93]. These data suggest that ANG dysfunction and the impaired formation of specific tiRNAs are
involved in motor neuron dysfunction. However, the effect of other tRFs formed in the ALS context
needs to be evaluated in more detail. A recent study has defined a serum-based ncRNA diagnostic
biomarker signature containing two tRFs [249]. Whether these changes are reflected in motor neurons
and the functional consequences of its perturbed biogenesis needs further research.

The mutation of the lncRNA C9ORF72 in familial cases of ALS underlie OS and senescence
in induced pluripotent stem cells differentiated to astrocytes [250]. Mutant astrocytes showed
the downregulated secretion of several antioxidant proteins and, conditioned media from
C9ORF72-astrocytes increased OS in wild-type motor neurons. Other lncRNAs including NEAT1
and NEAT1_2 have also been related to ALS. The binding of NEAT1_2 to TDP-43 and FUS/TL,
which are ALS-associated RNA-binding proteins, is an early phenomenon in ALS pathogenesis [251].
Electron microscopy showed a specific assembly of NEAT1_2 lncRNA around the interchromatin
granule-associated zone in the nucleus of ALS spinal motor neurons. These results suggested that
the lncRNA NEAT1_2 may act as a scaffold of RNA binding proteins in the nuclei of ALS motor
neurons, thereby modulating their functions during the early phase of ALS. NEAT1, has been recently
shown to regulate TDP-43 function in the response to arsenite-induced stress [252]. The formation of
TDP-43-nuclear bodies in response to stress alleviates TDP-43-mediated cytotoxicity. TDP-43 nuclear
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bodies partially colocalized with paraspeckles, in which NEAT1, which is upregulated in stressed
neurons, acts as a scaffold. NEAT1 promotes TDP-43 separation in vitro. The authors provide evidence
that ALS-associated TDP-43 mutation impairs the NEAT1-mediated TDP-43 separation, with this
resulting in the translocation of TDP-43 to the cytoplasm to form stress granules. Overall, these data
suggest a stress-protective role for TDP-43 nuclear bodies, regulated by NEAT1.

5. Conclusions

The above reviewed results emphasize the relevance of regulatory ncRNAs as bioactive molecules
regulating the management of OS in neurodegenerative conditions. Nevertheless, we are aware
that additional ncRNA classes present in the CNS can be affected by and associated to OS and
neurodegeneration, including highly abundant rRNAs.

The overall conclusions from the works presented here are: (1) OS plays a major and early role in
neurodegenerative diseases; (2) regulatory ncRNAs expression and activity dynamics regulate, directly
and/or indirectly, gene expression networks involved in ROS homeostasis and buffering; (3) miRNAs
are the best known class of ncRNAs, but other types of regulatory ncRNAs, including lncRNAs, tRFs,
and circRNAs, appear as novel classes with a direct impact in OS modulation and neurodegeneration.

These evidences have boosted pre-clinical research, encouraging the modification of the activity
of ncRNA in therapeutic designs to control OS [253,254]. This involves the use of anti-sense
oligonucleotides targeting ncRNAs for their inhibition, or ncRNA mimic molecules for their activation.
However, there is a number of experimental and technical considerations that need to be fully
controlled for translational development, including the use of appropriate control sequences and the
effective concentration of an oligonucleotide to be used for in vivo experiments. In addition, results
obtained with mimic molecules should be interpreted with caution, since they are used at diverse
orders of magnitude higher than normally observed in vivo, and can produce unspecific effects [255].
Experimental research to understand the functions of specific ncRNAs in OS, particularly miRNAs, has
been done in neuronal or glial cell lines and non-human animal models of neurodegenerative diseases.
However, cell-type-specific ncRNA profiles in immortalized, primary cultured cells or animal models
differ [256], and analogous differences may be found for the ncRNA-targeted genes.

In addition, caution should be taken in translating the results from cell and animal models to
the human context. Many neuroprotective treatments successfully working in rodent and primate
models, have failed in human patients [257]. Furthermore, due to the heterogeneity and complexity of
neurodegenerative disorders, animal models reproduce particular features of the disease process but
often fail to fully recapitulate neuropathology, including the characteristic spatial pattern of neuronal
loss [258]. While the manipulation of specific ncRNAs in these models produces a particular OS readout,
analogous results in the human cells of the nervous system should be validated. Evolutionary conserved
ncRNAs may analogously regulate OS pathways in human cells. However, the human nervous system
contains the largest diversity of ncRNAs, with many human-specific species showing a highly precise
expression pattern in particular neuronal and glial cell types [259–261]. Moreover, the functional
interaction between different classes of ncRNAs (for instance lncRNAs or circRNAs buffering specific
miRNAs) provides an additional layer of complexity, in which multiple ncRNA-signaling pathways
orchestrate the response to OS.

Patient-derived induced pluripotent stem cells (iPSCs) differentiated to specific neuronal
populations have been implemented as a human cell model to study biochemical and molecular aspects
of neurodegeneration [262,263]. However, differentiation protocols are challenging [262] and cultured
neurons in artificial media may present differences in ncRNA expression and the regulation of OS.
Three-dimensional human brain organoids offer a hopeful strategy to study OS and neurodegeneration
since they recapitulate the interaction between different cell types, including glial cells known to
modulate the effects of OS [264]. The development of experimental strategies to reliably monitor levels
of oxidative damage in human iPSCs-derived cell models or brain organoids [265] should help in
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understanding the temporal dynamics of ncRNA activity modulation, OS, mitochondrial dysfunction,
protein aggregates and cell survival.

Studies aimed at understanding the involvement of ncRNAs in neurodegeneration have focused on
(1) identifying disease-deregulated ncRNAs and (2) reproducing the deregulation pattern in cell and/or
animal models to evaluate possible detrimental consequences. The identification of ncRNA-deregulated
species at pre-symptomatic stages is particularly interesting, as their perturbed activity can be an early
pathogenic driver that may be targeted in therapeutic designs. Nevertheless, the majority of these
studies are focused on a particular ncRNA, and do not take into account that multiple species are
functionally altered in neurodegenerative diseases. This raises the challenge of targeting the activity of
multiple ncRNAs to better protect from OS damage.

Another layer of activity of ncRNAs is produced by their release to the extracellular space both
within vesicles, free or bound to RNA binding proteins, rendering these molecules as paracrine
signaling mediators [266]. Although the majority of studies on the activity of extracellular ncRNAs
have been centered in miRNAs, the most recent reports point to additional species as bioactive
extracellular molecules, including lncRNAs and tRFs. In neurodegenerative diseases, the profiling of
extracellular ncRNAs in biofluids has been pointed as a new source of biomarkers [267,268]. However,
a new field of study is required to understand the modulation of ncRNA release and their regulatory
activities in different aspects of neuropathology, including OS management.
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Abstract: Epilepsy is a common neurological disorder which affects patients physically and mentally
and causes a real burden for the patient, family and society both medically and economically.
Currently, more than one-third of epilepsy patients are still under unsatisfied control, even with new
anticonvulsants. Other measures may be added to those with drug-resistant epilepsy. Excessive
neuronal synchronization is the hallmark of epileptic activity and prolonged epileptic discharges such
as in status epilepticus can lead to various cellular events and result in neuronal damage or death.
Unbalanced oxidative status is one of the early cellular events and a critical factor to determine the
fate of neurons in epilepsy. To counteract excessive oxidative damage through exogenous antioxidant
supplements or induction of endogenous antioxidative capability may be a reasonable approach for
current anticonvulsant therapy. In this article, we will introduce the critical roles of oxidative stress
and further discuss the potential use of antioxidants in this devastating disease.

Keywords: epilepsy; status epilepticus; oxidative stress; antioxidant

1. Introduction

Epilepsy is a common neurological disorder and estimated with a prevalence of 0.5–1.5% in
the general population varying between developed countries and developing countries [1–3]. The
term "epilepsy" originated from the Greek verb “epilambanein” (επιλαµ$ανειν), which means “to be
attacked or to be seized”. Epilepsy as a medical condition is known throughout human history and was
described among famous people such as Fyodor Dostoyevsky (Russian writer), Gaius Julius Caesar
(Roman general and the great strategist), and Napoleon Bonaparte (French general and Emperor) [4–6].
According to the International League Against Epilepsy (ILAE), an epileptic seizure is caused by
abnormal, excessive, and synchronous neuronal activity in the different brain areas and presenting
various signs and/or symptoms accordingly [7]. Epilepsy is typified by repeated seizures and the
aberrant firing of neurons located mainly in the cerebral cortex and often under unprovoked conditions.
The burst firing neurons accompanied with epileptic discharges could result in a variety of changes at
the cellular level, e.g., activation of glutamate receptors, alteration of γ-aminobutyric acid (GABA)
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receptor, activation of cytokine expression, increased oxidative stress, modification of neurogenesis,
adjustment of plasticity or stimulation of some late cell death pathways [8–10].

Status epilepticus, defined with prolonged or continuous epileptic seizures, is a neurological
emergency associated with significant morbidity and mortality [11–13]. Clinical studies revealed that
patients with epilepsy are often associated with behavioral and cognitive decline from multifactorial
contributions [14–16]. About 4–16% of people with epilepsy have experienced at least one attack of
status epilepticus [17]. A recent study showed status epilepticus with prominent motor phenomena was
24 per 100,000 adults per year [18]. Status epilepticus has a 10–20% mortality in previous studies [13,17],
although more rapid treatment regimens at an early stage reduce disease-related mortality in recent
studies [12,19]. Human and animal studies also revealed that status epilepticus causes substantial
cerebral damage, raises the risk to develop succeeding epileptic episodes, and accompanies with a
distinctive pattern of neuronal death in the hippocampus, such as in dentate gyrus hilus, CA3, and
CA1 subfield [20,21].

It was gradually recognized that excessive oxidative stress plays a crucial role in the
pathophysiology of status epilepticus [22]. While in prolonged seizure or status epilepticus, reactive
oxygen species (ROS) are generated mainly by nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase through NMDA receptor activation [23,24]. The inflammatory response following status
epilepticus causes activation of inducible nitric oxide synthase (iNOS) and iNOS-derived nitric oxide
(NO) reacts with O2

- to form the peroxynitrite and contributes the severity of oxidative stress in
kainic-acid induced experimental status epilepticus in our previous studies [25–28]. Several studies with
a various animal model of status epilepticus such as pilocarpine-induced, pentylenetetrazole-induced,
diisopropylfluorophosphate, lithium-pilocarpine model, also demonstrated the critical role of
NO-related pathway and neuro-inflammation contributing to neuronal damage [29–36].

Excessive production of ROS/reactive nitrogen species (RNS) can damage macromolecules in cells
such as with lipid peroxidation, DNA damage, oxidative damage with enzyme inhibition and result in
neuronal death [22]. As excessive ROS/RNS may affect neuronal fate through diverse mechanisms,
modification of those detrimental pathways may have beneficial clinical implications. In this review, we
will focus on the critical role of ROS/RNS in status epilepticus which can further impair mitochondrial
function, enhance the severity of oxidative stress, and cause neuronal damage or death. The potential
use of antioxidants in this devastating disease will be further discussed.

2. The Critical Cole of ROS/RNS in Status Epilepticus

It is known that the burst-firing neurons with epileptic discharges in prolonged seizure can lead to
substantial changes in neuronal cells. These include toxic activation of glutamate receptors, decreasing
the reuptake of glutamate, alteration of GABA receptor, an upsurge of cytokine expression, escalation
of oxidative stress, modification in neuroplasticity, and later to initiate cell death pathways [37].

Diverse sources of ROS exist in living cells that include 5-lipoxygenase, NADPH oxidase,
cytochrome P450 enzymes, and mitochondria [38–40]. Balanced ROS are indispensable in the
preservation of redox homeostasis and making numerous cellular signaling pathways functional [41].
Living organisms can generate unwarranted ROS under various stressful conditions such as with
cytokine stimulation, serum deprivation, and hypoxia [40,41]. To keep a low level of ROS/RNS is
vital for continuing the process of regular neuronal function [42]. Overproduction of ROS/RNS may
proceed with a detrimental effect and generate wide-ranging damage to lipid membranes, protein
components, and DNA structures that can evolve to cell death. This is implicated in the pathogenesis
of various neurodegenerative disorders such as Alzheimer’s disease (AD), Parkinson’s disease (PD),
and Huntington’s disease (HD) [43–45]. This is no exception for seizure disorder, one of the common
neurological disorders, which also need to deal with excessive oxidative stress.

Conventionally, it was assumed that mitochondria are the main source of ROS during epileptiform
activity [46,47]. It was gradually appreciated with recent studies that in prolonged seizure or status
epilepticus, ROS are generated mainly by NADPH oxidase through NMDA receptor activation [23,24].
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Using live-cell imaging techniques in neuron-glia cultures, it was demonstrated that prolonged
seizure-like activity raises ROS generation in an NMDA receptor-dependent manner rather than
calcium- and mitochondria-dependent ROS pathway [23]. It was reported that ROS derived from
NADPH oxidase in the pilocarpine-induced temporal lobe epilepsy and apocynin, an NADPH oxidase
inhibitor, attenuated ROS production and neurodegeneration from status epilepticus [48] and prevent
seizure-induced neuronal death [49]. Using the perforant path model of epilepsy, inhibition ROS
production by 4-(2-Aminomethyl)benzenesulfonyl fluoride hydrochloride (AEBSF), another NADPH
oxidase inhibitor, significantly lessened seizure-induced cell death [50]. In a recent study, it was
demonstrated the critical role of NMDA receptor-mediated NADPH oxidase-induced oxidative
stress and targeting NADPH oxidase may offer an innovative treatment for epilepsies [51]. In a
human study with surgically resected epileptic tissue from drug-resistant patients, the hippocampus
showed cytoplasmic positivity for p47(phox) and p67(phox) in neurons and glial cells which
indicates the activation of NOX2 [52]. Inhibition of NADPH oxidase activation by apocynin involves
hippocampal neurogenesis which revealed increased neuronal survival and neuroblast production [53].
It was reported that pilocarpine rats had increased NADPH oxidase 2 expressions and decreased
superoxide dismutase (SOD) expression [54]. With in vivo and in vitro pilocarpine model of epilepsy,
hyperactivation of NMDA receptors and subsequent activation of NADPH oxidase are crucial
contributors for the development of epileptogenesis [55]. The oxidative stress induced by NADPH
oxidase activation also plays a pivotal role in the pentylenetetrazol-induced kindling process as well as
in pentylenetetrazol kindling-induced hippocampal CA1 autophagy [56]. A study with a combination
of antioxidant therapy including NADPH oxidase inhibition and the endogenous antioxidant system
activation such as nuclear factor erythroid 2-related factor 2 (Nrf2) can prevent epileptogenesis and
modifies chronic epilepsy [57]. These studies revealed the critical role of NADPH oxidase, particularly,
NADPH oxidase 2, in oxidative stress-induced neuronal damage and involved neurogenesis, autophagy
and epileptogenesis as well.

The production of RNS has closely related ROS. RNS is derived from nitric oxide (NO) and with
superoxide (O2), a reactive oxygen species, to form the peroxynitrite. Peroxynitrite, a highly reactive
species, can directly or indirectly react with other cellular components such as DNA, lipids or proteins
and induced neuronal death [58]. We have shown before the findings of upregulation of iNOS in the
hippocampal CA3 subfield following kainic acid-induced experimental status epilepticus in the rat [27].
Experimental findings revealed the increased level of O2

− and peroxynitrite and sequential changes in
time were well correlated accordingly which lead to mitochondrial apoptosis in the hippocampal CA3
subfield [26]. We further provide evidence that activation of NF-kappaB (NF-κB), a transcriptional
factor critical for inflammatory genes expression, heightens iNOS gene expression in hippocampal
CA3 neurons following status epilepticus in an animal model [25].

It was generally appreciated that glutamate-mediated excitotoxicity causing necrotic changes
in the cerebral cortex are the major morphological findings among dying neuronal cells after status
epilepticus [59]. There has been evidence that revealed apoptotic cell death also plays a crucial role
in seizure-induced brain damage in animal models of experimental status epilepticus [27,60–62].
It has long been aware that oxidative stress, apoptosis, and neuroinflammation have a key role in
various neurological diseases such as ischemic stroke, neurodegenerative diseases or epilepsy [63–67].
Apparently, neuroinflammation and oxidative stress are mutually affected with each other, contribute to
immediate and longstanding sequelae of status epilepticus, and indicate a potential therapeutic target.

Several inflammatory mediators were shown to have critical roles in status epilepticus such as
Toll-like receptor 4 (TLR4), high mobility group box 1(HMGB1), NF-kB, NLRP3, and iNOS which
are induced during status epilepticus and predict the development of neuronal cell loss, cognitive
deficits, mortality, the progress of chronic epilepsy [68]. Mounting evidence revealed the signaling
pathways involving neuroinflammation affecting status epilepticus. TLR4 and receptor for advanced
glycation end product (RAGE) are activated by HMGB1 and critical for seizure generation [69,70].
IL-1 receptor type 1 (IL-1R1)/TLR4 pathway is a potential therapeutic target for disease-modifications
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in patients with epilepsy [71]. Inhibitors of the IL-1R/TLR signaling exert the anticonvulsant effects
in various seizures models which indicate the potential to reduce seizure frequency in currently
pharmaco-resistant epilepsies [72]. Seizure-induced neuroinflammation impairs the integrity of the
blood-brain barrier (BBB) [73]. Inhibition of the prostaglandin E2 receptor 2 can reduce inflammation,
restore BBB function, and decrease mortality following status epilepticus [74]. It was realized that
excessive oxidative stress and neuroinflammatory response occur together during status epilepticus
and persist afterward. These results may further damage the mitochondrial function and aggravate the
severity of oxidative stress. We will further discuss mitochondrial dysfunction after status epilepticus
under these signaling cascades toward the neuronal death in the next section.

3. Mitochondrial Dysfunction Further Aggravates the Extent of Oxidative Stress Following
Status Epilepticus

Mitochondria are membrane-bound cellular organelles widely distributed in the cytoplasm of cells
in most eukaryotic organisms. Emerging studies revealed the multifaceted roles of mitochondria which
involve various pathophysiological functions such as energy production, ROS generation, apoptotic
process, mitochondrial biogenesis, dynamics, mitophagy, and inflammation [75]. Mitochondrial
oxidative phosphorylation comprises five enzyme complexes placed in the mitochondrial inner
membrane [76–78]. These are NADH-ubiquinone oxidoreductase (Complex I), succinate-ubiquinone
oxidoreductase (Complex II), ubiquinone-cytochrome c oxidoreductase (Complex III), and cytochrome
c oxidase (Complex IV) which work together to produce a proton motive force and drive the generation
of ATP by complex IV (F1F0-ATP synthase).

As status epilepticus can cause excessive oxidative stress accompanying the neuroinflammatory
response and augment the formation of peroxynitrite from NOS II derived NO and O2

− which may
impair the mitochondrial function. Previous studies revealed that prolonged epileptic seizures will
alter the redox status, reduce the production of ATP, and lead to energy failure in the brain [79,80].
There has been evidence to show mitochondrial dysfunction in epilepsy in animal and human
studies [28,81–84]. We have shown before that in kainic acid-induced status epilepticus, enzyme assay
for the mitochondrial respiratory chain showed a notable depression of the activity of Complex I + III
in the dentate gyrus and subfield of CA1 and CA3 in the hippocampus [28]. In contrast, the activities
of Complex II + III and Complex IV remained unchanged. These findings were accompanied by
swelling of mitochondrial spaces including cristae and a variable degree of mitochondrial membrane
disruption. These findings stressed the pivotal role of Complex I dysfunction in mitochondria and
damage of ultrastructure in the mitochondria membrane in the hippocampus of kainic acid-induced
status epilepticus in the rat [28]. In a pilocarpine-induced status epilepticus, selective decline of
Complex I and IV function in the respiratory chain was observed in hippocampal CA1 and CA3
subfields and suggested that seizure activity can downregulate the mitochondrial-encoded enzyme’s
activity of oxidative phosphorylation [85]. Inhibition of mitochondrial Complex I activity was also
reported in other studies using different animal models [81,83]. In a human study, it was observed that
mitochondrial Complex I dysfunction in the CA3 subfield in patients with refractory temporal lobe
epilepsy [84]. Although the underlying mechanism is not well elucidated, it appeared that Complex I
of the mitochondria is more vulnerable to ROS and RNS than in other respiratory chain complexes [86].

It is known that status epilepticus can cause mitochondrial respiratory chain dysfunction and
result in energy failure. These consequences can further aggravate the severity of oxidative stress and
cause neuronal damage or death in the hippocampus. Although glutamate-mediated excitotoxicity
often causes necrotic changes in the cerebral cortex after status epilepticus [59], several studies including
ours showed that apoptotic cell death also plays an important role in seizure-induced brain damage
in experimental status epilepticus [27,60–62]. The existence of apoptosis may lend some time to
intervene and lessen neuronal damage, such as with antioxidant treatment. The apoptosis process
includes the successive activation of a stream of cysteine proteases (caspases) [87]. A long list of
apoptosis-related proteins from mitochondria was entailed such as apoptosis-inducing factor (AIF),
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cytochrome c, endonuclease G, Smac/DIABLO, and HtrA2/OMI [37,88]. Cells also comprise both
pro-apoptotic and anti-apoptotic “Bcl-2 family” proteins and are engaged to the apoptotic pathway
under various clinical conditions including brain disease. Detailed apoptosis mechanisms are beyond
the scope of this review; some of the excellent reviews available can be helpful for readers to gain a
further understanding [88–92].

Except for the well-known pathways involving mitochondria-related oxidative stress, apoptosis,
and neuronal damage, the emerging role of the sirtuin family, or the special diet formulation such as
ketogenic diet (KD), are also revealed as crucial players in status epilepticus and worth mentioning here.
In mammals, the sirtuin family include seven sirtuins: sirtuin1–7, and belong to a class of nicotinamide
adenine dinucleotide (NAD)-consuming enzymes that are involved in various biological pathways [93].
The beneficial effect of sirtuins on longevity is related to the capability to modulate on the metabolic
pathways which present a potential target to treat human diseases [93,94]. Limited studies concerning
the sirtuin family and status epilepticus were reported. It was shown that sirtuin1 activation increases
the peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) expression and
enhances mitochondrial antioxidant system in status epilepticus [95]. We have demonstrated that the
downregulation of sirtuin1 can reduce PGC-1α expression, impair mitochondrial biogenesis, augment
Complex I dysfunction, heighten the extent of oxidized proteins, increase caspase-3 expression, and
promote neuronal cell damage in the hippocampus in kainic acid-induced status epilepticus [96]. It
was also revealed that microRNA-199a-5p regulates the sirtuin1-p53 pathway in pilocarpine-induced
status epilepticus and targeting of microRNA-199a-5p exerts a beneficial effect in seizure disorder [97].
In a recent study, it was shown that sirtuin3, a major mitochondria NAD+-dependent deacetylase,
through regulating manganese SOD to lessen excessive oxidative stress from mitochondria can reduce
neuronal damage in hippocampal cells after status epilepticus [98]. With these studies, it is noteworthy
to further explore the vital role of the sirtuin family in seizure disorders, and this may open an avenue
to develop innovative therapy in epilepsy in the future.

The KD is a special diet formulation with high fat, low carbohydrate, controlled protein regime
that has been used since one hundred years ago for the treatment of epilepsy [99]. The mechanisms of
KD may act through the effects of glucose restriction with ketones formation and interactions with
receptors, channels, and metabolic enzymes [100,101]. It can reduce mitochondrial ROS/RNS due to the
alteration of the source of energy by using more fat-derived ketone bodies and with less consumption
from carbohydrates [102–104]. There are several different forms of the ketogenic diet such as the
classical diet, medium-chain triglyceride diet, modified Atkins diet, and modified ketogenic diet, and
low glycaemic index treatment [100–105]. These diet formulas may help to reduce the number or
severity of seizures in patients with poorly controlled seizures after two more anti-epileptic drugs
used. KD is a well-known therapeutic option for children with poor control epilepsy [105]. Mounting
evidence also reveals the effectiveness of KD for adults with status epilepticus which denotes the
usefulness through dietary adjustment [106–108]. The diet modification offers another treatment option
in patients with refractory epilepsy and warrants to further testify the crucial role of critical condition
as in status epilepticus.

It is crucial to deal with excessive ROS production from NADPH oxidase caused by NMDA
receptor activation in prolonged seizure or status epilepticus [23,24]. The oxidative stress may
further impair mitochondrial ultrastructure of the membrane and mitochondrial respiratory chain
and aggravate the severity of oxidant damage to neuronal cells [37,109]. In Figure 1, we briefly
sketch the signaling pathway about status epilepticus causing the excessive generation of ROS and
further aggravating mitochondrial function, increasing the severity of oxidative stress, and causing
neuronal apoptotic death. Except for the anticonvulsants for status epilepticus, adding antioxidants
in this scenario may have the potential to improve the therapeutic effect. We will further discuss the
significance of antioxidants used in status epilepticus in the following section.
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Figure 1. The potential beneficial effects of antioxidants on status epilepticus induced oxidative stress,
mitochondrial damage and neurodegeneration. During status epilepticus, superoxide are generated
mainly by nicotinamide adenine dinucleotide phosphate (NADPH) oxidase through NMDA receptor
activation. Once produced, superoxide can interact with various molecules and further generate
secondary radicals. Superoxide can react with nitric oxide and produce peroxynitrite. Superoxide can
also be converted into hydrogen peroxide by superoxide dismutase, and then to hydroxyl radicals
under the famous Fenton reaction. Interaction of superoxide with protons can produce hydroperoxyl
radicals. All these reactive oxygen species/reactive nitrogen species (ROS/RNS) are highly reactive and
can cause oxidative stress via alterations of macromolecules. Overproduction of these ROS/RNS due to
prolonged epileptic seizures will lead to alteration of mitochondrial redox status, Complex I dysfunction
and ultrastructure damage in mitochondria membrane, reduce ATP production and eventually
the induction of mitochondrial dependent apoptotic pathway involving the release of a serious of
apoptosis-related proteins from mitochondria intermembrane space including apoptosis-inducing
factor (AIF), cytochrome c, endonuclease G, Smac/DIABLO and HtrA2/OMI. Protection of mitochondria
from bioenergetic failure and oxidative and nitrosative stress with antioxidants may be considered as a
potential neuroprotective strategy in neuronal degeneration associated with status epilepticus.
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4. The Potentials of Antioxidants in Status Epilepticus

As status epilepticus or prolonged seizure can cause excessive oxidative stress with the various
sequential molecular events to cause neuronal damage. Apart from using antiepileptic drugs to reduce
or stop the seizure attack, adding antioxidants may have some potential effects to lessen neuronal
injury from excessive oxidative stress. Although there are many new antiepileptic drugs with varying
mechanisms developed and available in recent decades, more than one-third of patients remained poorly
controlled in seizure frequency [110]. It is obvious that there are still unmet needs for drug-resistant
epilepsy which highlights the demand for an innovative and maybe an unconventional approach for those
patients [111,112]. Studies with drugs or chemical compounds possessing antioxidant characters used in
animal models of status epilepticus were selected to discuss and may provide some clues in this regard.
However, we do not intend to make a comprehensive review for all kind of antioxidants in epilepsy
studies but just to offer a perspective concerning the potential and possibility among drugs or chemical
compounds which may be used concurrently with the antiepileptic drugs to further decrease seizure
occurrence and improve the outcome of epilepsy. To consider the significance of translation medicine
in preclinical studies, we also searched from ClinicalTrials.gov for some of these antioxidants to offer
information on the potential clinical use in brain diseases including epilepsy. Selected drugs or chemical
compounds with antioxidant characters used in a various animal model of status epilepticus will be
presented in Table 1. Relevant information for clinical trials in these compounds and drugs is included
and the identifier numbers of ClinicalTrials.gov for epilepsy are provided for readers to more easily locate.

Table 1. Selected references of drugs or chemical compounds with antioxidant characters used
in various animal model of status epilepticus. Information concerning clinical trials and various
brain diseases including epilepsy and these drugs/chemical compounds from ClinicalTrials.gov
are provided. (Abbreviations: Traumatic brain injury, TBI; Alzheimer disease, AD; Parkinson
disease, PD; Huntington’s disease HD; Peroxisome proliferator-activated receptor gamma, PPARγ;
Ataxia-telangiectasia, AT; Malondialdehyde, MDA; Superoxide dismutase, SOD; Glutathione
peroxidase, GSH-Px; progressive supranuclear palsy, PSP; Thiobarbituric acid reacting substances,
TBARS; Attention deficit hyperactivity disorder, ADHD; Inducible nitric oxide synthase, iNOS).

Name Relevant Antioxidative
Effects or Mechanisms Pre-Clinical Models Reference

Relevant Information about
Brain Diseases from
ClinicalTrials.Gov

N-acetylcysteine mimetic of glutathione pentylenetetrazol -induced
model [113]

Trials with neurodegenerative
diseases, TBI, brain tumor, and

vascular diseases.
With one clinical trial
concerning epilepsy

(ClinicalTrials.gov Identifier:
NCT02054949)

Ubiquinone
(CoQ10)

potent antioxidant potentiates
the antiepileptic

effects of phenytoin treatment
restores mitochondrial

enzyme complex
activities, reduce inflammation

pilocarpine-induced
model

pentylenetetrazol-induced
model

[114,115]

Trials with migraine, stroke,
AD, PD, HD, epilepsy, ataxia,
mitochondrial disease. With
one clinical trial concerning

epilepsy (Identifier:
NCT04488172)

Naringenin
recovery of glutathione
content and antioxidant

enzymes activity

pilocarpine-induced
model [116] No clinical trial was found.

EUK-134

synthetic of superoxide
dismutase/catalase mimetic,
prevent excitotoxic neuronal

injury

kainic acid-induced model [117] No clinical trial was found.

pioglitazone

PPAR γ agonist
reduction of inflammatory

responses
increased UCP2 expression,

reduced oxidant
overproduction and improved

mitochondrial function

genetically epileptic EL
mice

kainic acid-induced model
[118,119]

Trials with neurodegenerative
diseases, stroke, brain tumor,

atherosclerosis,
adrenomyeloneuropathy,

Friedreich’s Ataxia, and AT.
No clinical trial involving

epilepsy was found.
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Table 1. Cont.

Name Relevant Antioxidative
Effects or Mechanisms Pre-Clinical Models Reference

Relevant Information about
Brain Diseases from
ClinicalTrials.Gov

Aryl
semicarbazides

reduced formation of MDA
and increased formation of

SOD and GSH-Px

pentylenetetrazol -induced
model [120] No clinical trial was found.

α-lipoic acid

reduced lipid peroxidation
level, nitrite content,

augmented the SOD, catalase
and GSH-Px activities

pilocarpine-induced
model [121,122]

Trials with AD, PD,
mucopolysaccharidosis

disorders, ischemic stroke,
brain injury,

adrenomyeloneuropathy, and
PSP. No clinical trial

concerning epilepsy was
found.

Melatonin scavenger of hydroxyl radical
decreased nitrite content

kainic acid-induced model
pentylenetetrazole

-induced model
[123,124]

Trials with neurodegenerative
diseases, TBI, brain tumor,
stroke, birth-related brain

injury, migraine, sleep
disorders. Four trials

concerning “epilepsy and
melatonin” were found

(Identifier: NCT02195661,
NCT00965575, NCT01161108,

and NCT01370486)

α-tocopherol
(vitamin E)

oxidative stress with
chaperone-mediated

autophagy
decreased TBARS production

and total protein
carbonylation

pilocarpine-induced
model

pentylenetetrazol- and
methylmalonic

acid-induced model

[125,126]

Trials with premature
birth-related intraventricular
hemorrhage, migraine and
sleep disorders. No clinical

trial concerning epilepsy was
found.

Ascorbic acid
(Vitamin C)

decreased lipid peroxidation
and increased catalase activity

increase GSH level and the
decrease in lipid peroxidation

level

pilocarpine-induced
model

penicillin -induced model
[127,128]

Trials with AD, PD, stroke,
brain tumor, carotid

atherosclerosis, ischemic or,
hepatic encephalopathy,

cerebral palsy, and ADHD.
One study concerning epilepsy

(Identifier: NCT02369822)

Selenium and
sildenafil

lipid peroxides and
nitrotyrosine levels,

concomitantly with iNOS
inhibition, normalization of

TrxR activity and HO-1
expression, and evident

neo-angiogenesis

pentylenetetrazol -induced
model [129]

For selenium, trials with
phenylketonurias, AD, HD,
stroke, cerebral palsy. Two
trials concerning epilepsy
(Identifier: NCT01764516,

NCT01795170)

Selenium and
Topiramate

inhibiting free radical
supporting antioxidant redox

system

pentylenetetrazol -induced
model [130] As above information

Resveratrol

reduced markers both of
oxidative stress and

mitochondrial dysfunction
suppressing oxidative stress

and inflammation

lithium-pilocarpine-induced
model

kainic acid-induced model
[131,132]

Trials with AD, PD, HD,
Friedreich ataxia and hypoxic

brain. No clinical trial
concerning epilepsy was

found.

RTA 408 KEAP1 inhibition, Nrf2
activation kainic acid-induced model [133]

One clinical trial concerning
“brain disease and RTA 408”
for Friedreich’s Ataxia”. No

clinical trial involving epilepsy
was found.

AEBSF NADPH oxidase inhibitor perforant path stimulation
model [50] No clinical trial was found.

RTA 408+ AEBSF
KEAP1 inhibition, Nrf2

activation + NADPH oxidase
inhibitor

kainic acid induced model [57] No clinical trial was found

1400W selective inhibitor of inducible
nitric oxide synthase kainic acid-induced model [134] No clinical trial was found.

Apocynin an NADPH oxidase assembly
inhibitor

pilocarpine-induced
model [49] No clinical trial was found.

AEOL10150

metalloporphyrin catalytic
antioxidant,

scavenges peroxynitrite,
inhibits lipid peroxidation
with SOD and catalase-like

activities

pilocarpine-induced
model [135,136] No clinical trial was found.
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N-acetylcysteine (NAC) or acetylcysteine, a medication often used to loosen thick mucus
in individuals with chronic lung disease, can replenish glutathione stores, help the formation of
glutathione in the body and exert the antioxidative effect [137,138]. NAC was found to be safe with
favorable evidence in many psychiatric and neurological diseases in a systemic review [139]. In
pentylenetetrazole-induced seizures, adding NAC exhibited an anticonvulsant effect [113]. More than
30 clinical trials concerning “brain disease and N-acetylcysteine” were searched from ClinicalTrials.gov.
Brain diseases include various neurodegenerative diseases, traumatic brain injury (TBI), epilepsy, brain
tumor, or vascular diseases. However, no data available from epilepsy and N-acetylcysteine trial due
to no eligible subjects located.

Ubiquinone, also known as coenzyme Q, is a coenzyme family and widely distributed in living
organisms. In the human being, the most common form is coenzyme Q10. As one component in the
electron transport chain, ubiquinone plays a crucial role in aerobic cellular respiration and produces
ATP for energy need in the body. It also is an essential antioxidant and a modulator of the permeability
transition pore and critical in various pathophysiological effects [140–142]. In pilocarpine-induced
seizures, coenzyme Q10 lessened the severity of oxidative stress. Furthermore, it enhanced the
antiepileptic effects of phenytoin treatment [114]. With coenzyme Q10 combined with minocycline in
pentylenetetrazol-induced epilepsy, the ability to reverse oxidative damage and restore mitochondrial
enzyme complex activities is better than control and individual effect of coenzyme Q10 or minocycline
alone [115]. There were 35 clinical trials that were found concerning “brain disease and coenzyme Q10”
that were found on ClinicalTrials.gov. Various brain diseases patients recruited for the study include
migraine, stroke, AD, PD, HD, ataxia, mitochondrial disease, and epilepsy. One study including
coenzyme Q10 as one of multi-vitamin supplementation in epilepsy subjects is still recruiting and no
result available yet.

Naringenin is a flavanone and was found in various fruits and herbs [143]. It has significant
antioxidant properties, affected plasma lipid levels and antioxidant activity [144], protected mice
against radiation-induced DNA damage [145], or defended ferric iron-induced oxidative damage in
HepG2 cells [146]. In pilocarpine-induced status epilepticus, reduction of antioxidant enzymes such as
catalase, superoxide dismutase (SOD), and glutathione reductase was found in the hippocampus, and
naringenin can reduce ROS formation, restore antioxidant enzymes and lessen seizure severity [116].
No clinical trial was found regarding “brain disease and Naringenin” from ClinicalTrials.gov.

EUK-134 is a salen-manganese complex with potent catalase/SOD activity and exerted beneficial
effect to counteract excessive oxidative stress in ischemic brain injury [147]. It was able to extend
the life-span in Caenorhabditis elegans by augmenting the natural antioxidant defenses system [148].
In kainic acid-induced seizures, EUK-134 showed a significant reduction of protein nitration,
NF-κB-binding activity, and neuronal damage from seizure activity over the limbic system [117]. This
may imply the potential of EUK-134 to prevent excitotoxic neuronal injury from various neurological
diseases including epilepsy. No clinical trial was found about “brain disease and EUK-134” from
ClinicalTrials.gov.

Pioglitazone, a peroxisome proliferator-activated receptor-gamma (PPARγ) agonist used clinically
as an anti-diabetic medication, is known to exert various biological functions such as reducing
inflammation and oxidative injury and may use for stroke or other neurodegenerative diseases [149].
We have shown before that pioglitazone can exert anti-oxidative and anti-apoptotic effects against
ischemic neuronal injury [150]. We also demonstrated that pioglitazone decreased reactive oxygen
species, increased mitochondrial uncoupling protein 2 (UCP2) expression, lessened mitochondrial
apoptotic process, stabilized the mitochondrial transmembrane potential, and decreased neuronal
death in the hippocampus following kainic acid-induced seizures [119]. Pioglitazone also exerts a
beneficial effect over genetically epileptic EL mice with a reduction of inflammatory responses in the
brain [118]. There are 15 clinical trials concerning “brain disease and pioglitazone” that were searched
from ClinicalTrials.gov. The brain diseases include various neurodegenerative diseases, ischemic
and hemorrhagic stroke, brain tumor, atherosclerosis, adrenomyeloneuropathy, Friedreich’s Ataxia,
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and Ataxia-Telangiectasia (AT). No clinical trial involving epilepsy and pioglitazone was found in
ClinicalTrials.gov.

Semicarbazide is a water-soluble white solid derivative from urea with the formula
OC(NH2)(N2H3). Aryl semicarbazones, the product of semicarbazide, was found to have excellent
activity as an anticonvulsant with low neurotoxicity in experimental animals [151]. It can prevent
seizure-induced lipid peroxidation and augment antioxidant enzyme activities such as SOD and
glutathione peroxidase (GSH-Px) in the brain homogenate of mice [120]. No clinical trials concerning
“brain disease and aryl semicarbazones” was found in ClinicalTrials.gov.

α-lipoic acid is a naturally occurring compound and is critical for energy metabolism, redox
regulation, and cell signaling [152]. In a systemic review concerning the use of α-lipoic acid for
the treatment of psychiatric and neurological conditions, it revealed that α-lipoic acid improves
schizophrenia symptoms with fewer side effects from antipsychotic medication. It also showed the
effectiveness in the prevention of Alzheimer’s disease progression and the ability to improve clinical
parameters and oxidative imbalance in stroke patients [153]. In a clinical trial, α-lipoic acid was found
to stimulate cAMP production in healthy control and patients of multiple sclerosis [154]. α-lipoic acid
takes part in mitochondrial oxidative metabolism and acting as biological antioxidants with potential
therapeutic use in various chronic diseases [155,156]. It was shown in pilocarpine-induced status
epilepticus thatα-lipoic acid decreased seizure episodes by reducing oxidative stress in rat hippocampus
and striatum [121,122]. There are 11 clinical trials concerning “brain disease andα-lipoic acid” that were
found from ClinicalTrials.gov. The brain diseases include AD, PD, mucopolysaccharidosis disorders,
ischemic stroke, brain injury, adrenomyeloneuropathy, and progressive supranuclear palsy (PSP). No
clinical trial concerning epilepsy and α-lipoic acid was found in ClinicalTrials.gov.

Melatonin is a widely existing molecule in living organisms implicated in various biological and
physiological effects among different tissues or organs. It possesses the capability to cross the BBB,
exerts notable antioxidant effects, performs as a free radical scavenger, increases antioxidant enzymes,
lessens mitochondrial electron leakage, and interferes with pro-inflammatory signaling pathways [157].
These effects of melatonin highlight the potential clinical use in various neurodegenerative diseases
such as AD, PD, amyotrophic lateral sclerosis (ALS), and multiple sclerosis (MS) [158,159]. In
pentylenetetrazole-induced seizures, treatment with melatonin notably altered neurotransmitters and
nitrite levels, decreased seizure occurrence, and mortality. The results indicate that the anticonvulsant
property of melatonin involves both brain amino acids and NO production [124]. In another study,
it was revealed that co-treatment with melatonin in kainic acid-induced seizures, it can lessen the
hydroxyl radicals, reduce the damage of mtDNA, decrease lipid peroxidation in the brain, hence lessen
the severity of seizures from kainic acid [123]. More than 50 clinical trials concerning “brain disease
and melatonin” were found from ClinicalTrials.gov. Brain diseases include various neurodegenerative
diseases, traumatic brain injury, epilepsy, brain tumor, cerebrovascular diseases, premature birth-related
brain injury, migraine, sleep disorders. Four trials concerning “epilepsy and melatonin” were found
for various epilepsy patients including Lennox-Gastaut Syndrome.

α-tocopherol, a type of vitamin E, is engaged in various biochemical processes closely related
to lipid and lipoprotein homeostasis. It functions as a hydroperoxyl radical scavenger and is critical
in a variety of oxidative stress-related disease conditions in humans [160]. In pilocarpine-induced
status epilepticus in rats, it was revealed that pretreatment with α-tocopherol reduced oxidative
stress and partially reduced chaperone-mediated autophagy in the hippocampus at 1 day after status
epilepticus versus vehicle [125]. With two different chemical compounds, methylmalonic acid and
pentylenetetrazol-induced seizure, both revealed the increased content of thiobarbituric acid-reactive
substances (TBARS) and total protein carbonylation in striatum and α-tocopherol showed the ability to
attenuate the severity in a dose-dependent manner [126]. There are 3 clinical trials concerning “brain
disease and α-tocopherol” were found from ClinicalTrials.gov. The brain diseases include premature
birth-related intraventricular hemorrhage, common chronic health conditions including migraine and
sleep disorders, and dietary habits and consumption including check blood α-tocopherol level in
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dementia patients (ClinicalTrials.gov Identifier: NCT01193270, NCT02758990, NCT03794141). No
clinical trial concerning epilepsy and α-tocopherol was found in ClinicalTrials.gov.

Ascorbic acid, also known as vitamin C, is found in various foods and used as a dietary
supplement in daily life. Ascorbic acid is involved in various physiological functions of the body
including the nervous system, such as supporting the structure of the neurons, engaging the processes
of differentiation, maturation, and survival in the neuron, and aiding and modulating the synthesis of
neurotransmission [161]. Ascorbic acid is crucial to maintain the balance of redox state and possesses the
potential effect to treat various neurodegenerative diseases, autoimmune diseases, and cancer [161–163].
In pilocarpine-induced status epilepticus, it was revealed that ascorbic acid delays the onset of seizure
and reduces the mortality rate, and decreases lipid peroxidation levels [127]. In another study, ascorbic
acid can restore the decrease of glutathione levels and counteract the increased lipid peroxidation level
caused by penicillin-induced epileptiform activity [128]. There are 17 clinical trials concerning “brain
disease and ascorbic acid” that were found from ClinicalTrials.gov. The brain diseases include AD,
PD, ischemic and hemorrhagic stroke, brain tumor, carotid atherosclerosis, ischemic encephalopathy,
hepatic encephalopathy, cerebral palsy, attention deficit hyperactivity disorder (ADHD), and epilepsy.
There is one study concerning epilepsy and ascorbic acid entitled “Trial of Vitamin C as Add on
Therapy for Children With Idiopathic Epilepsy”, but no result available until now.

Selenium is a trace element and an essential micronutrient for animals. It is integrated into
antioxidant enzymes such as glutathione peroxidases (GSH-Px) and thioredoxin reductases (TrxR) and
plays an important role in normal brain function [164,165]. Deficiency of selenium may involve with
mentality decline and selenoproteins are beneficial to neurodegenerative diseases such as AD, PD, or
HD through redox signaling regulation [164,165]. Selenium deficiency also involves the risk of seizures
attack and supplementation of selenium may reduce seizures [166]. Increased nitrosative/oxidative
stress in hippocampal tissue such as enhanced iNOS expression along with TrxR activity induction
have been revealed in a pentylenetetrazol-induced seizure. Selenium treatment helped to reduce
the expression of 4-hydroneonenal, nitrotyrosine, iNOS, and concomitantly normalized TrxR and
HO-1 activity. Adding sildenafil, a selective phosphodiesterase 5 inhibitor, can further enhance
these effects [129]. It was also reported that selenium with topiramate, an antiepileptic drug, has
protective effects on the pentylenetetrazol-induced seizure by inhibiting free radicals and supporting
antioxidant redox systems [130]. There are 12 clinical trials concerning “brain disease and selenium”
that were found from ClinicalTrials.gov. The brain diseases include phenylketonurias, AD, HD,
ischemic and hemorrhagic stroke, carotid atherosclerosis, cerebral palsy, and epilepsy. Two trials
concerning “epilepsy and selenium” were found but without final results available till now.

Resveratrol, a nonflavonoid polyphenol, is mainly found in red grapes/wine [167]. It can offer
protective effects against various cardiovascular diseases, neurodegenerative diseases, stroke, and
epilepsy through diverse mechanisms [167–171]. In a lithium-pilocarpine-induced status epilepticus,
it was shown that the application of resveratrol can reduce oxidative stress and mitochondrial
dysfunction. This denotes the potential of resveratrol, combined with antiepileptic drugs, to target
oxidative stress and may provide a further beneficial effect to control epilepsy [131]. It is also shown in
kainic acid-induced status epilepticus that in addition to lessening neurodegeneration and aberrant
neurogenesis, resveratrol also suppresses the severity of oxidative stress and inflammation in the
hippocampus [132]. There are 16 clinical trials concerning “brain disease and resveratrol” that were
found from ClinicalTrials.gov. The brain diseases include mainly neurodegenerative diseases such as
AD, PD, HD, Friedreich ataxia, and hypoxic brain. No clinical trial concerning epilepsy and resveratrol
was found in ClinicalTrials.gov.

RTA 408 (omaveloxolone) holds the characters of both antioxidative and anti-inflammatory
activities [172,173], and possesses the capability to improve mitochondrial bioenergetics [174].
The mechanism of RTA 408 has been suggested to involve a combination of activation of the
antioxidative transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2) and inhibition of the
pro-inflammatory transcription factor NF-κB [172]. In a kainic acid-induced status epilepticus in rats,
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RTA 408 inhibits kelch like ECH associated protein 1 (KEAP1) expression and activates Nrf2 to increase
endogenous antioxidant and eventually reduce cellular ROS production and neuronal death. RTA 408
also significantly reduced the frequency of late spontaneous seizures following status epilepticus [133].
To date, one clinical trial concerning “brain disease and RTA 408” was found from ClinicalTrials.gov
(ClinicalTrials.gov Identifier: NCT02255435). The title is “A Phase 2 Study of the Safety, Efficacy, and
Pharmacodynamics of RTA 408 in the Treatment of Friedreich’s Ataxia”. No clinical trial involving
epilepsy and RTA 408 was found in ClinicalTrials.gov.

AEBSF is a water-soluble, broad-spectrum, and irreversible inhibitor of serine proteases and
can also avoid the activation of NADPH oxidase, the ROS generator [175,176]. In the perforant path
stimulation model of status epilepticus, it was demonstrated that inhibition of excessive generation
of ROS by AEBSF, significantly lessened seizure-induced cell death. These results indicate that
NADPH oxidase inhibition can utilize as a new strategy of treatment to prevent brain damage in
status epilepticus and related seizure disorders [50]. In a recent study, it was shown that combining
AEBSF and RTA 408 in kainic acid-induced status epilepticus can reduce the occurrence of spontaneous
seizures in animals following status epilepticus and modified the severity of epilepsy. It was also
revealed that AEBSF and RTA 408 can reduce the generation of ROS through NADPH oxidase inhibition
and increase the endogenous antioxidant system through Nrf2 activation respectively and preclude
unwarranted ROS accumulation, mitochondrial membrane depolarization, and decrease neuronal
death in in vitro seizure models [57]. No clinical trial was found regarding “brain disease and AEBSF”
from ClinicalTrials.gov.

N-[3-(aminomethyl)benzyl] acetamidine or 1400 W, is an aralkylamine and acts as a highly
selective inhibitor of iNOS [177]. With the kainic acid-induced status epilepticus, 1400 W, by decreasing
the epileptiform spike rate in the first three days of after status epilepticus and can potentially modify
the development of epileptogenesis and reduce the severity of chronic epilepsy [134]. Thus, 1400W is
also revealed to modulate proteins involving neuroinflammatory responses such as heat shock protein
beta-1, glial fibrillary acidic protein, and CD44 antigen in kainic acid-induced status epilepticus [178].
No clinical trial was found regarding “brain disease and 1400 W” from ClinicalTrials.gov.

Apocynin, a cell-permeable phenol, is recognized as a powerful inhibitor of NADPH oxidase [49].
It can block superoxide and peroxynitrite formation in murine macrophages [179] and increase
glutathione synthesis via the activation of activation protein 1 (AP-1) [180]. In a pilocarpine-induced
status epilepticus, it was demonstrated that apocynin reduced the production of ROS, lessened the
extent of lipid peroxidation, diminished seizure-induced BBB disintegration, declined microglial
activation and neutrophil infiltration, and further reduced neuronal death in the hippocampus [49].
This may suggest the therapeutic potential for apocynin in seizure-induced neuronal damage. No
clinical trial was found regarding “brain disease and apocynin” from ClinicalTrials.gov.

AEOL10150, a metalloporphyrin with broad-spectrum catalytic antioxidant, possesses the ability
to scavenge free radicals and inhibit lipid peroxidation [181–183]. It can cross the BBB to attain
therapeutic concentrations in the brain, which is useful for this antioxidant to provide antioxidative
capability sufficient to attenuate oxidative stress in pilocarpine-induced neurological damage and
reduce mortality of experimental animals [135,136]. The beneficial effects depend on the ability of
metalloporphyrin to scavenge peroxynitrite, lessen lipid peroxidation, with SOD and catalase-like
activities [135]. Until now, no clinical trial was found about “brain disease and AEOL10150” from
ClinicalTrials.gov.

Although this article focuses on the potential drugs and chemical compounds with the antioxidant
character for status epilepticus, we need to stress that the treatment of choice for epilepsy is still the
anti-epileptic drugs. However, taking into accounts the capability of antioxidant character in some
anti-epileptic drugs, the choice of medications for epilepsy would add additional consideration and
need to balance the gain and loss [151]. For example, different classes of antiepileptic drugs can
influence the intima thickness of the common carotid artery in epileptic patients [184,185]. Several
studies have shown that certain antiepileptic drugs exhibit antioxidant effects through modifying the
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activity of various enzymes system under epilepsy. A previous study showed that levetiracetam, a
widely used anti-epileptic drug, exerted beneficial effects to reduce oxidative stress and lessen the
severity of mitochondrial dysfunction after status epilepticus [83]. Phenytoin was found to have a
neuroprotective effect over survival-promoting and antioxidant genes such as Akt1 and glutathione
reductase in a DNA microarrays study [186]. Topiramate can inhibit free radical production, attenuate
lipid peroxidation, and supporting the antioxidant redox system to protect pentylenetetrazol-induced
brain injury [187]. In a recent study, it was shown that children with valproic acid monotherapy has
significant antioxidant effects and decreases seizure activity [188]. Valproic acid may increase levels
of glutathione and exert its neuroprotective effect [189]. Zonisamide is useful in animal and human
studies of epilepsy. Zonisamide exerts antioxidant character by scavenging hydroxyl and nitric oxide
radicals [190]. These examples just remind us to think about the drug choice in a more broaden way if
possible with extra benefits in patients with epilepsy.

5. Conclusions and Future Perspective

Epilepsy is a common neurological disease with a prevalence of 0.5–1.5% in the general population.
Although antiepileptic drug or anticonvulsants is a standard treatment for patients with epilepsy, more
than one-third of patients remain in poor control of seizure frequency, the so-called drug-resistant
epilepsy even with the several new antiepileptic drugs used in recent decades. Status epilepticus, in
patients with prolonged or continuous epileptic seizures, is often associated with significant morbidity
and mortality. Emerging evidence reveals the significant role of ROS/RNS in status epilepticus. It is
reasonable to speculate that besides antiepileptic drugs, the addition of antioxidants as a combination
therapy may exert an additional beneficial effect, lessen the neuronal damage, and improve clinical
outcomes. Here, we provide some evidence for the potential application of antioxidants in epileptic
patients. However, more studies are still mandatory both pre-clinically and clinically in order to
achieve this goal. Although mounting evidence revealed the success of antioxidants treatment in
status epilepticus in pre-clinical studies as summarized in Table 1, the difficulty of translation into
clinical practice is obvious from the information of CliniclTrials.gov. There are some molecules, such
as ascorbic acid, α-tocopherol, coenzyme Q10, lipoic acid, and melatonin that may represent an
endogenous defensive mechanism to counteract oxidative stress, and other chemical compounds or
drugs need to deal with the capability to enter the BBB if used in diseases of the central nervous system
including epilepsy. Other possible reasons for lack of efficacy in clinical trials may stem from the
underlying pathophysiological mechanisms. Status epilepticus or refractory epilepsy may trigger
multiple pathophysiological and biochemical changes, as shown in Figure 1. These cascades reveal that
excessive oxidative stress and inflammatory response from status epilepticus can cause highly reactive
ROS/RNS, impair mitochondrial function, reduce the ATP supply, result in the apoptotic process, and
to neuronal death. The combination therapy with one more drug to aim at various targets such as
together with antioxidant, anti-inflammatory drugs or medications altering apoptotic pathways may
yield additional or even synergistic effects. However, the current drug trial mainly uses one drug
only to compare with placebo-control. This may also explain the lack of efficiency in various clinical
trials due to the failure to cope with the complexity of pathophysiological changes in various diseases
including epilepsy. This problem is warranted to further explored in clinical trials in the future.
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Abstract: TBI (traumatic brain injury) is a major cause of death among youth in industrialized
societies. Brain damage following traumatic injury is a result of direct and indirect mechanisms;
indirect or secondary injury involves the initiation of an acute inflammatory response, including
the breakdown of the blood–brain barrier (BBB), brain edema, infiltration of peripheral blood cells,
and activation of resident immunocompetent cells, as well as the release of numerous immune
mediators such as interleukins and chemotactic factors. TBI can cause changes in molecular signaling
and cellular functions and structures, in addition to tissue damage, such as hemorrhage, diffuse
axonal damages, and contusions. TBI typically disturbs brain functions such as executive actions,
cognitive grade, attention, memory data processing, and language abilities. Animal models have been
developed to reproduce the different features of human TBI, better understand its pathophysiology,
and discover potential new treatments. For many years, the first approach to manage TBI has been
treatment of the injured tissue with interventions designed to reduce the complex secondary-injury
cascade. Several studies in the literature have stressed the importance of more closely examining
injuries, including endothelial, microglia, astroglia, oligodendroglia, and precursor cells. Significant
effort has been invested in developing neuroprotective agents. The aim of this work is to review
TBI pathophysiology and existing and potential new therapeutic strategies in the management of
inflammatory events and behavioral deficits associated with TBI.

Keywords: neuroinflammation; traumatic brain injury; palmitoylethanolamide (PEA); therapeutic
strategies; oxidative stress.

1. Introduction

Traumatic brain injury (TBI) is defined as damage to the brain sustained after the application of
external physical force that causes temporary or permanent functional or structural damage to the
brain. TBI stands as a major cause of death among youth in industrialized societies [1]. Brain injury
can be mild, moderate, and severe. It is not a distinct unit but a heterogeneous group of pathologies
that are initiated by diverse mechanisms and have different survival consequences. Head injuries
can be typically classified as closed or penetrating. A closed head injury is normally used to describe
automobile accidents, assaults, and falls, while a penetrating injury usually results from gunshot or stab
wounds. The use of explosive devices in military conflict has generated a category known as blast injury,
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which is rare in injury pattern and consideration [2]. The early injury resulting from an external force
creates brain tissue destruction with parenchymal impairment, intracerebral hemorrhage, and axonal
cutting. Likewise, the primary insult provokes secondary neurometabolic and neurochemical events,
including inflammation, cerebral edema, disruption of the blood–brain barrier (BBB), oxidative stress,
excitotoxicity, and mitochondrial and metabolic dysfunctions, that can extremely modify the outcome
and the recovery patterns, persisting for months to years post-injury [3]. While animal models do
not replicate all the physiological, anatomical, and neurobehavioral qualities of human TBI, they
do provide important insight into pathophysiological mechanisms and provide the opportunity for
translational research and development of efficacious neurotherapeutic interventions [3]. Animal
TBI models can be catalogued as penetrating or non-penetrating with the principal difference being
the occurrence of a direct deformation of the brain in penetrating injuries, thus provoking a focal or
diffused damage at the injury site. Several experimental TBI models that have been designed are listed
in Table 1 [4].

Table 1. Animal models of traumatic brain injury (TBI).

Model Injury

FPI Focal/diffuse
Lateral Mixed
Middle Mixed

CCI Primarily focal
PBBI Primarily focal
Blast Primarily diffuse

Weight Drop Focal/diffuse
Repeated Mild Primarily diffuse

FPI: fluid percussion injury; CCI: controlled cortical impact; PBBI: penetrating ballistic-like brain injury.

The golden age of TBI research has been encouraged, thanks to the prominence of repetitive
concussions or mild TBIs (mTBIs). Because of the failure of translational therapies focused on moderate
to severe TBI, novel therapies have developed, defining two typical approaches. The traditional
neuroprotection-based approach is based on the identification of key actions implicated in the
advancement of secondary injury whether in mild or severe TBI. In this method, treatment is started as
soon as possible after injury. Another methodology, more studied in clinical trials of mTBI patients,
is one of targeting symptoms such as vestibular/oculomotor disturbances, headache, sleep illnesses,
post-traumatic stress disorder (PTSD), cognitive dysfunction, or others [3,5]. Based on these findings,
in this review, we describe the current therapeutic strategies and new therapeutic approaches for the
treatment of neuroinflammatory phenomena and TBI symptom management.

2. The Pathophysiology of TBI

The pathological manifestations of TBI are characterized by BBB alteration arising from cerebral
ischemia, inflammation, and redox imbalances [6]. The early phase of trauma is characterized by
disruption of the BBB, reduced or altered blood flow, and neuronal and glial damage [6]. Secondary
injury starts from this primary injury and emerges hours, days, or months later, involves various
events such as oxidative stress, modified calcium homeostasis, inflammation, and axonal damage,
terminating in cellular degeneration, disturbed neural circuits, and impaired synaptic transmission and
synaptic plasticity [6]. Behaviorally, these alterations manifest as post traumatic headache, depression,
individuality changes, anxiety, aggression, and deficits in attentiveness, cognition, sensory processing,
and communication [7–9].

3. TBI and Neurotoxicity

The neuroinflammation process that characterizes TBI progression can mobilize astrocytes,
cytokines, chemokines, and immune cells toward the inflamed area, generating a pro-inflammatory
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reaction against insult in the brain. Nevertheless, in the chronic step, excessive activation of
inflammatory mediators contributes to an injury in the brain circuit, which mainly co-occurs with
secondary cell death in TBI. Different secondary cell death mechanisms drive TBI. Among these,
excitotoxicity is a process characterized by increased levels of neurotransmitters and glutamate in
the synaptic space that stimulate the surrounding nerve cells’ N-methyl-d-aspartate (NMDA) and
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors [10]. These receptors remain
activated, favoring the influx of both sodium and calcium ions into cells [10]. In the cytosol, a high
concentration of calcium ions determines the activation of protein phosphatases, phospholipases, and
proteases. This activation damages DNA, structures, and membranes. In addition to apoptosis and
necrosis, other forms of cell death may be active such as necroptosis, autophagy, etc. Overexcitement
of glutamate receptors stimulates the production of nitrogen oxide (NO), free radicals, and pro-death
transcription factors [11].

4. TBI and Oxidative Stress

Another cell death episode that happens shortly after a TBI is oxidative stress, accompanied by
accumulation of both reactive nitrogen species and reactive oxygen species (RNS and ROS) [12]. High
ROS levels cause lipoperoxidation of the cellular membrane, leading to dysfunction of mitochondria
and oxidizing proteins, which may cause the alteration in the structure of membrane pores [13].
After the primary injury, endogenous inflammatory responses are activated with the invasion of
monocytes, neutrophils, and lymphocytes through the BBB [14]. These produce prostaglandins,
proinflammatory cytokines, free radicals, and several inflammatory elements, which up-regulate the
levels of cell adhesion molecules and chemokines [14]. TBI activates microglia cells, which release
proinflammatory cytokines and astrocytes that can up-regulate brain-derived neurotrophic factors.
These, in turn, support and guide axons in recovery, increase cell production, and stimulate the
long-term persistence of neurons by stopping cell death [15]. Moreover, extracellular glutamate
levels are regulated by astrocytes, which also reduce glutamate excitotoxicity to neurons and other
cells [16]. The pathophysiological heterogeneity detected in TBI patients may result from the nature,
severity, and location of the primary injury, as well as conditions such as age, gender, genetics,
and medications [17].

5. Biomarkers in TBI

The development of biomarkers that reveal the pathogenicity of TBI could be clinically useful to
establish both diagnosis and prognosis. In particular, blood levels of the neuronal marker ubiquitin
C-terminal hydrolaseL1 (UCHL1) and the astroglial marker glial fibrillary acidic protein (GFAP)
represent important TBI biomarkers to support drug development and efficacy. Neurofilaments
(NFs) are a major element of the axonal cytoskeleton, and play a fundamental role in structural
support and regulating axon diameter [18]. Several works suggested that a phosphorylated axonal
form of the heavy neurofilament (pNF-H) subunit is released from damaged neurons and might be
a sensitive marker of axonal injury following TBI. In that regard, serum pNF-H was reported as a
diagnostic tool to predict injury severity in patients who have suffered mild TBI, and it was helpful in
understanding which patients required further CT imaging. In a recent report, simvastatin monotherapy
supported neurological and functional recovery after experimental TBI, maybe via decreasing axonal
injury as verified by a significant increase in the density of NF-H-positive profiles [18]. Recently,
another type of pharmacodynamic/response biomarker was identified, specifically, cerebrospinal fluid
(CSF) pharmaco/metabolomics are used to evaluate the influence of the combination of antioxidant
N-acetylcysteine (NAC) and probenecid on the glutathione pathway after severe TBI in children [5].
Although NAC crosses the BBB, its CSF levels were only a small portion of those in blood. This is
partly because NAC is speedily transported back into blood by the organic acid transporters 1 and 3.
Probenecid is able to inhibit those transporters, improving brain NAC levels. Thus, the combination
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of probenecid and NAC produced a significant change in the CSF metabolomic markers of TBI [5].
However, the most important mTBI biomarkers are summarized in Table 2 [19].

Table 2. Biomarkers in TBI.

Biomarkers Injury Field Models References

CSF/serum albumin ratio

BBB dysfunction

patients with severe TBI [20]

Tight junction proteins mTBI in rats
ischemic stroke in rats [21,22]

S100B patients with minor head injury
patients with extracranial pathology [23,24]

Plasma-soluble prion
protein PrPc

rat model of concussion
concussed athletes [25,26]

Tau proteins

Axonal injury

patients with acute TBI [27]

UCHL1
patients with mild or moderate TBI

patients with severe TBI
concussed athletes

[28–30]

Neurofilaments (NFs)

rat models of TBI
patients with mTBI

patients with amyotrophic lateral
sclerosis

[18,31,32]

NSE Patients with severe TBI [33]

GFAP Rat TBI models
Patients with severe TBI [18,34]

MBP Children with TBI [35]
αII and βII-Spectrin
breakdown products Patients with severe TBI [36]

NGAL Rat model of TBI
Patients with severe TBI [37,38]

IL-6, IL-8, IL-10
Neuroinflammation

Animal and clinical models of TBI [39,40]
MMP mTBI patients [41]
MBG [42]

APOE
Genetic variations mTBI patients [43]

BDNF [44]

CSF, cerebrospinal fluid; UCHL1, deubiquitinase ubiquitin carboxyl-terminal hydrolase isoenzyme L1; NSE,
glycolytic enzyme neuron-specific enolase; MBP, myelin basic protein; NGAL, neutrophil gelatinase-associated
lipocalin; MBG, marinobufagenin; APOE, apolipoprotein E; BDNF, brain-derived neurotrophic factor, MMP,
metalloproteinase, mTBI, mild traumatic brain injury.

6. Review of Existing Drug Interventions

The main contributor to secondary injury is the neuroinflammatory process principally
characterized by chronic microglial stimulation, astrocytes activation, pro-inflammatory cytokines
release, and oxidative stress. It was reported that it is fundamental to start the therapeutic interventions
immediately following TBI, in particular within 4 h post-injury, to realize the best promising
neuroprotective outcome [45]. Different therapeutic drugs with anti-inflammatory action in some
experimental TBI studies are summarized in Table 3.

146



Antioxidants 2020, 9, 297

Table 3. Therapeutic drugs with anti-inflammatory action for TBI.

Drug Route of
Administration

Preclinical
Model Inflammatory Events References

Dexamethasone I.P. WD

⇓Microglia (CD68, MHC II)
⇓Microglia (Endothelial-Monocyte

Activating Polypeptide II, P2X4 Receptor,
Iba-1)

[46,47]

Meloxicam I.P. M-WD ⇓ Lipid Peroxidation GSSH Nakatpase [48]

Etazolate I.P. WD ⇓ IL-1β
⇓Microglia (CD11b) [49]

Carpofen S.C. WD
⇓Microglia (Iba-1)
⇓ IL-1β, ⇓ IL-6
⇔ IL-4,⇔ IL-10

[50]

Indomethacin
I.P. M-WD ⇓ IL-1β, ⇓ 6-Keto PGF1α [51,52]
I.P. WD

Nimesulide I.P. WD ⇓ 6-Keto PGF1a [53]

Celecoxib I.P. WD ⇓ Il-1β,⇔ IL-10 [52]

Meloxicam I.P WD ⇓ 6-Keto PGF1a [52]

Etanercept I.P. FPI ⇓ TNF-α [54]

Dexamethasone
Melatonin I.P. CCI ⇓MMP-2, ⇓MMP-9, ⇓ Inos [55]

Lipoxin A4 I.C.V. WD ⇓ IL-1β, ⇓ IL-6, ⇓ TNFα, ⇓ GFAP
⇓Microglia (CD11b) [56]

Ibuprofen I.P. FPI ⇔ IL-4,⇔ IL-10
⇔ TNFα⇔ IL-1α⇔ IL-6 [57]

Minocycline I.P. WD ⇓microglia (CD11b) [58]

I.P. WD ⇓microglia, ⇓ IL-1β [59]

Fenofibrate P.O. LFP ⇓ cerebral oedema
⇓ ICAM-1, ⇓ brain lesion [60]

Pioglitazone and
Rosiglitazone I.P. CCI ⇓ activated microglia (OX-42) [61]

N-acetylcysteine I.P. WD ⇓ NF-kB, ⇓ IL-1β
⇓ IL-6, ⇓ TNF-α [62]

Flavopiridol I.P. LFP ⇓ GFAP, ⇓microglia [63]

Roscovitine I.C.V. CCI ⇓microglia (Iba-1) [63]

Erythropoietin I.P. CCI ⇓ NF-kB, ⇓ ICAM-1, ⇓ IL-1β
⇓ TNF-α,⇔ IL-6 [64]

I.P. WD ⇓ CCL-2
⇓microglia (CD-68) [65]

Simvastatin P.O. CCI

⇓ TLR4, ⇓ NF-κB
⇓ IL-1β, ⇓ TNFα
⇓ Il-6, ⇓ ICAM-1

[66]

⇓ Il-1β, ⇓ GFAP
⇓ IL-6, ⇓ TNF-α microglia (CD68) [67]

Progesterone I.P. WD COX-2, ⇓ PGE2, ⇓ NF-κB [68]

I.P./S.C. CCI ⇓ IL-6, ⇓ COX-2, ⇓ NF-κB [69]

⇑, increase; ⇓, decrease;⇔, no change, I.P., intraperitoneal; S.C., subcutaneous; I.C.V., intracerebroventricular; P.O.,
oral; FPI, fluid percussion injury; CCI, controlled cortical impact; WD, weight drop; M-WD, Marmarou weight drop;
MHC, major histocompatibility complex; CD68, cluster of differentiation protein 68; IL, interleukin; TNF, tumor
necrosis factor; LFP, lateral fluid percussion; ICAM-1, intercellular adhesion molecule, MMP, metalloproteinase,
COX-2, cyclooxygenase-2; NF-kB, nuclear factor-kB; GSSH, oxidized glutathione; CCL2, C–C motif chemokine
ligand 2.

In particular, minocycline, a tetracycline derivative, is pharmaceutically efficient in many models
of central nervous system (CNS) illnesses and reduces inflammatory and apoptotic processes [70].
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A single dose of minocycline decreases lesion volume and ameliorates neurological outcomes
linked to diminished microgliosis and interleukin-1β expression in a murine model of closed head
injury [59]. Administration of minocycline reduces cerebral edema and improves long-term neurological
retrieval [58]. Synthetic peroxisome proliferator-activated receptor (PPAR) agonists also serve as a
potent anti-inflammatory, therapeutic agents for TBI [71,72]. Fenofibrate, a PPARα receptor agonist,
diminishes cerebral edema, oxidative stress, and inflammation by reducing behavioral deficits after
TBI induction [60]. Pioglitazone and rosiglitazone, also PPARγ receptor agonists, diminish microglial
activation, enhance neuroprotective antioxidant proteins, and change histological and behavioral
outcomes after TBI [61]. Another TBI treatment approach is to block glial proliferation by cell cycle
inhibition. Throughout cyclic-dependent kinase (CDK) inhibition, flavopiridol is effective at reducing
lesion volume and promoting sensorimotor cognition and recovery after TBI [73]. Roscovitine,
another cell cycle inhibitor, also modulates CDKs and has been shown to moderate post-injury
neuroinflammation and neurodegeneration [74]. In addition, among anti-oxidants, NAC could also act
as an anti-inflammatory drug. Interestingly, NAC repressed NF-κB, IL-1β, TNFα, IL-6, edema and
breakdown of the BBB three days after TBI [62].

6.1. Clinical Trials of Drugs with Anti-Inflammatory Effect

Of the therapeutic strategies reported above in Table 3 for TBI management, some have already
progressed into clinical trials. Erythropoietin (EPO) demonstrated potential neuroprotective proprieties
in most animal models of TBI [75]. However, in a clinical trial with 200 patients presenting severe TBI,
EPO administration failed to improve outcomes at 6 months [76]. Thus, although EPO has proven
neuroprotective effects in preclinical animal models of TBI, its helpfulness as a medical approach
is questionable [75]. In addition, a phase I/II clinical trial also showed the safety and usefulness of
minocycline administration for human TBI (NCT01058395) [77,78]. Furthermore, statins, which inhibit
cholesterol biosynthesis, also can promote functional recovery following TBI in rodents [79]. Simvastatin
inhibits caspase-3 activation and apoptotic cell death, thereby increasing neuronal rescue after TBI [80].
Simvastatin enhances the expression of several growth factors and stimulates neurogenesis, controlling
restoration of mental function [81] and supporting functional improvement after TBI (3 months) [82]
in rats. However, the United States Food and Drug Administration reported cognitive side effects
associated with statins treatment [83]. Given these conflicting findings, more clinical trials are needed
to confirm the neuroprotective benefits of statin treatment after TBI. The effects of rosuvastatin on
TBI-stimulated cytokine alteration were evaluated in a phase I/II trial (NCT00990028) [77].

A previous study also reported that the TNF-α antagonist, etanercept, has been given perispinally
for back pain and sciatica treatment [84]. Twelve patients with chronic neurological dysfunction
after TBI who were treated with etanercept showed improvements in many parameters of motor,
cognitive, sensory, and psychological performance at several time points [85]. A case report also
showed that a single dose of perispinal etanercept produced an important improvement in a patient
with neurological dysfunction present for more than 3 years after acute brain injury [86]. Importantly,
NAC also has shown potential in preventing sequelae from blast-induced mild TBI, apparently via
its antioxidant capacity in the brain [87]. The safety and potential therapeutic efficacy of NAC was
effectively evaluated in 41 military personnel who had a mild blast-induced TBI [87]. A phase I
randomized clinical trial reported the effects of NAC in combination with an adjuvant probenecid for
treatment of severe TBI in children [88].

Progesterone has also demonstrated helpful actions in animal models of TBI and clinical
improvement in two phase II randomized, controlled trials [89]. Despite positive effects from preclinical
studies and from two positive phase II clinical trials, two big phase III clinical trials of progesterone
treatment of acute TBI ended with negative data, respectively, SYNAPSE (NCT01143064) and ProTECT
III (NCT00822900) [89]; therefore, the results continue to fail in the field of TBI clinical trials.
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6.2. Therapeutic Strategies to manage Neuronal Recovery and Neurobehavioral Sequelae after Injury

TBI progression affects the quality of life of a lot of people causing anxiety, agitation, memory
deficiencies, and behavioral changes. Pharmacological compounds that increase cyclic 3’,5’-adenosine
monophosphate (cAMP) signaling such as phosphodiesterase (PDE) inhibitors (rolipram, dipyridamole,
BC11-38) [90,91], selective serotonin reuptake inhibitors (e.g., fluoxetine) [92], and serotonin-dopamine
reuptake inhibitors (e.g., UWA-121), could help in brain repair, recovery of neuronal function [93],
and alleviation of disabilities after injury including cognitive deficits, changes in personality,
and increased rates of psychiatric illness. Table 4 gives an overview of the most frequently used
treatments in the management of neuropsychiatric, neurocognitive, and neurobehavioral sequelae of
injury to the brain [94].

Table 4. Current drugs for neurobehavioral disorders after TBI.

Class Drug Mechanism Effect

CNS stimulants Methylphenidate acts as an NDRI
amplified the speed of

information processing in many
neuropsychological tests

CNS stimulants Modafinil unknown

raised alertness by the
modulation of both
noradrenergic and

dopaminergic systems

Atypical antidepressant Agomelatine
a melatonin receptor agonist
and serotonin 5-HT2C and

5-HT2B
led to better sleep efficacy

Antiviral Amantadine reflect a growth in synthesis
and discharge of dopamine

decreased the incidence and
gravity of irritability

Antidepressant of the
selective SNRI class Venlafaxine acts as an SNDRI

increased obsessive behaviors,
irritability, and sadness

symptoms

Anticonvulsant Valproate

blockade of voltage-gated
sodium channels and

increased brain levels of
GABA

had benign neuropsychological
effects, and is a safe drug to

control recognized seizures or
stabilize mood

Acetylcholinesterase
inhibitor Rivastigmine

inhibits
butyrylcholinesterase and

acetylcholinesterase

encouraging in the subgroup of
patients with moderate/severe

memory weakening

Cholinesterase inhibitor Galantamine

allosteric potentiating ligand
of human nicotinic

acetylcholine receptors
(nAChRs) α4β2, α3β4, and
α6β4 and chicken/mouse

nAChRs α7/5-HT3 in some
brain areas

refined fatigue, memory,
attention, and initiative

Cholinesterase inhibitor Donepezil develops cholinergic
function

indorsed clinical improvement
and metabolism

CNS, central nervous system; NDRI, norepinephrine–dopamine reuptake inhibitor; SNDRI, serotonin-
norepinephrine-dopamine reuptake inhibitor; GABA, gamma-aminobutyric acid; SNRI., serotonin-norepinephrine
reuptake inhibitor.

7. New Therapeutic Strategies

Studying strategies to treat TBI-induced neuroinflammation requires understanding the usual
mechanisms, including the tendency to protect against inflammation. Chronic inflammatory events
can initiative a program of resolution that involves the release of lipid mediators capable of
extinguishing inflammation [95]. Among these are fatty acid amides N-acylethanolamines (NAEs),
including N-arachidonoylethanolamine (endocannabinoid), and the congeners N-stearoylethanolamine,
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N-oleoylethanolamine, and plus N-palmitoylethanolamine (PEA or palmitoylethanolamide) [96].
Several studies documented the positive effects of exogenously dispensed PEA in experimental models
of TBI, spinal cord injuries, pain, cerebral ischemia, and Parkinson’s and Alzheimer diseases [97].
PEA has no unfavorable effects at pharmacological doses [97]. In addition, several experimental
works showed the beneficial effects of new PEA formulations (micronized or ultramicronized) in
carrageenan-induced inflammation [98] on cognitive decline associated to neuropathic pain [99] in an
Alzheimer disease model [100], tibia fracture mouse model [101], and diabetic neuropathy [102]. Recent
observational clinical studies reported the beneficial use of ultramicronized PEA as an add-on therapy in
patients suffering from low back pain [103] as well as in patients suffering from fibromyalgia syndrome
(FMS) [104]. In addition, interestingly, a co-ultramicronized PEA/luteolin (PEALUT) composite (10:1
mass ratio) displayed important neuroprotective effects in preclinical studies for various conditions (e.g.,
TBI, arthritis, depression, neurogenesis, Parkinson’s and Alzheimer’s diseases, and spinal cord injury)
and, more recently, in experimental models of autism and vascular dementia [105–113]. In addition,
Caltagirone et al. [114] showed that co-ultra PEALUT reduced brain injury in a rat model of Middle
Cerebral Artery Occlusion (MCAO) and, more interestingly, in a clinical study. A group of 250 patients
with stroke was administered a pharmaceutical formulation of co-ultraPEALut (Glialia®) for 60 days.
At baseline and after 30 days of treatment, the patients showed improved neurological status, cognitive
functions, spasticity, pain, and ability to perform activities of daily living. Despite its observational
nature, the authors of [114] first described administration of co-ultraPEALut to human stroke patients,
resulting in important clinical improvements. Inhibition of PEA degradation by affecting its primary
catabolic enzyme, NAE-hydrolyzing acid amidase (NAAA), can also present an unconventional
method to manage neuroinflammation. A recent study reported that pharmacological modulation
and not blocking specific amidases for nacylamides, such as NAAA, can serve as a new approach to
preserve the PEA function of maintaining cellular homeostasis through its quick, on-demand synthesis
and correspondingly fast degradation. The most recent investigations reported that pharmacological
changes in NAAA can be found with the oxazoline of PEA (PEA-OXA) [115]. In rat paws and the
carrageenan (CAR) model, PEA-OXA accomplishes significantly better anti-inflammatory action than
PEA [116]. In addition, Impellizzeri et al. [117] demonstrated the neuroprotective effects of PEA-OXA
in spinal and brain injuries. PEA and new formulations of PEA, therefore, can present new therapeutic
strategies in the management of neuroinflammation related to TBI and other CNS disorders.

8. Biologics

In addition to pharmacologic interventions for TBI, promising, innovative developments based
on preclinical findings draw on the practice of biologics (e.g., gene therapy, eRNA, DNA, microRNA,
antagomirs, peptide therapy, stem cells, exogenous growth factors, and peptides) [118]. Neural
and mesenchymal stem cell therapy displays neuroregenerative and neurorestorative potential [119].
A recent work discussed novel associations in drug therapies that have been examined together with
stem cells to overcome the restrictions allied with stem cell transplantation and to progress functional
recuperation and brain repair post-TBI. To date, progesterone (clinical trials phase I and II), statins, and
erythropoietin demonstrated the most encouraging results for the endogenous stem-cells-mediated
repair [3].

Growth factors, moreover, draw significant attention for their neuroprotective and neuroregenerative
efficiency. In particular, vascular endothelial growth factor (VEGF), human fibroblast growth factor
2 (FGF2), and brain-derived neurotrophic factor have been shown to improve neuronal survival
when accompanying transplanted stem cells in unhealthy and injured models [120]. VEGF and FGF2
also improve functional outcomes in the preclinical model of TBI [121], while nerve growth factor
decreases brain edema and reduces beta-amyloid production after TBI [122,123]. In addition, gene
therapy and viral and non-viral-mediated delivery systems mark progress in managing neuronal injury.
Adeno-associated viral vectors present attractive instruments for re-expressing and over-expressing genes
in neurodegenerative disorders [124]. Micelles, polyethyleneimine (PEI)-coated micelles, and further
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micelle-like nanoparticles also might contain genetic material (DNA or RNA) and be an appealing
approach for gene therapy due to their low or no immunogenicity. They can also be inserted into the
brain via intranasal delivery, eliminating the need for direct intracerebral drug delivery. Nanoparticles,
such as micelles, have been studied in a preclinical model of TBI to distribute DNA intranasally [125,126].

9. Neuropsychological Rehabilitation (NR) and Neurotherapy

TBI typically disturbs brain functions such as executive actions, cognitive grade, attention, memory,
data processing, and language skills. Neuropsychological rehabilitation (NR) is aimed at ameliorating
cognitive, emotional, psychosocial, and behavioral deficits caused by an insult to the brain. The NR
of TBI patients represents a global problem, one with which modern medicine is grappling [127].
One of the central motives is the deficiency of strictly delineated theoretic supports for therapy and
the means for the incessant repressing of their effects. Every brain damage causes conflicts with the
so-called electric and chemical brain language, altering the space of prevailing networks and the
action of neurotransmitters, which provoke a decline of the brain systems. Some studies confirmed
that neurotherapy, also called neurofeedback therapy (NFT), can promote neuroplasticity [128]. NFT
was shown to excite meaningful variants in structural and functional connectivity among young
patients moderate TBI [127]. Transcranial magnetic stimulation (TMS) as a way of non-invasive
direct modulation of neuronal activity is verysuitable for the treatment of TBI [127]. Recently, new
tools for the evaluation of brain neuromarkers in TBI were developed. These include quantitative
electroencephalography (EEG) to detect cortical self-regulation of the brain and event-related potentials
for the flow of information in the brain [127]. Nevertheless, despite neurotherapy being very important
for TBI management, more research projects are needed (Figure 1).
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10. Conclusions

Neuroprotective approaches are the focus for TBI management, particularly methods to classify and
target specific mechanisms involved in the complex secondary-injury cascade. The literature shows that
neuroprotective approaches historically have been dominated by a neurocentric view, making alteration
of neuronal-based injury mechanisms the primary or exclusive focus of neuroprotective strategies.
The data in the literature, therefore, stress the relevance of more broadly viewing injury as comprising
endothelial, microglia, astroglia, oligodendroglia, and precursor cells. Recent neuroprotection
methods describe this multifaceted structure and interplay, highlighting therapeutic approaches
that stimulate the recovery and optimal functioning of non-neuronal cells and inhibit the underlying
mechanism of neuronal cell death. Several encouraging, recently developed treatments include
neuroprotective, neurorestorative, and anti-inflammatory agents (for example PEA formulations or
biologics). In addition, researchers have reported the need for developing new neurothechnologies and
the neuromarkers of brain injuries to enable a correct diagnosis and, as a result, appropriate selection of
methods for neuropsychological rehabilitation including neurotherapy. However, due to the difficulty
and heterogeneity of brain injuries, post-TBI neural therapies are still facing several challenges.
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Abstract: The increased production of reactive oxygen species and oxidative stress are important
factors contributing to the development of diseases of the cardiovascular and central nervous systems.
Molecular hydrogen is recognized as an emerging therapeutic, and its positive effects in the treatment
of pathologies have been documented in both experimental and clinical studies. The therapeutic
potential of hydrogen is attributed to several major molecular mechanisms. This review focuses
on the effects of hydrogen on the cardiovascular and central nervous systems, and summarizes
current knowledge about its actions, including the regulation of redox and intracellular signaling,
alterations in gene expressions, and modulation of cellular responses (e.g., autophagy, apoptosis,
and tissue remodeling). We summarize the functions of hydrogen as a regulator of nuclear factor
erythroid 2-related factor 2 (Nrf2)-mediated redox signaling and the association of hydrogen with
mitochondria as an important target of its therapeutic action. The antioxidant functions of hydrogen
are closely associated with protein kinase signaling pathways, and we discuss possible roles of
the phosphoinositide 3-kinase/protein kinase B (PI3K/Akt) and Wnt/β-catenin pathways, which are
mediated through glycogen synthase kinase 3β and its involvement in the regulation of cellular
apoptosis. Additionally, current knowledge about the role of molecular hydrogen in the modulation
of autophagy and matrix metalloproteinases-mediated tissue remodeling, which are other responses
to cellular stress, is summarized in this review.

Keywords: molecular hydrogen; oxidative stress; autophagy; matrix metalloproteinases

1. Introduction

1.1. Molecular Hydrogen and Its Potential Use in Therapy

Hydrogen is a colorless and odorless, diatomic gas, which, in mammals, is produced by intestinal
bacteria. The hydrogen molecule is small (molecular weight 2 Da), electrically neutral, and nonpolar.
These properties allow for its easy entrance into cells and rapid diffusion across all biological cell
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membranes. In this way, molecular hydrogen can reach the subcellular compartments, such as
mitochondria and endo/sarcoplasmic reticulum, and nuclei, which are the primary sites of reactive
oxygen species (ROS) generation and DNA damage, respectively. Moreover, it can easily penetrate
several barriers, such as the blood-brain barrier, the placental barrier, and the testis barrier.

Molecular hydrogen is currently recognized as an emerging therapeutic, as its supplemental
application exerts protective effects in cardiovascular diseases [1,2], neurodegenerative diseases [3],
inflammatory diseases [4], neuromuscular disorders [5], metabolic syndrome [6] diabetes [7,8], kidney
disorders [9,10], and cancer [11]. The protective effects of molecular hydrogen are largely related to its
antiapoptotic, anti-inflammatory, and antioxidative actions (Figure 1).
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Figure 1. Mechanisms of action of molecular hydrogen in conditions of increased
oxidative stress. Molecular hydrogen has been shown to provide protective effects via several
mechanisms including antioxidant, anti-inflammatory, and cytoprotective action, as well
as via signal modulation. MDA—malondialdehyde; TBARS—thiobarbituric acid reactive
substances; 8-OHdG—8-hydroxy-desoxyguanosine; SOD—superoxide dismutase; CAT—catalase;
GPx—glutathione peroxidase; HO-1—heme oxygenase 1; MPO—myeloperoxidase; GSS—glutathione
synthetase; ASK1—apoptotic signal-regulated kinase 1; MAPK—mitogen-activated protein
kinase; JNK—c-Jun N-terminal kinase; CD36—cyclin-dependent kinase 36; Nrf2—nuclear
factor-erythroid-2-related factor 2; ARE—antioxidant response elements; NF-κB—nuclear factor
kappa B; TNF-α—tumor necrosis factor alpha; ICAM-1—intercellular cell adhesion molecule-1;
(INF)γ—interferon gamma; IL-1β—interleukin beta; HMGB-1—high-mobility group box protein 1;
mTOR—mammalian target of rapamycin; Stat3—signal transducer and activator of transcription
3; LC3-II—microtubule-associated protein 1A/1B-light chain 3; ERK—extracellular signal-regulated
kinase; Atg7—autophagy related 7.

Molecular hydrogen has no known negative side effects on cells. Its use does not disturb
cellular metabolic redox reactions, intracellular signaling (e.g., the signaling role of reactive oxygen
species—ROS) [12], or physiological metabolic and enzymatic reactions. Hydrogen has very low
reactivity with other gases at therapeutic concentrations and lacks reactivity to nitric oxide (NO•).
This allows its administration with other therapeutic gases, including inhaled anesthetic agents,
and enables the concomitant administration of hydrogen with NO•. The administration of molecular
hydrogen can be performed in several ways. The most common methods are inhalation of molecular
hydrogen as a gas [13], application of a hydrogen-rich solution [3], or administration of hydrogen-loaded
eye drops [14]. Another method is the use of hydrogen-rich water, which is more convenient for
long-term treatment.

The positive effects of molecular hydrogen have been demonstrated not only in animal experiments,
but also in clinical trials. In a single-center prospective, open-label, blinded study, Katsumata et al. [15]
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investigated the feasibility and effects of hydrogen inhalation on infarct size and adverse left ventricular
remodeling after a primary percutaneous coronary intervention (PCI) for ST-elevated myocardial
infarction (STEMI). They found that inhalation of 1.3% H2 during PCI resulted in left ventricular (LV)
reverse remodeling at six months after STEMI. The positive effects of H2 were also demonstrated in
metabolic syndrome (n = 60) using a double-blinded, placebo-controlled trial [6]. The consumption
of H2-rich water for 24 weeks led to a significant reduction in blood cholesterol, glucose levels,
attenuated serum hemoglobin A1c, and improved biomarkers of inflammation and redox homeostasis
as compared to the placebo group. Similarly, an earlier study by Kajiyama et al. [16] reported that
drinking H2-rich water for eight weeks (with a 12-week washout period) significantly decreased the
levels of modified low-density lipoprotein (LDL) cholesterol, small dense LDL, urinary 8-isoprostanes,
serum concentrations of oxidized LDL and free fatty acids, and increased plasma levels of adiponectin
and extracellular-superoxide dismutase in patients with diabetes mellitus type 2. After H2 therapy,
normalization of the oral glucose tolerance test occurred in four out of six patients with impaired
glucose tolerance. In another randomized, double-blinded, placebo-controlled trial, the efficacy of
drinking of hydrogen water for 48 weeks in Japanese patients with levodopa-medicated Parkinson’s
disease (PD) was investigated [17]. Despite the small number of patients and the short duration
of the trial, the results clearly demonstrated the beneficial effects of hydrogen water. Drinking
hydrogen water was shown to be safe and well tolerated, and was associated with a significant
improvement in Total Unified Parkinson’s Disease Rating Scale (UPDRS) scores for patients with PD.
Sakai et al. [18] showed that molecular hydrogen can be a useful modulator of blood vessel function.
The data observed in their study documented that the vasculature of volunteers drinking daily water
containing a high concentration of hydrogen was protective against shear stress-derived detrimental
ROS. The protective effects of hydrogen may have been mediated by a reduction of detrimental ROS,
and were associated with preserving the bioavailability of nitric oxide (NO) and maintaining the
NO-mediated vasomotor response.

Importantly, from the perspective of clinical use, the administration of molecular hydrogen is safe
and is not associated with undesirable toxic effects.

1.2. Molecular Hydrogen and The Cardiovascular System

Diseases of the cardiovascular system are among the most serious medical problems, and represent
a major cause of health complications and morbidity in modern society [19]. Increased production of
ROS and oxidative stress are important factors that contribute to the development of cardiovascular
diseases (CVD) such as hypertension [20], cardiac hypertrophy [21,22], and heart failure [23]. A very
important and preventable cause of CVD is hypertension, which may, without appropriate treatment,
lead to cardiac remodeling followed by left ventricular hypertrophy, and potentially also heart
failure [24].

Ischemia/reperfusion (I/R) injury also plays an important role in the induction of cardiac remodeling.
Reperfusion is induced by the blood supply returning to the heart after a period of ischemia,
and is associated with the induction of oxidative stress injury, calcium overload, inflammation,
and apoptosis [25–28]. This can impair cardiac function and lead to myocardial infarction and
malignant arrhythmias.

Various studies have employed several potential strategies for the prevention, control,
and treatment of cardiovascular diseases including the reduction of increased ROS production
and oxidative stress, as well as targeting the signaling pathways modulated by ROS [29–32].
The antioxidative, anti-inflammatory, and antiapoptotic properties of molecular hydrogen may
explain why its clinical application may result in the improvement of oxidative stress-related
cardiovascular diseases.

The positive effects of molecular hydrogen on diseases related to the cardiovascular system
have been reported in several studies. Hydrogen inhalation significantly improved cardiac and brain
function in a rat model of cardiac arrest [1], and chronic treatment of spontaneous hypertensive
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rats with hydrogen-rich saline (HRS) attenuated left ventricular hypertrophy development in these
animals [33]. The protective effects of hydrogen on left ventricular function were also observed in
other studies demonstrating its ability to attenuate left ventricular remodeling induced by intermittent
hypoxia [34] or ischemia/reperfusion (I/R) injury [13]. The positive role of molecular hydrogen
treatment in modulating myocardial responses to ischemia/reperfusion injury has been demonstrated
in several other studies where different methods of hydrogen application, such as inhalation of
hydrogen gas [13] or intraperitoneal application of hydrogen-rich saline, were used [35]. Inhalation of
hydrogen gas during reperfusion reduced infarct size in models of cardiac I/R injury in rats [13] as well
as in dogs [36]. In the canine model, it was suggested that the cardioprotective effects of hydrogen
were realized via the opening of mitochondrial ATP-sensitive potassium channels (mitK-ATP) and
the subsequent inhibition of mitochondrial permeability transition pores [36]. mitK(ATP) channels
were found to be involved in myocardial responses to ischemia/repefusion [37], and pretreatment with
diazoxide, mitK(ATP) channel opener, was found to protect rat heart against ischemia/reperfusion
injury [38]. An investigation of the in vivo effects of hydrogen on myocardial I/R injury in rats found
that intraperitoneal application of HRS reduced infarct size and also improved cardiac dysfunction.
I/R injury caused excessive release of pro-inflammatory molecules (TNF-α, IL-1β, IL-6, and HMGB1),
and the hydrogen-mediated cardioprotection was associated with a reduction of these I/R-induced
inflammatory responses in myocardial tissue.

Another study demonstrated that molecular hydrogen potentiates the beneficial infarct-sparing
effect of hypoxic postconditioning (HPostC) in isolated rat hearts [2]. The infusion of Krebs-Henseleit
buffer with molecular hydrogen during HPostC further decreased infarct size, attenuated severe
arrhythmias, and significantly restored heart function compared with HPostC alone. Interestingly,
one group [39] found that hydrogen gas can attenuate myocardial I/R injury in rats, independent of
postconditioning. Compared with ischemic postconditioning, hydrogen had a better protective
effect on I/R injury; this was associated with the attenuation of endoplasmic reticulum stress and
the downregulation of excessive autophagy [39]. Treatment with HRS was also found to attenuate
the myocardial injury and apoptosis in heart tissue induced by a cardiopulmonary bypass (CPB).
The available evidence indicated that the protective effects of HRS involved opposite effects on
two distinct signaling pathways, i.e., attenuation of the PI3K/Akt pathway [40] and upregulation of
JAK2/STAT3 signaling [41].

1.3. Molecular Hydrogen and the Central Nervous System

The nonpolar nature and low molecular weight (2 Da) of molecular hydrogen allow it to
easily penetrate biological membranes. This is important in the central nervous system (CNS),
because hydrogen can penetrate the membranes that make up the blood-brain barrier (BBB), which plays
a pivotal role in the protection of the CNS. Several lines of evidence point to oxidative stress,
the activation of matrix metalloproteinases (MMPs), and inflammation as mechanisms linking some
pathological conditions, such as cardiovascular diseases and hypertension, to BBB breakdown [42,43].

Vital to the regulation of BBB permeability is the integrity of the endothelial cells. Disruption of
this integrity can lead to a dysfunction of the BBB, which can cause neurological disorders such as
brain injury and neurodegenerative disorders, and may play a significant role in the pathogenesis of
vascular dementia [44,45]. Disruption of BBB function is followed by blood-to-brain extravasation of
circulating neuro-inflammatory molecules, which may increase the risk of brain injury. Some cytokines
and chemokines, such as IL-6 and TNF-α, are known to be transported across the BBB from the blood
into the brain [46]. Moreover, some studies have shown that circulating peripheral immune cells,
i.e., macrophages, invade the CNS [47,48]. The crosstalk between the signaling cascades underlying
oxidative stress and the inflammatory responses may be a critical factor in neurodegenerative
disorders [49,50].

The penetration of molecular hydrogen through the membranes of the BBB and its unrestricted
access to the CNS are unique characteristics, shared by only a few therapeutics. It has been found
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that hydrogen gas inhalation suppressed redox stress and BBB disruption by reducing mast cell
activation and degranulation [51]. Moreover, the observed effects of hydrogen were also associated
with the suppression of brain edema and neurological deficits [51]. HRS was found to ameliorate
brain edema and decrease infarct volume also in the neonatal brain injury in mice. Other studies have
demonstrated that supplemental molecular hydrogen improved clinical features in neuromuscular
and neurodegenerative diseases [17,52].

The protective effects of molecular hydrogen in the central nervous system are related to the
modulation of cellular responses to stress conditions, and are realized through several cellular
mechanisms. In 2007, Ohsawa et al. [53] reported that gaseous molecular hydrogen acts as a therapeutic
and preventive antioxidant by selectively reducing the levels of strong oxidants, such as the hydroxyl
radical (•OH) and peroxynitrite (ONOO–), in cells [53]. The protective effects of molecular hydrogen
resulted in the suppression of I/R injury in the brain. Molecular hydrogen selectively reduces the
levels of the highly toxic hydroxyl radicals and peroxynitrite, but not superoxide, hydrogen peroxide,
or nitric oxide [53].

When contemplating the mechanisms for the anti-inflammatory effects of molecular hydrogen
in the brain, both the neuro-immunological interactions and crosstalk with oxidative stress need to
be considered. Important hydrogen-mediated protective effects include the buffering of oxidative
stress, downregulation of endoplasmic reticulum (ER), stress, inhibition of apoptosis, suppression of
inflammatory responses, and regulation of autophagy machinery.

2. Mechanisms and Cellular Systems Involved in the Actions of Molecular Hydrogen

The effects of molecular hydrogen on various diseases may be attributed to several molecular
mechanisms. Hydrogen was first reported to be a selective scavenger of •OH and peroxynitrite [53];
these reactive molecules are primary direct targets of hydrogen. However, mounting evidence suggests
that hydrogen can also function as a signal modulator [54–56], and several molecules are mediators
that are secondarily changed by the administration of hydrogen. The radical scavenging and signal
modulating activities of molecular hydrogen are closely related to modulation (regulation) of redox
signaling and alterations in gene expressions [54]. Next, we will focus on the role of molecular
hydrogen in modulating redox status as well as intracellular protein signaling and the consequences
thereof on gene expression, autophagy, and matrix metalloproteinases.

2.1. Molecular Hydrogen as Regulator of Redox Signaling

Molecular hydrogen has been reported to be an antioxidant that protects cells against oxidative
stress through selectively decreasing cellular levels of hydroxyl radicals (•OH) and peroxynitrite
(ONOO−) [53]. The stoichiometric reaction between H2 and hydroxyl radicals is:

H2 + 2•OH => 2 H2O

Although hydrogen cannot eliminate peroxynitrite as efficiently as hydroxyl radicals, in rodents,
it was found that hydrogen can efficiently reduce nitro-tyrosine formation, which is induced by nitric
oxide (NO•) via the production of peroxynitrite [57,58]. NO• is a gaseous molecule that also exerts
therapeutic effects including relaxation of blood vessels and inhibition of platelet aggregation [59]. NO•,
however, can be toxic at higher concentrations because it leads to peroxynitrite-mediated production
of nitrotyrosine, which compromises protein functions. Part of the effects of hydrogen may thus be
attributed to the reduced production of nitrotyrosine [58].

Molecular hydrogen reduces oxidative stress not only directly, but also indirectly by inducing
antioxidation systems, including heme oxygenase-1 (HO-1) [60,61], superoxide dismutase (SOD) [7,9],
catalase [62], and myeloperoxidase (Figure 1) [62,63]. In a rat model of traumatic brain injury,
it was observed that the beneficial effects of hydrogen inhalation were mediated by the reduction of
oxidative stress and the stimulation of enzymatic activities of the endogenous antioxidants SOD and
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catalase [64]. Beneficial effects of hydrogen on the activities of antioxidant enzymes were also observed
by Guan et al. [9], who discovered that molecular hydrogen protected against renal dysfunction
induced by chronic intermittent hypoxia. Hydrogen was shown to alleviate oxidative damage by
promoting the upregulation of SOD and glutathione peroxidase (GSH-Px) activities and increasing the
GSH/GSSG ratio. The effects of hydrogen were also associated with a reduction of malondialdehyde
(MDA) content (a product of oxidative stress). Other studies support the antioxidant functions of
molecular hydrogen through the Nrf2/ARE [54,65,66] pathway. This pathway plays an essential
role in protection against oxidative stress and in the transcriptional regulation of numerous other
antioxidant and cytoprotective proteins [49]. Nrf2 (nuclear factor erythroid 2-related factor 2) is a
transcription factor playing an important role in the redox-sensitive regulation of the expression of
several endogenous antioxidants and detoxification enzymes [67,68]. Under normal conditions, Nrf2 is
inhibited by Kelch-like ECH-associated protein 1 (Keap1), which mediates the Cullin3/Rbx1-dependent
polyubiquitination of Nrf2 and its subsequent proteosomal degradation [69]. After exposure of cells
to stress, the cysteine residues of Keap1 are modified by oxidative/electrophilic molecules, and Nrf2
escapes Keap1-mediated repression. When Nrf2 is not ubiquitinated, it translocates in the nucleus,
where it forms heterodimers with small MAF or JUN proteins and binds to the antioxidant response
element (ARE), i.e., the upstream promoter region of many antioxidative genes, and initiates their
transcription [19,70]. Regulation of the Nrf2/ARE pathway is generally dependent on the duration and
intensity of the oxidative stress. The above mentioned effects are realized above all during acute stress.
Prolonged stress induces negative modulation or downregulation of Nrf2 activity, and decreases or
arrests antioxidant and detoxification responses. Glycogen synthase kinase 3β (GSK-3β) plays an
important role in this modulation by phosphorylating threonine residues of Fyn kinases. The Fyn
kinase then translocates into the nucleus where it phosphorylates Nrf2, which leads to Nrf2 export out
of the nucleus to the cytoplasm, where it is exposed to ubiquitination and proteasome degradation [71].

The role of Nrf2 in mediating the effects of hydrogen is supported by the results of a study
showing that hydrogen gas reduced hyperoxic lung injury via the Nrf2 pathway, and through the
induction of Nrf2-dependent genes, such as HO-1 [66]. It was also demonstrated that hydrogen can
play a significant antioxidative role in the brain after focal cerebral ischemia reperfusion through
upregulation of HO-1 levels [72]. Moreover, recent data indicated that the Nrf2/ARE signaling pathway
and upregulation of HO-1 are involved in the neuroprotective effects of hydrogen-rich saline in mice
with experimental autoimmune encephalomyelitis [73].

2.2. Molecular Hydrogen and Mitochondria

Mitochondria are important organelles involved in several essential cellular functions, such
as energy production (ATP), cell differentiation, regulation of calcium homeostasis, and signal
transduction [74–76]. They also significantly contribute to cellular stress responses associated with cell
death. The mitochondria-mediated regulation of apoptosis [77,78] and autophagy [79] is an important
biological process. Mitochondrial dysfunction contributes to various human diseases. Mitochondria
are known as a major sources of cellular ROS production. The process of oxidative phosphorylation
leads to the conversion of oxygen (O2) into water (H2O) by four-electron reduction. However, a small
percentage of O2 is converted into superoxide anion radicals by one-electron reduction. Superoxide
is decomposed with mitochondrial superoxide dismutase (SOD) and converted to O2 and hydrogen
peroxide (H2O2).

The physical properties of molecular hydrogen allow its effective penetration through subcellular
compartments, such as mitochondria [80]. Mitochondria are an important therapeutic target, and so
the small hydrogen molecule could be applicable for interventions in diseases related to mitochondria.
The potential effects of molecular hydrogen have been investigated in several studies. In one model of
isolated mitochondria, it was found that molecular hydrogen could suppress superoxide generation in
complex I [81]. The same authors demonstrated that the presence of molecular hydrogen in culture
media reduced the membrane potential in living human lung cells (A549) [81]. Based on the results of
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both in vitro and in vivo studies, the authors assumed that electrons released by molecular hydrogen
could be donated to the iron-sulfur N2 cluster in complex I of the respiratory chain. In this way, H2

may trigger a conformational change in this complex and affect transmembrane proton transfer and/or
uncoupling of the membrane potential. Therefore, it was proposed that H2 may function as a rectifier
of mitochondrial electron flow in the disordered or pathological states when the accumulation of
electrons leads to ROS production [82].

Positive effects of molecular hydrogen on mitochondria through the activation of mitochondrial
unfolded protein response (mtUPR) pathways have also been demonstrated. mtUPR is a defense
mechanism that is activated by stress occurring in the mitochondrial matrix, when damaged proteins
accumulate in the mitochondrial matrix and exceed the maximal capacity of the protein folding
apparatus [83]. It was found that molecular hydrogen induced this mitochondrial defense mechanism
by induction of mtUPR-related proteins expression and via histone 3 (H3) demethylase induction and
modification of H3 methylation on lysine 27 (H3K27) [66,84]. The positive effects of hydrogen
were also documented by Iuchi et al. [85], who found that molecular hydrogen can suppress
tert-butyl hydroperoxide-induced cell death by reducing mitochondrial dysfunction and fatty acid
peroxidation [85].

These possible mechanisms involved in the effects of molecular hydrogen may explain the results
in recent studies showing protective effects of hydrogen-rich saline against experimental diabetic
peripheral neuropathy in rats, which was associated with the activation of mitochondrial ATP-sensitive
potassium channels [86]. Moreover, the application of 5-hydroxydecanoate, a mitochondrial
ATP-sensitive potassium channels inhibitor, eliminated the neuroprotective effects of hydrogen-rich
saline treatment. ATP-sensitive potassium channels can be found in the plasma membrane and
the inner membrane of mitochondria [87]. It was demonstrated that these mitochondrial channels
play an important role in the protection of myocardial cells against injuries [88], and that their
activation can inhibit the apoptosis induced by hydrogen peroxide [89]. Nrf2 is an important regulator
of redox signaling. A recent study showed that hydrogen-rich saline can alleviate mitochondrial
dysfunction via the Nrf2 pathway [90]. The authors found that sepsis-associated encephalopathy
(SAE) led to mitochondrial dysfunction. Hydrogen-rich saline improved the function of mitochondria,
as demonstrated by an increase of the mitochondrial membrane potential (MMP), respiratory control
ratio (RCR), and ATP release. In addition, hydrogen-rich saline alleviated SAE-induced changes and
the production of ROS. The relationship between hydrogen and the Nrf2 pathway was confirmed by
findings that the protective effects of hydrogen occurred in wild type but not Nrf2-knockout mice.

Gvozdjakova et al. [91] demonstrated that molecular hydrogen stimulates myocardial
mitochondrial function in rats. Drinking molecular hydrogen-rich water (HRW) resulted in increased
levels of ATP production at Complexes I and II in the rat cardiac mitochondria. Similarly, coenzyme Q9
levels in the rat plasma, myocardial tissue, and mitochondria were increased after HRW administration.

2.3. Molecular Hydrogen and Modulation of Intracellular Protein Kinases Signal Transduction

Molecular hydrogen plays a role not only as a potential free radical scavenger during oxidative
stress, but it can also act as a modulator of intracellular signaling mediated by protein kinases.
This signaling role is facilitated by the physical properties of molecular hydrogen, namely, the fact that
it can easily diffuse throughout tissues and cells. In this way, hydrogen represents a gaseous-signaling
molecule, similar to NO•. Importantly, molecular hydrogen can reduce oxidative stress, but it cannot
directly eliminate functionally important signaling ROS [12,53]. Several studies have documented that
molecular hydrogen may exert its effects by targeting several protein kinases [9,55,92–94]. The effects
of hydrogen on signaling are not unidirectional, and both stimulatory and inhibitory roles of molecular
hydrogen in the activation of distinct protein kinase cascades have been demonstrated [54].

The cellular effects of molecular hydrogen seem to be mediated by several intracellular protein
kinase pathways. We will focus on the PI3K/Akt and Wnt/β-catenin (Wingless-type mouse mammary
tumor virus integration site family member/beta catenin) pathways, which are associated with glycogen
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synthase kinase 3β (GSK3β), an enzyme that plays an important role in the regulation of cellular
endogenous apoptosis.

2.3.1. Molecular Hydrogen and the PI3K/Akt/GSK-3β Signaling Pathway

The PI3K/Akt kinase signaling pathway is a key player in the regulation of the protective induction
of Nrf2/ARE during acute oxidative stress. However, in long-term stress, Nrf2 is deactivated to
various degrees by kinase cascades associated with the activation of glycogen synthase kinase-3β
(GSK3β), as explained above via phosphorylating Fyn kinase, which results in the attenuation or
complete cessation of the antioxidant and detoxication response [19,95]. GSK3β is a serine/threonine
kinase and the major downstream target of the PI3K/Akt pathway. This enzyme is phosphorylated by
Akt kinase and can directly phosphorylate Nrf2 [96]. GSK3β also regulates the cellular endogenous
apoptosis pathway, and its downstream target MCL-1 (myeloid lymphoma 1) in the Bcl-2 family [97].
The PI3K/Akt/GSK3β signaling pathway mediates cell survival and plays an important role in I/R injury
in the heart [98], brain [99], and kidney [100]. Moreover, this pathway is involved in regulating the
function of cerebral blood vessels, and inhibiting its function may aggravate neuronal injury. GSK-3β is
considered a therapeutic target for a variety of nervous system diseases. Several studies have indicated
that GSK-3β may regulate neuronal apoptosis through the activation of NF-κB or β-catenin signaling
pathways [101–103].

Several lines of evidence indicate that at least part of the protective effects of molecular hydrogen
are related to the regulation of the PI3K/Akt/GSK3β signaling pathway. HRS was found to protect
cerebral microvascular endothelial cells from apoptosis after hypoxia/reoxygenation by inhibiting
the PI3K/Akt/GSK3β pathway [104]. HRS was also protective against brain injury induced by
cardiopulmonary bypass; this protection was associated with the inhibition of apoptosis through
the PI3K/Akt/GSK3β pathway [104]. This inhibition of apoptosis by HRS was realized through
downregulation of Akt and GSK3β activity, which are core components of this pathway, and through
the inhibition of proapoptotic caspase-3 and Bax expression levels. Inactivation of the Akt kinase
pathway also played a role in HRS-induced attenuation of vascular smooth muscle cell proliferation and
neointimal hyperplasia. In addition to the Akt kinase pathway, the effects of HRS were also associated
with inhibition of ROS production and inactivation of the Ras-ERK1/2-MEK1/2 pathway [105].

The fact that the effects of hydrogen on signaling pathways are not always unidirectional is
further confirmed in the study of Wang et al. [61], where hydrogen exerted neuroprotection in a
cellular in vitro model of traumatic brain injury through activation of the miR-21/PI3K/Akt/GSK-3β
signaling pathway. Activation of the PI3K/Akt kinase pathway has also been found to be related to the
neuroprotective effects of molecular hydrogen against neurologic damage and apoptosis in early brain
injury induced by subarachnoid hemorrhage [106]. Similarly, protection of mouse hearts against I/R
injury by molecular hydrogen involved the activation of the PI3K/Akt pathway [107]. A recent study
showed that the Akt kinase pathway plays a critical role in the neuroprotective ability of hydrogen-rich
saline (HRS). HRS restored behavioral deficits following hypoxia-ischemia injury in neonatal mice via
the activation of Akt kinase pathway [108].

2.3.2. Effects of Molecular Hydrogen on Wnt/β-catenin Signaling

Wnts are secreted glycoproteins. In mammals, the family of Wnt ligands consist of 19
members [109]. Activation of the Wnt signaling system includes canonical and noncanonical pathways
which regulate a variety of cellular activities.

Two central components of the canonical Wnt pathway are β-catenin and Axin1. Axin1 plays
crucial roles in both the destruction of the β-catenin complex and activation of the LRP6 signaling
complex [110]. Wnt ligands in this pathway (Wnt1, Wnt2a, Wnt3a, WNT6, and Wnt8a, WNT9b)
bind to the frizzled (FZD) and low-density-lipoprotein-related protein 5/6 (LRP5/6) receptor complex.
This complex activates the Dishevelled protein, which, in turn, inhibits the degradation complex that
destroys the synthetized β-catenin. The β-catenin destruction complex consists of the central scaffold
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protein Axin and three other components: (i) tumor-suppressor protein adenomatous polyposis coli
(APC), (ii) glycogen synthase kinase-3β (GSK-3β), and (iii) casein kinase-1 (CKI) [111]. Inhibition of
the degradation complex leads to the stabilization and translocation of β-catenin into the nucleus.
The activation of canonical Wnt signaling depends on the nuclear localization of β-catenin. In the
nucleus, β-catenin acts as a transcriptional coactivator which, together with the T-cell factor (TCF)
and the lymphoid enhancer factor (LEF) transcription factors, initiates the Wnt transcriptional
program [111–113]. Potential Wnt/β-catenin downstream target genes are angiogenic factors such
as vascular endothelial growth factor (VEGF) [114] and interleukin-8 (IL-8) [115]. Reports have
also demonstrated that canonical Wnt signaling can regulate the expression of neurospecific growth
factors such as neurotrophin-3 (NT-3) [116] and brain-derived neurotrophic factor (BDNF) [117].
Another possible target of Wnt/β-catenin signaling is the voltage-gated Na+ channel NaV1.5 encoded
by the SCN5a gene. It was found that the activation of Wnt/β-catenin signaling by hydrogen peroxide
inhibited the NaV1.5 expression at the transcriptional level [72].

Canonical Wnt/β-catenin signaling controls cell proliferation and differentiation by regulating
the expression of target genes. This cascade plays important roles in the regulation of many cellular
functions [112,118,119]. Aberrant activation of this signaling pathway is associated with a number of
diseases, including cancers, metabolic, and degenerative diseases [120,121]. Moreover, dysfunction
of Wnt signaling has been implicated in age-related diseases [122], and sustained activation of Wnt
signaling plays a key role in the pathogenesis of a variety of tissue fibrosis [123]. GSK-3β plays
an important role in the destabilization of the Wnt signaling component, β-catenin. Activation of
GSK-3β and the disturbed function of Wnt/β-catenin signaling are linked to tissue fibrosis, such as
lung fibrosis [124], liver fibrosis [125], and cardiac fibrosis [126].

Lin et al. [55] demonstrated that molecular hydrogen suppressed abnormally activated
Wnt/β-catenin signaling by promoting phosphorylation and degradation of β-catenin in cancer
L and HeLa cell lines. Hydrogen had no effect on the basal endogenous β-catenin level and inhibited
only β-catenin accumulation induced by Wnt3a and GSK3 inhibitors. The protective effects of
molecular hydrogen occurred only in situations of aberrant activation of the Wnt/β-catenin pathway,
and the data observed using a GSK3 inhibitor pointed to an important role of this kinase in the
modulation of β-catenin function. Moreover, the mechanisms of hydrogen-mediated suppression
of Wnt/β-catenin signaling did not involve the scavenging of hydroxyl radicals or peroxynitrite.
Modulation of the β-catenin pathway by hydrogen was also found in melanocytes [127]. Hydrogen
reversed the hydrogen peroxide-induced apoptosis and dysfunction in melanocytes, and the data
indicated that the hydrogen-mediated beneficial effects involved Wnt/β-catenin-mediated activation of
Nrf2 signaling [127].

Noncanonical Wnt signaling is activated by stimulation of the Frizzled receptor by noncanonical
Wnt ligands, such as Wnt4, Wnt5, and Wnt11 [128–130]. The activation is β-catenin-independent
and may trigger gene transcription by activating a planar cell polarity pathway (PCP) [131,132] and
a calcium-dependent pathway (Wnt/Ca2+) [128]. Downstream effectors of the Wnt/PCP pathway
may involve the small GTP-binding protein RhoA, c-Jun N-terminal protein kinases (JNK) [133,134],
and downstream proteins of the Wnt/Ca2+ may involve several kinases, including protein kinase C
(PKC) and calcium/calmodulin-dependent kinase (CaMKII) [128,135].

Several studies have shown the effects of molecular hydrogen on components of noncanonical
Wnt signaling. It has been documented that a hydrogen-rich medium decreased expression of
downstream RhoA effector, Rho-associated coiled-coil protein kinase (ROCK); this was associated
with attenuation of LPS-induced vascular hyperpermeability and vascular endothelial-cadherin
disruption [136]. Supression of RhoA activity by hydrogen was also found in the human colon cancer
cell line, Caco-2; this was connected with hydrogen-mediated amelioration of LPS-induced barrier
dysfunction [137]. Zhang et al. [94] described the positive effects of intraperitoneal hydrogen injection
on the prevention of isoproterenol-induced cardiac hypertrophy and improvement of cardiac function
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in mice. Hydrogen exerted its protective effects through blocking several protein kinase pathways
(ERK, p38-MAPK), including JNK signaling.

2.4. Effects of Hydrogen on Gene Expression Regulation

Hydrogen was found to be involved in regulating the expression of various genes; however, it is not
clear whether these regulations are the cause or consequence of the effects of hydrogen against oxidative
stress [54]. The primary molecular targets of molecular hydrogen remain unknown, and there is no
evidence that hydrogen directly reacts with factors involved in transcriptional regulation. Several lines
of evidence indicate that molecular hydrogen can realize its effects in various pathological situations
indirectly, through the up- or down- regulation of the expression of distinct genes. The antiapoptotic
effects of hydrogen seem to be associated with the upregulation of antiapoptotic factors, and/or the
downregulation of proapoptotic factors (Figure 1). It has been observed that hydrogen induced
expressions of the antiapoptotic factors Bcl-2 and Bcl-xL [138], and suppressed the expressions of
various proapoptotic factors, including caspase 3 [139,140], caspase 8 [138], and caspase 12 [139].

An important factor in modulating responses to oxidative stress, and a major mechanism
underlying the cellular protective effects of hydrogen, is the upregulation of the expression of genes that
encode several antioxidant enzymes (Figure 1) [7,9,62]. Kawamura et al. [66] reported that inhalation
of hydrogen gas during exposure to hyperoxia improved blood oxygenation, reduced inflammation,
and induced HO-1 expression in the lung. The HO-1 enzyme participates in the cellular defense
against oxidative stress, and its transcription is regulated by nuclear factor erythroid 2-related factor
2 (Nrf2). Nrf-2 seems to play a very important role in mediating the effects of molecular hydrogen
on gene expression. Furthermore, Chen et al. [141] reported that molecular hydrogen attenuates the
inflammatory response during sepsis by activating the Nrf2-mediated HO-1 signaling pathway.

Hydrogen gas enhances gene expression by promoting the translocation of Nrf2 into the
nucleus [142]. A consequence of nuclear Nrf2 translocation is the upregulation of its downstream
effectors such as HO-1, SOD, and catalase. The relationship between the effects of molecular hydrogen
and Nrf2 was also confirmed by data obtained using a septic model in mice. It was demonstrated that
hydrogen therapy protected against intestinal injury induced by oxidative stress and inflammation,
and increased the survival rate in WT septic mice, but not in Nrf2-KO mice [143].

Other downstream indirect targets of molecular hydrogen that can be up- or down- regulated
include several other genes, such as MMP-2, MMP-9 [144], MMP3, MMP13 [57], cyclooxygenase-2 [145],
and connexins [146]. In addition, it has been proposed that molecular hydrogen may affect the expression
of several protein kinase signaling pathways [93,147]. However, these molecules are likely downstream
and indirectly regulated by H2, as the direct targets of H2 have yet to be elucidated [54].

2.5. Molecular Hydrogen and Autophagy

Autophagy is an adaptive response of cells during conditions of cellular stress, such as nutrient
limitation, increased production of ROS, accumulation of protein aggregates or damaged organelles,
or presence of extracellular pathogens [148,149]. Through autophagy, the machinery and cytosolic
components that are damaged or dysfunctional, along with extracellular pathogens, are degraded via
the autophagosome, which fuses with lysosomes to degrade and recycle the sequestered substrates.
There are at least three types of autophagy: macroautophagy, microautophagy, and chaperone-mediated
autophagy. Basal autophagy helps cells survive by reducing stress sources, and is beneficial to keeping
normal cellular functions during the early stage of disease [150,151]. However, excessive autophagy
leads to autophagic cell death and is implicated in disease progression [152]. The importance of
autophagy for cellular function is emphasized by the fact that autophagy dysfunction can result in
impaired mitochondrial function, ROS accumulation, and oxidative stress [153]. A consequence of
excessive ROS production could be glutathione depletion and stress of the ER. Functional autophagy
plays an important role in protecting cells against death induced by ER stress [151], and its activation
may attenuate the ER stress-mediated development of injury. This is also supported by the results of a
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study showing the protection of the brain from an ischemic insult associated with increased autophagy
and reduction of ER stress [150]. Autophagy and ER stress are associated with several pathological
conditions, such as neurodegeneration [154], diabetes [155], and hypoxia [156]. Increasing evidence
indicates that autophagy may share common molecular inducers and regulatory mechanisms with
apoptosis, and a switch in cellular responses from apoptosis to autophagy can lead to cell survival.
For example, beclin-1, a protein with a central role in autophagy, may interact with antiapoptotic Bcl-2
family members [157].

Several studies have documented the relationship between hydrogen and autophagy [158,159].
However, consensus regarding the precise role of molecular hydrogen in autophagy regulation has
not been reached. Some studies have shown that hydrogen can downregulate autophagy [39,158,159],
while others have demonstrated that it induces autophagy [3]. Treatment with hydrogen significantly
attenuated neuronal injury in the hippocampal cornu ammonis 1 sector. This was associated with
autophagy inhibition, and, as a consequence, there was a reduction of brain edema following
24 h of reperfusion [158]. Similarly, hydrogen-mediated downregulation of autophagy was also
demonstrated in cardiac cells [159]. In this case, pretreatment with a hydrogen-rich medium suppressed
isoproterenol-induced, excessive autophagy in H9c2 cardiomyocytes [159]. In addition, the authors
used a mouse model of cardiac hypertrophy and demonstrated that intraperitoneal administration of
hydrogen significantly blocked β adrenoceptor agonist-mediated, excessive autophagy in vivo [159].
In contrast to these studies demonstrating the downregulation of autophagy by hydrogen, other studies
have documented the opposite effects. It was found that the application of HRS exerted neuroprotection
against hypoxic-ischemic brain damage in neonatal mice, and that these effects were mediated in
part by the upregulation of autophagy machinery and the downregulation of ER stress [3]. In these
cases, the effects of HRS on autophagy pathways included increased LC3B and Beclin-1 expression,
and decreased phosphorylation of mTOR and STAT3. Moreover, these changes were associated with
the phosphorylation of extracellular-signal regulated protein kinases. Similarly, it was reported that
an important role mediating the neuroprotective effects of hydrogen-rich water in a rat model of
vascular dementia was the stimulation of FoxO1-mediated autophagy [160]. Additionally, activation
of p53-mediated autophagy was shown to play a positive role in HRS-mediated attenuation of acute
kidney injury after liver transplantation [161].

Wang et al. [162] found that in a neuropathic pain model, the potent analgesic effects of HRS
were associated with the activation of cell autophagy via inducing hypoxia-inducible factor-1α
(HIF-1α). This pathway plays a pivotal role in regulating gene expression to maintain oxygen
homeostasis [163], and in initiating the transcription of target genes that are important for cellular
adaption to hypoxic stimuli. Hypoxia influences autophagy in part via the activation of the HIF1α
-dependent pathways [164] (Figure 2).
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anti-inflammatory molecules (IL-10, IL-22, HO-1), activates PGC-1α and Nrf2 transcription to decreases
apoptosis and regulate autophagy by influencing ERK and mTOR. SOD—superoxide dismutase;
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oxygenase 1; ERK—extracellular signal-regulated kinase; mTOR—mammalian target of rapamycin;
PGC-1α—peroxisome proliferator-activated receptor-gamma coactivator–1 alpha.

2.6. Molecular Hydrogen and Matrix Metalloproteinases

The extracellular matrix (ECM) plays an important role in the development of cardiac fibrosis,
which is also one of the typical clinical features of the aged heart [165]. This process is associated
with the modulation of ECM, changes in the gene expression of cardiac fibroblasts, and stimulation of
proliferation and phenotypic differentiation of myofibroblasts into fibroblasts [166]. A consequence of
cardiac fibroblasts activation is the expression of contractile proteins and the secretion of ECM
components, which influence the development of pathophysiological processes [167]. Matrix
metalloproteinases (MMPs) play an important role in the regulation and modulation of the ECM.
Importantly, it has been documented that molecular hydrogen can regulate the expression of
several MMPs, including MMP-2, MMP-9, MMP-3, and MMP-13 [57,144]. Other data suggest
that hydrogen-rich water inhibits the migration of smooth muscle cells into vein grafts; this is at
least partially explained by lowering the expression of MMP-2 and MMP-9 [168]. MMP-9 was
found to promote hemorrhagic infarction by disrupting cerebral vessels in a rat model of middle
cerebral artery occlusion (MCAO), but inhalation of molecular hydrogen significantly reduced the
MMP-9 expression [144,169]. ROS/RNS play an important mechanistic role in regulating MMP
activities/expression, especially peroxynitrite (ONOO–). Therefore, the fact that molecular hydrogen
reduces peroxynitrite and other toxic ROS will contribute to the favorable regulation of MMPs.

3. Conclusions

The therapeutic potential of molecular hydrogen in the treatment of various diseases may
be attributed to several molecular mechanisms. Current information indicates that the cellular
protective effects mediated by molecular hydrogen are attributable to the modulation of cellular
antioxidant defenses (antioxidant and cytoprotective genes), including intracellular and extracellular
redox signaling.

However, the effects of hydrogen on signaling pathways and adaptive cellular responses (e.g.,
autophagy) are not always unidirectional; both stimulatory and inhibitory effects of molecular hydrogen
have been demonstrated.
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Further studies are essential to understand the details underlying the regulatory function
of molecular hydrogen and the precise mechanisms by which it affects cellular functions in
pathological conditions.
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new insight into the molecular hydrogen effect on coenzyme Q and mitochondrial function of rats. Can. J.
Physiol. Pharmacol. 2020, 98, 29–34. [CrossRef] [PubMed]

92. Lee, J.; Yang, G.; Kim, Y.-J.; Tran, Q.H.; Choe, W.; Kang, I.; Kim, S.S.; Ha, J. Hydrogen-rich medium
protects mouse embryonic fibroblasts from oxidative stress by activating LKB1-AMPK-FoxO1 signal pathway.
Biochem. Biophys. Res. Commun. 2017, 491, 733–739. [CrossRef] [PubMed]

177



Antioxidants 2020, 9, 1281

93. Li, L.; Li, X.; Zhang, Z.; Liu, L.; Liu, T.; Li, S.; Liu, S.; Zhou, Y.; Liu, F. Effects of Hydrogen-rich Water on the
PI3K/AKT Signaling Pathway in Rats with Myocardial Ischemia-reperfusion Injury. Curr. Mol. Med. 2020,
20, 396–406. [CrossRef] [PubMed]

94. Zhang, Y.; Xu, J.; Long, Z.; Wang, C.; Wang, L.; Sun, P.; Li, P.; Wang, T. Hydrogen (H2) inhibits
isoproterenol-induced cardiac hypertrophy via antioxidative pathways. Front. Pharmacol. 2016, 7. [CrossRef]

95. Cuadrado, A.; Kügler, S.; Lastres-Becker, I. Pharmacological targeting of GSK-3 and NRF2 provides
neuroprotection in a preclinical model of tauopathy. Redox Biol. 2018, 14, 522–534. [CrossRef]

96. Manning, B.D.; Toker, A. AKT/PKB Signaling: Navigating the Network. Cell 2017, 169, 381–405. [CrossRef]
97. Teng, L.; Meng, Q.; Lu, J.; Xie, J.; Wang, Z.; Liu, Y.; Wang, D. Liquiritin modulates ERK- and

AKT/GSK-3β-dependent pathways to protect against glutamate-induced cell damage in differentiated
PC12 cells. Mol. Med. Rep. 2014, 10, 818–824. [CrossRef]

98. Yu, H.; Zhang, H.; Zhao, W.; Guo, L.; Li, X.; Li, Y.; Zhang, X.; Sun, Y. Gypenoside Protects against Myocardial
Ischemia-Reperfusion Injury by Inhibiting Cardiomyocytes Apoptosis via Inhibition of CHOP Pathway and
Activation of PI3K/Akt Pathway in Vivo and in Vitro. Cell. Physiol. Biochem. 2016, 39, 123–136. [CrossRef]

99. Li, P.; Zhang, Y.; Liu, H. The role of Wnt/β-catenin pathway in the protection process by dexmedetomidine
against cerebral ischemia/reperfusion injury in rats. Life Sci. 2019, 236. [CrossRef]

100. Liu, T.; Fang, Y.; Liu, S.; Yu, X.; Zhang, H.; Liang, M.; Ding, X. Limb ischemic preconditioning protects against
contrast-induced acute kidney injury in rats via phosphorylation of GSK-3β. Free Radic. Biol. Med. 2015, 81,
170–182. [CrossRef]

101. Sathiya Priya, C.; Vidhya, R.; Kalpana, K.; Anuradha, C.V. Indirubin-3′-monoxime prevents aberrant
activation of GSK-3β/NF-κB and alleviates high fat-high fructose induced Aβ-aggregation, gliosis and
apoptosis in mice brain. Int. Immunopharmacol. 2019, 70, 396–407. [CrossRef] [PubMed]

102. Jiang, P.; Li, G.; Zhou, X.; Wang, C.; Qiao, Y.; Liao, D.; Shi, D. Chronic fluoride exposure induces neuronal
apoptosis and impairs neurogenesis and synaptic plasticity: Role of GSK-3β/β-catenin pathway. Chemosphere
2019, 214, 430–435. [CrossRef] [PubMed]

103. Wang, L.; Yin, Z.; Wang, F.; Han, Z.; Wang, Y.; Huang, S.; Hu, T.; Guo, M.; Lei, P. Hydrogen exerts
neuroprotection by activation of the miR-21/PI3K/AKT/GSK-3β pathway in an in vitro model of traumatic
brain injury. J. Cell. Mol. Med. 2020, 24, 4061–4071. [CrossRef] [PubMed]

104. Chen, K.; Wang, N.; Diao, Y.; Dong, W.; Sun, Y.; Liu, L.; Wu, X. Hydrogen-Rich Saline Attenuates Brain
Injury Induced by Cardiopulmonary Bypass and Inhibits Microvascular Endothelial Cell Apoptosis Via the
PI3K/Akt/GSK3β Signaling Pathway in Rats. Cell. Physiol. Biochem. 2017, 43, 1634–1647. [CrossRef]

105. Chen, Y.; Jiang, J.; Miao, H.; Chen, X.; Sun, X.; Li, Y. Hydrogen-rich saline attenuates vascular smooth
muscle cell proliferation and neointimal hyperplasia by inhibiting reactive oxygen species production and
inactivating the Ras-ERK1/2-MEK1/2 and Akt pathways. Int. J. Mol. Med. 2013, 31, 597–606. [CrossRef]

106. Hong, Y.; Shao, A.W.; Wang, J.; Chen, S.; Wu, H.J.; McBride, D.W.; Wu, Q.; Sun, X.J.; Zhang, J.M.
Neuroprotective effect of hydrogen-rich saline against neurologic damage and apoptosis in early brain injury
following subarachnoid hemorrhage: Possible role of the Akt/GSK3β signaling pathway. PLoS ONE 2014, 9,
e96212. [CrossRef]

107. Chen, O.; Cao, Z.; Li, H.; Ye, Z.; Zhang, R.; Zhang, N.; Huang, J.; Zhang, T.; Wang, L.; Han, L.; et al.
High-concentration hydrogen protects mouse heart against ischemia/reperfusion injury through activation
of thePI3K/Akt1 pathway. Sci. Rep. 2017, 7, 1–14. [CrossRef]

108. Ke, H.; Liu, D.; Li, T.; Chu, X.; Xin, D.; Han, M.; Wang, S.; Wang, Z. Hydrogen-Rich Saline Regulates Microglial
Phagocytosis and Restores Behavioral Deficits Following Hypoxia-Ischemia Injury in Neonatal Mice via the
Akt Pathway. Drug Des. Devel. Ther. 2020, 14, 3827–3839. [CrossRef]

109. Voloshanenko, O.; Schwartz, U.; Kranz, D.; Rauscher, B.; Linnebacher, M.; Augustin, I.; Boutros, M.
β-catenin-independent regulation of Wnt target genes by RoR2 and ATF2/ATF4 in colon cancer cells. Sci. Rep.
2018, 8, 1–14. [CrossRef]

110. Mao, J.; Wang, J.; Liu, B.; Pan, W.; Farr, G.H.; Flynn, C.; Yuan, H.; Takada, S.; Kimelman, D.; Li, L.; et al.
Low-Density Lipoprotein Receptor-Related Protein-5 Binds to Axin and Regulates the Canonical Wnt
Signaling Pathway. Mol. Cell 2001, 7, 801–809. [CrossRef]

111. MacDonald, B.T.; Tamai, K.; He, X. Wnt/β-Catenin Signaling: Components, Mechanisms, and Diseases.
Dev. Cell 2009, 17, 9–26. [CrossRef] [PubMed]

178



Antioxidants 2020, 9, 1281

112. Nusse, R.; Clevers, H. Wnt/β-Catenin Signaling, Disease, and Emerging Therapeutic Modalities. Cell 2017,
169, 985–999. [CrossRef] [PubMed]

113. Tao, H.; Yang, J.-J.; Shi, K.-H.; Li, J. Wnt signaling pathway in cardiac fibrosis: New insights and directions.
Metabolism 2016, 65, 30–40. [CrossRef] [PubMed]

114. Easwaran, V.; Lee, S.H.; Inge, L.; Guo, L.; Goldbeck, C.; Garrett, E.; Wiesmann, M.; Garcia, P.D.; Fuller, J.H.;
Chan, V.; et al. beta-Catenin regulates vascular endothelial growth factor expression in colon cancer.
Cancer Res. 2003, 63, 3145–3153.

115. Lévy, L.; Neuveut, C.; Renard, C.-A.; Charneau, P.; Branchereau, S.; Gauthier, F.; Van Nhieu, J.T.; Cherqui, D.;
Petit-Bertron, A.-F.; Mathieu, D.; et al. Transcriptional Activation of Interleukin-8 by β-Catenin-Tcf4.
J. Biol. Chem. 2002, 277, 42386–42393. [CrossRef]

116. Patapoutian, A.; Backus, C.; Kispert, A.; Reichardt, L.F. Regulation of Neurotrophin-3 Expression by
Epithelial-Mesenchymal Interactions: The Role of Wnt Factors. Science 1999, 283, 1180–1183. [CrossRef]

117. Yi, H.; Hu, J.; Qian, J.; Hackam, A.S. Expression of brain-derived neurotrophic factor is regulated by the Wnt
signaling pathway. Neuroreport 2012, 23, 189–194. [CrossRef]

118. Clevers, H.; Nusse, R. Wnt/β-Catenin Signaling and Disease. Cell 2012, 149, 1192–1205. [CrossRef]
119. Edeling, M.; Ragi, G.; Huang, S.; Pavenstädt, H.; Susztak, K. Developmental signalling pathways in renal

fibrosis: The roles of Notch, Wnt and Hedgehog. Nat. Rev. Nephrol. 2016, 12, 426–439. [CrossRef] [PubMed]
120. Chang, B.; Chen, W.; Zhang, Y.; Yang, P.; Liu, L. Tripterygium wilfordii mitigates hyperglycemia-induced

upregulated Wnt/β-catenin expression and kidney injury in diabetic rats. Exp. Ther. Med. 2018, 15, 3874–3882.
121. Luo, J.; Chen, J.; Deng, Z.-L.; Luo, X.; Song, W.-X.; Sharff, K.A.; Tang, N.; Haydon, R.C.; Luu, H.H.; He, T.-C.

Wnt signaling and human diseases: What are the therapeutic implications? Lab. Investig. 2007, 87, 97–103.
[CrossRef]

122. Miao, J.; Liu, J.; Niu, J.; Zhang, Y.; Shen, W.; Luo, C.; Liu, Y.; Li, C.; Li, H.; Yang, P.; et al. Wnt/β-catenin/RAS
signaling mediates age-related renal fibrosis and is associated with mitochondrial dysfunction. Aging Cell
2019, 18, e13004. [CrossRef] [PubMed]

123. Lehmann, M.; Baarsma, H.A.; Königshoff, M. WNT Signaling in Lung Aging and Disease. Ann. Am.
Thorac. Soc. 2016, 13, S411–S416. [CrossRef] [PubMed]

124. Zhang, X.; Liu, Y.; Shao, R.; Li, W. Cdc42-interacting protein 4 silencing relieves pulmonary fibrosis in
STZ-induced diabetic mice via the Wnt/GSK-3β/β-catenin pathway. Exp. Cell Res. 2017, 359, 284–290.
[CrossRef] [PubMed]

125. Zhuang, S.; Hua, X.; He, K.; Zhou, T.; Zhang, J.; Wu, H.; Ma, X.; Xia, Q.; Zhang, J. Inhibition of GSK-3β
induces AP-1-mediated osteopontin expression to promote cholestatic liver fibrosis. FASEB J. 2018, 32,
4494–4503. [CrossRef] [PubMed]

126. Guo, Y.; Gupte, M.; Umbarkar, P.; Singh, A.P.; Sui, J.Y.; Force, T.; Lal, H. Entanglement of GSK-3β, β-catenin
and TGF-β1 signaling network to regulate myocardial fibrosis. J. Mol. Cell. Cardiol. 2017, 110, 109–120.
[CrossRef] [PubMed]

127. Fang, W.; Tang, L.; Wang, G.; Lin, J.; Liao, W.; Pan, W.; Xu, J. Molecular Hydrogen Protects Human
Melanocytes from Oxidative Stress by Activating Nrf2 Signaling. J. Investig. Dermatol. 2020, S0022-202X,
31206–31209. [CrossRef] [PubMed]

128. Kühl, M.; Sheldahl, L.C.; Park, M.; Miller, J.R.; Moon, R.T. The Wnt/Ca2+ pathway. Trends Genet. 2000, 16,
279–283. [CrossRef]

129. Bergmann, M.W. WNT Signaling in Adult Cardiac Hypertrophy and Remodeling. Circ. Res. 2010, 107,
1198–1208. [CrossRef]

130. Uehara, S.; Udagawa, N.; Mukai, H.; Ishihara, A.; Maeda, K.; Yamashita, T.; Murakami, K.; Nishita, M.;
Nakamura, T.; Kato, S.; et al. Protein kinase N3 promotes bone resorption by osteoclasts in response to
Wnt5a-Ror2 signaling. Sci. Signal. 2017, 10, eaan0023. [CrossRef]

131. Mulligan, K.A.; Cheyette, B.N.R. Wnt Signaling in Vertebrate Neural Development and Function.
J. Neuroimmune Pharmacol. 2012, 7, 774–787. [CrossRef] [PubMed]

132. Gao, C.; Chen, Y.-G. Dishevelled: The hub of Wnt signaling. Cell. Signal. 2010, 22, 717–727. [CrossRef]
133. Santos, A.; Bakker, A.D.; de Blieck-Hogervorst, J.M.A.; Klein-Nulend, J. WNT5A induces osteogenic

differentiation of human adipose stem cells via rho-associated kinase Rock. Cytotherapy 2010, 12, 924–932.
[CrossRef] [PubMed]

179



Antioxidants 2020, 9, 1281

134. Hu, Y.; Liu, J.; Lu, J.; Wang, P.; Chen, J.; Guo, Y.; Han, F.; Wang, J.; Li, W.; Liu, P. sFRP1 protects H9c2 cardiac
myoblasts from doxorubicin-induced apoptosis by inhibiting the Wnt/PCP-JNK pathway. Acta Pharmacol.
Sin. 2020, 41, 1150–1157. [CrossRef] [PubMed]

135. Sheldahl, L.C.; Slusarski, D.C.; Pandur, P.; Miller, J.R.; Kühl, M.; Moon, R.T. Dishevelled activates Ca2+ flux,
PKC, and CamKII in vertebrate embryos. J. Cell Biol. 2003, 161, 769–777. [CrossRef] [PubMed]

136. Xie, K.; Wang, W.; Chen, H.; Han, H.; Liu, D.; Wang, G.; Yu, Y. Hydrogen-rich medium attenuated
lipopolysaccharide-induced monocyte-endothelial cell adhesion and vascular endothelial permeability via
rho-associated coiled-coil protein kinase. Shock 2015, 44, 58–64. [CrossRef]

137. Yang, T.; Wang, L.; Sun, R.; Chen, H.; Zhang, H.; Yu, Y.; Wang, Y.; Wang, G.; Yu, Y.; Xie, K. Hydrogen-rich
medium ameliorates lipopolysaccharide-induced barrier dysfunction via rhoa-mdia1 signaling in caco-2
cells. Shock 2016, 45, 228–237. [CrossRef]

138. Kawamura, T.; Huang, C.S.; Tochigi, N.; Lee, S.; Shigemura, N.; Billiar, T.R.; Okumura, M.; Nakao, A.;
Toyoda, Y. Inhaled hydrogen gas therapy for prevention of lung transplant-induced ischemia/reperfusion
injury in rats. Transplantation 2010, 90, 1344–1351. [CrossRef]

139. Cai, J.; Kang, Z.; Liu, W.W.; Luo, X.; Qiang, S.; Zhang, J.H.; Ohta, S.; Sun, X.; Xu, W.; Tao, H.; et al. Hydrogen
therapy reduces apoptosis in neonatal hypoxia–ischemia rat model. Neurosci. Lett. 2008, 441, 167–172.
[CrossRef]

140. Sun, Q.; Kang, Z.; Cai, J.; Liu, W.; Liu, Y.; Zhang, J.H.; Denoble, P.J.; Tao, H.; Sun, X. Hydrogen-Rich Saline
Protects Myocardium Against Ischemia/Reperfusion Injury in Rats. Exp. Biol. Med. 2009, 234, 1212–1219.
[CrossRef]

141. Chen, H.; Xie, K.; Han, H.; Li, Y.; Liu, L.; Yang, T.; Yu, Y. Molecular hydrogen protects mice against
polymicrobial sepsis by ameliorating endothelial dysfunction via an Nrf2/HO-1 signaling pathway.
Int. Immunopharmacol. 2015, 28, 643–654. [CrossRef] [PubMed]

142. Liu, L.; Xie, K.; Chen, H.; Dong, X.; Li, Y.; Yu, Y.; Wang, G.; Yu, Y. Inhalation of hydrogen gas attenuates
brain injury in mice with cecal ligation and puncture via inhibiting neuroinflammation, oxidative stress and
neuronal apoptosis. Brain Res. 2014, 1589, 78–92. [CrossRef] [PubMed]

143. Yu, Y.; Yang, Y.; Bian, Y.; Li, Y.; Liu, L.; Zhang, H.; Xie, K.; Wang, G.; Yu, Y. Hydrogen Gas Protects Against
Intestinal Injury in Wild Type But Not NRF2 Knockout Mice With Severe Sepsis by Regulating HO-1 and
HMGB1 Release. Shock 2017, 48, 364–370. [CrossRef] [PubMed]

144. Chen, C.H.; Manaenko, A.; Zhan, Y.; Liu, W.W.; Ostrowki, R.P.; Tang, J.; Zhang, J.H. Hydrogen gas reduced
acute hyperglycemia-enhanced hemorrhagic transformation in a focal ischemia rat model. Neuroscience 2010,
169, 402–414. [CrossRef] [PubMed]
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Abstract: Preeclampsia (PE) is a common obstetric disease characterized by hypertension,
proteinuria, and multi-system dysfunction. It endangers both maternal and fetal health.
Although hemostasis is critical for preventing bleeding complications during pregnancy, delivery,
and post-partum, PE patients often develop a severe prothrombotic state, potentially resulting in
life-threatening thrombosis and thromboembolism. The cause of this thrombotic complication is
multi-factorial, involving endothelial cells, platelets, adhesive ligands, coagulation, and fibrinolysis.
Increasing evidence has shown that hemostatic cells and factors undergo oxidative modifications
during the systemic inflammation found in PE patients. However, it is largely unknown how these
oxidative modifications of hemostasis contribute to development of the PE-associated prothrombotic
state. This knowledge gap has significantly hindered the development of predictive markers,
preventive measures, and therapeutic agents to protect women during pregnancy. Here we summarize
reports in the literature regarding the effects of oxidative stress and antioxidants on systemic hemostasis,
with emphasis on the condition of PE.

Keywords: preeclampsia; hemostasis; platelets; coagulation; oxidative stress

1. Introduction

Preeclampsia (PE) is a gestational disease that severely endangers maternal and fetal health and
can develop into more severe complications (e.g., eclampsia) with long-term consequences. PE is
defined as newly onset hypertension or proteinuria after 20 weeks of gestation without a prior history
of hypertension, or newly onset hypertension with any of the following systemic manifestations:
thrombocytopenia, renal insufficiency, impaired liver function, pulmonary edema, and severe headache
without alternative diagnoses or visual impairments [1]. As the leading cause of maternal and perinatal
morbidity and mortality, PE affects approximately 2% to 8% of pregnancies worldwide [2]. In an
age-adjusted cohort study, the rate of PE in the US increased from 3.4% in 1980 to 3.8% in 2010 but the
rate of severe PE increased by 322% during the same period [3]. This drastic increase was believed to
be caused primarily by the age-cohort effect but it also highlights the need for improving pregnancy
care. The current treatment of PE in clinical practice is delivery in time but antihypertension and
spasmolysis may be used to control the progression of PE, prevent severe complications like eclampsia,
and prolong the gestational week to improve maternal and fetal survival.
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The maternal complications of PE include cerebrovascular diseases, acute renal failure,
and subcapsular hematoma of the liver; the adverse perinatal outcomes include preterm delivery,
fetal growth restriction (FGR), and fetal death [4]. PE patients also have a higher risk for long-term
complications such as hypertension, ischemic heart disease, stroke, and venous thromboembolism [5].
Women with normal pregnancies often develop a systemic hypercoagulable state that progresses
into a prothrombotic state in PE patients. In this review, we summarize the current knowledge of
the role of oxidative stress in the development of this PE-associated prothrombotic state. This review
focuses on linking oxidative stress to the prothrombotic state associated with PE. While both conditions
develop frequently in patients with PE, they have been studied individually, without taking their
causal relationship into consideration. Studying both conditions together will allow us to define this
causal relationship, thus developing more accurate predictive markers and new targeted therapeutics
for the patients.

The literature search was conducted in PubMed of the National Library of Medicine using the
following keywords, either alone or in different combinations: placenta development, preeclampsia,
HELLP syndrome, platelets, endothelial cells, coagulation factors, fibrinolysis, oxidative stress,
and antioxidants. These keywords identified 1091 articles, of which 169 were considered relevant.
The findings from these relevant reports were reviewed and discussed in the manuscript.

2. Placental Development

The placenta serves as a transient organ supplying nutrients and oxygen to and removing wastes
from the fetus through the umbilical cord. It consists of the basal decidua, chorion frondosum, and
amnion. Before trophoblast invasion, the distal tips of the spiral arteries are obstructed by the
endovascular trophoblast plugs, and the maternal arterial connection with the intervillous space is
restricted to the network of tortuous intercellular space. As a result, blood in the intervillous space has
low oxygen tension, which is necessary to protect embryos from free radical-induced damage [6–8].
After the spiral artery plugs are gradually loosened and removed, maternal arterial blood flows into the
intervillous space, increasing the oxygen tension from <20 mmHg at 8 weeks of gestation to >50 mmHg
at 12 weeks. This transition results in a burst of oxidative stress in the placenta [9].

During early placental development, cytotrophoblast cells either fuse into syncytiotrophoblasts,
which are exposed to maternal blood for maternal–fetal exchange or invade the decidua and
myometrium [10]. The balance between trophoblast proliferation and invasion is regulated by oxygen.
Cytotrophoblast cells proliferate in 2% oxygen, which mimics the uterine environment before 10 weeks
of gestation, but begin to differentiate at 20% oxygen [11]. Extravillous trophoblast cells have a higher
invasive activity at 17% oxygen than at 3% oxygen [12]. If these punctual and stage-specific rates of
oxygenation become dysregulated during early pregnancy, placental development can be disrupted or
impaired, resulting in various pathologies including PE [13].

3. Pathogenesis of PE

Placental villous lesions are found in 45.2% of PE patients compared with 14.6% of women with
normal pregnancies, with vascular lesions being most common [14]. However, maternal conditions
such as vascular disease, obesity, and autoimmune disease also contribute substantially to poor
placentation and remodeling of the spiral arteries, leading to placental tissue ischemia and oxidative
stress [15]. Placental tissue hypoxia is a hallmark event of PE, characterized by the overexpression of
hypoxia-inducible transcription factor (HIF) [16] and poor angiogenesis in the placenta. It is associated
with hypertension, proteinuria, and FGR [17].

The poor placental angiogenesis can result from dysregulation of growth factors such as
vascular endothelial cell growth factor (VEGF) and the associated intracellular signaling pathways.
For example, VEGF binds the fms-like tyrosine kinase receptor (Flt) to trigger proangiogenic signals.
However, PE patients have significantly enhanced expression of soluble Flt 1 (sFlt-1) [18], an alternatively
spliced variant of Flt that lacks the transmembrane and intracellular domains [19]. sFlt-1 binds VEGF
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and placental growth factor (PLGF) with a high affinity to competitively block VEGF binding to
membrane-bound Flt and the resulting angiogenesis [19]. Placental biopsies have indeed shown that
placentas from the majority of PE patients have poor trophoblastic invasion and vasculopathy of the
spiral arteries that includes fibrin deposition, acute atherosis, and thrombosis [20]. More importantly,
these local placental lesions can disseminate systemically by releasing soluble factors and extracellular
vesicles into the maternal circulation [21,22], resulting in systemic endothelial injury and a prothrombotic
state, as seen in PE patients.

There are two forms of PE: early-onset PE develops prior to 34 weeks of gestation and late-onset
PE occurs after 34 gestational weeks. While both forms of PE are caused by syncytiotrophoblast
stress, early-onset PE is closely associated with insufficient remodeling of spiral arteries and the
resulting poor placentation, whereas late-onset PE often results from the restriction of placenta
growth [15]. Early-onset PE is associated with more fetal death (adjusted odds ratios (OR) 5.8; 95% CI
4.0–8.3 vs. adjusted OR 1.3; 95% CI 0.8–2.0) and perinatal death/morbidity (adjusted OR 16.4; 95% CI
14.5–18.6 vs. adjusted OR 2.0; 95% CI 1.8–2.3) than late-onset PE [23].

4. The PE-Associated Hypercoagulable State

Pregnant women, especially during their late pregnancies, develop a systemic hypercoagulable
state that is physiologically important for preventing excessive bleeding during delivery and postpartum.
The cause of this hypercoagulable state is multi-factorial. For example, the syncytiotrophoblast, which is
directly exposed to maternal circulation, lacks proliferative capacity and is maintained by fusion
of the underlying cytotrophoblast cells, with the assistance of syncytin. Syncytiotrophoblastic cells
therefore undergo constant apoptosis [24–26]. These apoptotic cells express anionic phospholipids on
their surface. Anionic phospholipids such as phosphatidylserine (PS) and phosphatidylethanolamine
are normally present on the inner leaflet, whereas neutral phospholipids such as phosphatidylcholine
(PC) and sphingomyelin are on the external leaflet of a cell membrane bilayer. This asymmetrical
distribution of membrane phospholipids is maintained by enzymatic transporters [27,28] but is lost
during apoptosis [29], leading to the exposure of PS on the outer membrane. The anionic phospholipids
are highly procoagulant because they promote and accelerate the formation of tenase to generate
thrombin [30]. Apoptotic syncytiotrophoblast cells can also shed from the placenta into the circulation
to form large multinucleated syncytial knots, which not only initiate coagulation but also invoke the
immune-mediated inflammatory response. These syncytial knots can be removed by macrophages [31].
In addition, the apoptotic syncytiotrophoblastic cells also release PS-exposed extracellular vesicles to
the maternal circulation [21,22] to induce hypercoagulation and inflammation, as syncytial knots do.

This protective hypercoagulable state is significantly exaggerated in pregnant women with
placenta-mediated complications, such as PE, becoming a pathological prothrombotic state or
thrombosis [32]. Feldstein et al. [33] studied 348 PE patients and reported that 16.1% had abnormal
coagulation profiles defined by changes in prothrombin time (PT), international normalization ratio
(INR), activated partial thromboplastin time (aPTT), and/or plasma fibrinogen. However, the actual
rate of coagulation dysregulation is likely to be significantly higher because these tests (1) are
calibrated to detect bleeding diathesis and are insensitive for detecting prothrombotic states, and (2)
could not accurately measure the procoagulant activity of activated platelets and endothelial cells.
Consistent with this finding, Moldenhauer et al. [34] reported that PE patients have significantly higher
rates of intervillous thrombi (OR 1.95; 95% CI 1.0–3.7), central tissue infarction (OR 5.9; 95% CI 3.1–11.1),
and thrombi in the fetal circulation (OR 2.8; 95% CI 1.2–6.6) than women with normotensive pregnancies.
In addition to PE, dysregulated hemostasis is also found in patients with hemolysis, elevated liver
enzymes, and low platelet count (HELLP syndrome), which is considered to be a severe complication
of PE, but its pathogenesis is not identical to that of PE [35]. Women with early-onset HELLP syndrome
have a lower prevalence of proteinuria, hypertriglyceridemia, hyperglycemia, and thrombophilia
but higher levels of the inflammatory mediator homocysteine than those with early-onset PE [36].
Patients with HELLP syndrome are therefore more likely to develop severe inflammation [37] and thus
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are likely to suffer more severe oxidative stress. Patients with PE and those with HELLP syndrome are
known to be in a hypercoagulable state [38] but whether the hypercoagulable state differs in level and
nature between the two conditions remains to be studied. There is no published report on whether
oxidative stress differentially regulates the hypercoagulable state associated with PE and that with
HELLP syndrome.

Multiple factors contribute to the transition from the hypercoagulable state found in most normal
pregnancies to the prothrombotic state developed primarily in PE. For example, both tissue factor,
which initiates the extrinsic coagulation following vascular injury, and plasminogen activator inhibitor
(PAI)-1, which blocks fibrinolysis, are elevated in the blood and placental tissues of PE patients, likely due
to injuries to trophoblast cells undergoing repeated cycles of hypoxia–reoxygenation [39]. PE patients
also have an enhanced rate of thrombin generation [40], which proteolytically promotes fibrin formation
and activates platelets and endothelial cells to express procoagulant activity [41–43]. Consistent with
these observations, more activated platelets are detected in PE patients [44,45], which increases
platelet–leukocyte aggregation in circulation, a common marker for the prothrombotic state in PE [46].
These platelet–leukocyte aggregates upregulate the expression of sFlt-1, propagating endothelial
dysfunction and inflammation in PE [47]. We have recently shown that placenta-derived extracellular
vesicles (pcEVs) are detectable in the peripheral blood of pregnant women but the levels are significantly
higher in PE patients [22]. These pcEVs are highly procoagulant because they express anionic
phospholipids such phosphatidylserine (PS) on their surfaces and are associated with the prothrombotic
state of PE patients [22]. In mouse models, we further showed that these pcEVs induce hypertension and
proteinuria not only in pregnant mice but also in non-pregnant mice [21], demonstrating the importance
of pcEVs in the pathogenesis of PE. These pcEVs can cause PE through multiple pathways [48] by (1)
promoting coagulation through PS exposed on their surfaces [21,22,49], (2) expressing tissue factor to
trigger extrinsic coagulation [49], and (3) activating platelets and endothelial cells to release procoagulant
extracellular vesicles [21]. Together, these findings demonstrate that PE is initiated by placental factors
and propagated by maternal factors in the systemic proinflammatory and hypercoagulable states,
which are closely associated with oxidative stress.

5. PE and Oxidative Stress

The placental hypoperfusion caused by poor transformation of the spiral arteries and the resulting
ischemia and reperfusion damage can cause the severe oxidative stress found in placentas from PE
patients. This oxidative stress develops because of an imbalance between the production and clearance
of oxidants. Nicotinamide adenine dinucleotide phosphate oxidase (NADPH oxidase), which catalyzes
the production of superoxide free radicals, is found to be hyperactive in placentas from PE patients,
especially on the surface of the syncytiotrophoblast microvilli [50,51], suggesting that PE placentas
produce more superoxide. In contrast, the NADPH oxidase isoform NOX4, which protects vascular
function [52], is downregulated in the placental villous tissue of PE patients [53]. The activity of
xanthine oxidase (XO), which uses O2 as the electron acceptor to generate reactive oxygen species
(ROS) [54], is also higher in the plasma and cytotrophoblast cells of PE patients than women with
normal pregnancies [55,56].

Mitochondria, which provide 90% of the cellular metabolic energy through aerobic energy
production [57], can become a major source of intracellular and extracellular oxidative stress when
they become dysfunctional, as found in the placentas of PE patients [58]. Placental ischemia reduces
mitochondrial respiration, increasing ROS production during PE [59–61] and leading to mitochondrial
oxidative stress in placental cells [6,60]. However, the mitochondrial oxidative stress is not limited to
placental cells; it can also occur in maternal organs such as the kidneys [60]. In addition to intracellular
mitochondrial dysfunction, morphologically intact extracellular mitochondria (exMTs) have been
increasingly detected in diseased states [62–66]. We have recently shown that exMTs released during
acute phase reactions remain metabolically competent and capable of generating ATP and ROS [67].
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However, the evidence directly linking oxidative stress to the PE-induced prothrombotic state remains
circumstantial, as we discuss in the following sections.

6. Oxidative Stress in the PE-Induced Prothrombotic State

Human hemostasis consists of four distinct but closely related components: endothelial cells,
platelets and adhesive ligands, coagulation, and fibrinolysis (Figure 1). Their dysfunction, either alone
or in different combinations, can result in bleeding diathesis or thrombosis in the veins and arteries.
The PE-associated prothrombotic state involves all four components, but how oxidative stress modifies
these hemostatic components remains poorly understood.
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Figure 1. Schematic illustration of human hemostasis. Hemostasis begins at the site of vascular
injury. Platelets first adhere to the exposed subendothelium and, through multiple ligand–receptor
interactions, are activated and aggregate by fibrinogen crosslinking to form a plug to seal the wound.
Anionic phospholipids exposed on the surface of activated platelets also trigger coagulation through
a series of enzymatic actions of coagulation factors (e.g., inactive factor X (FX) to activated FX
(Fxa)), resulting in the eventual activation of thrombin, which cleaves fibrinogen to generate fibrin
fibrils that crosslink and stabilize the platelet plug to arrest bleeding. The fibrin fibrils then activate
the fibrinolysis pathway that generates plasmin to cleave these fibrils to re-establish circulation.
VWF: von Willebrand factor; TF: tissue factor; PS: phosphatidylserine; HMK: high molecular weight
kininogen; PK: prekallibrein; tPA: tissue plasminogen activator; uPA: urokinase.

6.1. Oxidative Stress on the Endothelium

The intact endothelium lining the vascular lumen is an anticoagulant and antithrombotic
surface because it is covered by a protective layer of proteoglycans called the glycocalyx [68].
The endothelium exposed to oxidative stress and inflammatory stimuli loses the glycocalyx
and becomes highly procoagulant by increasing its permeability, reducing the bioavailability
of the vascular relaxing factor nitro-oxide (NO) and the antiplatelet factor prostaglandin [69],
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tethering platelets and leukocytes to its surface [70], and promoting the deposition of fibrin generated
through coagulation. Exogenous superoxide activates the endothelial cells to release proinflammatory
mediators (e.g., interleukin (IL)-8, tumor necrosis factor (TNF)-α) and express adhesion molecules
(e.g., Intercellular Adhesion Molecule 1 and P-selectin) and tissue factor [71,72].

6.2. Oxidative Stress on Platelets

Platelets adhere to and aggregate on the subendothelial matrix to form a hemostatic plug
at the site of vascular injury. Their reactivity to common agonists is regulated by endogenous
and exogenous redox signals [73]. Platelets produce and release ROS upon activation by common
agonists [74] and can also be activated [75] or sensitized by ROS for activation by other platelet
stimuli [76]. For example, the subendothelial matrix protein collagen stimulates platelets to produce
ROS by binding to the glycoprotein (GP) VI and subsequent signaling [77,78]. Platelets produce
ROS primarily through NAD(P)H-oxidase (NOX) after exposure to agonists; the ROS thus produced
regulate the activation of αIIbβ3 integrin but have a minimal impact on the secretion from α- and
dense-granules and the shape changes of platelets [74]. Human platelets express both NOX1 and
NOX2 [79], which differentially regulate platelet reactivity [80,81]. Platelets produce O2

− when they
are exposed to anoxia–reoxygenation conditions and aggregate [82]. Superoxide can be converted to
hydrogen peroxide (H2O2), which also induces platelet aggregation [76] and enhances the aggregation
induced by collagen and arachidonic acid [78,83]. H2O2 sensitizes platelets for collagen-induced
activation by oxidizing thiols in the SH2 domain-containing protein tyrosine phosphatase-2 in the GP
VI-mediated signaling pathway [78,84,85]. Platelet reactivity is attenuated by the redox factor NO [86]
and inhibited by superoxide dismutase (SOD), catalase, and the hydroxyl radical scavengers mannitol
and deoxyribose. The redox states of thiols in key platelet receptors also regulate the platelets’ reactivity
to agonists [87]. For example, the platelet-derived protein disulfide isomerase (PDI), which is detected
on the surface of resting platelets [88], regulates the redox states of active thiols on αIIbβ3 integrin for
binding fibrinogen [89,90]. PDI also mediates the disulfide exchange required for collagen binding
to its platelet receptor α2β1 [91]. It is therefore not surprising that platelets deficient in PDI and its
homologs activate and aggregate poorly in response to agonists [92].

In addition to soluble oxidants, metabolically active exMTs released from injured cells can also
become a significant and persistent source of oxidative stress [67] because blood is only mildly reducing
compared with the highly reducing environment of the cytoplasm [93]. These exMTs bind platelets
through the lipid receptor CD36 to activate them in an ROS-dependent manner [67]. By binding to
target cells, ROS produced by exMTs can be localized, concentrated, and potentially shielded from the
antioxidant activity of the blood.

Oxidative stress has been well established as a key pathology of PE but evidence of how oxidative
stress regulates platelets in PE patients remains circumstantial. Although oxidized and free cysteine
and homocysteine are significantly increased, the ratio of free to oxidized cysteine is lower in the
blood of PE patients than in that of women with normotensive pregnancies [94], suggesting a systemic
oxidative stress that could affect the redox state of platelet surface thiols [93]. Platelets from PE patients
also have reduced L-arginine transport, increased protein carbonyl content, and reduced catalase
activity, compared with women with normotensive pregnancies [95]. Consistent with this notion,
we detected significantly more platelet-derived extracellular vesicles in PE patients than in women
with normotensive pregnancies [22]. These EVs can be released from platelets exposed to oxidative
stress [67,96,97]. This finding is reproducible in mouse models of PE [21]. Platelets activated by oxidative
stress can be rapidly removed from circulation, resulting in thrombocytopenia, as reported for mice
deficient in endothelial nitric oxide synthase (eNOS) in the presence of excess sFlt-1 [98]. Furthermore,
patients with HELLP syndrome, a severe complication of PE [35], develop thrombocytopenia primarily
due to thrombotic microangiopathy [99,100], which is similar to that found in patients with thrombotic
thrombocytopenic purpura. This finding not only implicates platelets in the pathogenesis of PE and its
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complications but also suggests that von Willebrand factor (VWF), a key adhesive ligand that mediates
platelet hemostasis [101], is dysfunctional in patients with PE and in those with HELLP syndrome.

6.3. Oxidative Stress on Platelet Adhesive Ligands

Oxidative stress regulates not only platelet reactivity but also the adhesive ligands that bind
and activate platelets. Among these adhesive ligands, VWF has been studied most extensively for
redox regulations. VWF is synthesized in megakaryocytes and endothelial cells as large multimers,
which can interact simultaneously with multiple receptors on the same cell (receptor crosslinking)
or different cells (cell coupling). Once synthesized, VWF multimers are either constitutively released
into the circulation or stored in the Weibel–Palade bodies of endothelial cells and the α-granules
of megakaryocytes/platelets, where multimerization continues to generate ultra-large (UL) VWF
multimers [101]. These ULVWF multimers are highly prothrombotic because they are intrinsically
hyperadhesive and spontaneously bind circulating platelets, endothelial cells, and other cells [102–105].
They are released when endothelial cells and platelets are activated by inflammatory and oxidative
stimuli and are anchored to endothelial cells, where they are rapidly cleaved at the Y1605–M1606
peptide bond in the A2 domain of VWF by the metalloprotease ADAMTS-13 (a disintegrin and
metalloprotease with a thrombospondin Type 1 motif, Member 13) into smaller multimers, which are
then released into circulation [106–108]. These smaller circulating VWF multimers are significantly
less adhesive (inert), binding platelets poorly unless they are immobilized on subendothelial collagen
at the site of vascular injury or activated by high fluid shear stress [109]. However, oxidative stress
can activate these inert VWF multimers or enhance their adhesive activity through several means.
First, it oxidizes the methionine residues of VWF, especially at the cleavage site (M1606) to make
it resistant to cleavage by ADAMTS-13 [110]. VWF oxidized by peroxynitrite is also resistant to
ADAMTS-13 cleavage [111]. Second, multiple cysteine thiols on VWF can be oxidized to form
laterally associated hyperadhesive fibrils [112,113]. Third, the oxidation of two vicinal cysteines in
the A2 domain induces a conformational change to expose the platelet-binding A1 domain and
activate VWF [114]. Fourth, methionine oxidation also makes ADAMTS-13 less active in cleaving
VWF [115]. Finally, thiols at the C-terminus of ADAMTS-13 can be oxidized to abolish their disulfide
bond-reducing activity [116].

While this has not been specifically reported, several lines of circumstantial evidence suggest that
the activities of both VWF and ADAMTS-13 are changed in PE patients. First, systemic and placental
oxidative stress has been demonstrated extensively in the condition of PE. Second, plasma VWF
antigens and their adhesive activities are both significantly elevated in patients with PE and those
with HELLP syndrome [22,117–119]. Third, plasma ADAMTS-13 antigens and activity are reduced
in patients with PE or HELLP syndrome [117,120], resulting in a kinetic ADAMTS-13 deficiency and
hyperadhesive VWF.

6.4. Oxidative Stress on Coagulation and Fibrinolysis

At the site of vascular injury, platelets adhere and aggregate on the subendothelial matrix to form
a plug that seals the wound (Figure 1). This platelet plug is stabilized by crosslinked fibrin, which is
generated from fibrinogen cleaved by thrombin. When hemostasis is achieved, the fibrin polymers
are lysed by plasmin to reestablish circulation occluded by the hemostatic plug. Both coagulation
and fibrinolysis are achieved through serial enzymatic reactions involving multiple coagulation and
fibrinolytic factors.

Thrombin was reported to be inactivated irreversibly by increasing levels of oxygen in 1949 [121],
providing the first evidence of oxidative regulation of coagulation. Both the intrinsic and extrinsic
pathways are susceptible to shifts in the redox balance, with the intrinsic pathway being more sensitive
to oxidation, whereas the extrinsic pathway is more sensitive to reduction [122]. Tissue factor contains a
surface-exposed allosteric disulfide bond in the membrane-proximal fibronectin Type III domain [123].
This allosteric disulfide bond stabilizes the carboxyl-terminal domain involved in interactions with
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coagulation factors VII and X on a PS-rich surface to trigger coagulation [124,125]. PDI can modify this
allosteric disulfide bond by reduction, S-nitrosylation, and glutathionation [124]. Both prothrombin
and fibrinogen also undergo carbonylation under oxidative stress [126]. Fibrinogen crosslinks αIIbβ3
integrin to aggregate platelets and, upon cleavage by thrombin, polymerizes into fibrin fibrils. It can be
oxidized at multiple sites, reducing the rate of fibrin polymerization [127] and the stability and strength
of the fibrin network [128,129]. Oxidized fibrinogen also suppresses platelet aggregation induced by
collagen, VWF, and adenosine diphosphate [127]. The prothrombotic genetic variants factor V Leiden
and prothrombin G20210A have been associated with PE [130,131] and HELLP syndrome [132,133]
but the association has not been consistently detected [134–136]. There is no report on oxidative
modification of both factors in PE or other settings.

In contrast, the impact of oxidation on fibrinolysis is far less known and remains controversial.
On the one hand, oxidized fibrin serves as a better substrate for plasmin to cleave during
fibrinolysis and enhances the activation of pro-urokinase [137]. On the other hand, hydroxyl radicals
generated from ferric ions convert fibrinogen to aberrant fibrin clots that are resistant to fibrinolytic
degradation [138]. Leukocyte-derived oxidant chloramine-T, which preferentially oxidizes methionine
residues, reduces the activity of tissue plasminogen activator by 40% [139]. Physiological concentrations
of chloramines at 1 mM or higher can oxidize fibrinogen and coagulation factors V, VIII, and X in a
dose-dependent manner to reduce their activities and inhibit platelet aggregation [140]. The inhibitory
effects of chloramines can be blocked by methionine, cysteine, or ascorbic acid but not by mannitol,
superoxide dismutase, or catalase.

Oxidative stress modifies not only proteins but also lipids [141]. Lipid peroxidation could regulate
hemostasis during pregnancy through at least two pathways. First, membrane lipids such as PS,
which initiates and propagates both intrinsic and extrinsic coagulation, are highly sensitive to
peroxidation [142]. Enzymatically oxidized phospholipids restore hemostasis in humans and mice
with pathological bleeding, suggesting that lipid peroxidation enhances the procoagulant activity
of these anionic phospholipids. Oxidized PS has indeed been shown to enhance the formation of
extrinsic tenase, intrinsic tenase, and prothrombinase [143], resulting in a hypercoagulable state.
Second, patients with PE often develop dyslipidemia, with increased levels of serum triglyceride,
decreased levels of high-density lipoprotein (HDL), reduced sizes of low-density lipoprotein (LDL),
and a reduced ratio of LDL cholesterol to apolipoprotein B (LDLc–apo B) in the third trimester [144].
These smaller LDL particles are more susceptible to oxidation [145]. In one report, women with high
concentrations of oxidized LDL (≥50 U/L) had a 2.9-fold increased risk of PE over those with less
oxidized LDL (95% CI 1.4–5.9) [146].

7. Antioxidant Therapies in PE

7.1. Endogenous Antioxidants

The primary defense against oxidative stress are endogenous antioxidants such as SOD, catalase,
and glutathione peroxidase that neutralize ROS. The level of SOD in the normal placental villous tissues
increases from 8 weeks to 20 weeks of gestation [147], presumably to enhance antioxidant defense.
The synthesis and enzymatic activity of all three enzymes are lower in placentas from PE patients
than those from women with normotensive pregnancies [148–150]. Both SOD and catalase are also
lower in the blood of PE patients than in that of normotensive pregnant women [151]. The rate-limiting
enzyme heme oxygenase-1 (HO-1) catalyzes the potent oxidant heme into carbon monoxide, biliverdin,
and free iron, thus serving as an antioxidant against cellular stresses like hypoxia and inflammation.
The expression of HO-1 is reduced in placentas from PE patients [152,153]. Nuclear factor erythroid
2-related factor 2 (Nrf2) is a transcription activator that is expressed primarily in cytotrophoblast cells
and regulates the expression of antioxidant proteins in these cells. Its expression is upregulated in the
placentas of PE patients compared with gestation-matched normotensive subjects [154]. The chemical
element selenium is an essential component of the antioxidants glutathione peroxidase and thioredoxin
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reductase. A meta-analysis by Xu et al. [155] reported that patients with PE have lower levels of plasma
selenium than healthy pregnant women.

7.2. Therapeutic Antioxidants

Nanoscale selenium (Nano-Se) has been shown to ameliorate hyper-homocysteinemia-induced
endothelial injury by inhibiting mitochondrial oxidative damage and apoptosis [156]. Selenium could
also protect trophoblast cells from mitochondrial oxidative stress and ROS-mediated apoptosis [157,158],
reducing the rate of PE [155]. Women who received 200 mg daily of CoQ10, a proton transfer
agent in the mitochondrial electron transport chain, between 20 weeks of gestation and delivery,
reduced their risk of PE compared with placebo controls [159]. CoQ10 has also been shown to
improve specifically endothelial function [160]. Ergothioneine reduces the risk of PE [161], primarily by
mitigating iron-induced oxidative stress. In a rat model of PE, ergothioneine ameliorated hypertension,
reduced mitochondrial-specific H2O2 in the kidneys, and increased the fetal weight [162].

Both antiplatelet aspirin and anticoagulant heparin have been increasingly recommended for
women at high risk of preeclampsia [163]. Apart from its conventional antithrombotic activity,
aspirin has a modest ability of scavenging superoxide and it also contributes to the release of NO from the
endothelium, which might result from the direct acetylation of eNOS [164]. Aspirin-triggered lipoxins
inhibit the NADPH oxidase-mediated generation of ROS and nitrotyrosine in the endothelial
cells [165,166]. Heparin has also been reported to reduce the plasma level of peroxides and increase
the activity of SOD and catalase in red blood cells [167]. Low molecular weight heparin is shown
to protect endothelial cells exposed to H2O2 [168]. However, it is not known whether aspirin and
heparin reduce oxidative stress directly or by improving the systemic inflammation and tissue
ischemia associated with the prothrombotic state of PE patients. Both the antioxidants pyrrolidine
dithiocarbamate and N-acetylcysteine reduce the procoagulant activity of TNF-α-stimulated endothelial
cells [72]. Antioxidants and NOX inhibitors significantly reduce platelet activation, aggregation,
and thrombus formation [79,169].

8. Conclusions

Oxidative stress plays a physiological role in placenta development but it can also cause placental
pathologies and systemic conditions that initiate or propagate PE (Figure 2). Oxidative stress modifies
the cells and molecules involved in all four components of hemostasis, resulting in hypercoagulable
and prothrombotic states. These oxidative modifications are well documented for their biochemistry
and cellular impacts but remain poorly understood for their specific roles in the pathogenesis of PE,
especially regarding their impact on hemostasis in the condition of PE. Elucidating the role of oxidative
stress in the pathogenesis of the PE-induced prothrombotic state could lead to new predictive markers
and therapeutic targets for this severe pregnancy complication.
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Figure 2. Pathogenesis of the preeclampsia (PE)-associated prothrombotic state. Placental 
ischemia–reperfusion injury induces mitochondrial dysfunction and oxidative stress and reduces the 
antioxidative defense, producing excessive reactive oxygen species (ROS). This oxidative stress 
propagates placental injury and also disseminates to systemic circulation, where it injures 
endothelial cells and activates platelets to express procoagulant activities and to produce 
prothrombotic and proinflammatory extracellular vesicles. The procoagulant cells and molecules 
initiate and propagate the hypercoagulable and prothrombotic states that result in arterial and 
venous thrombosis, renal dysfunction, and fetal growth restriction (FGR). eNOS: endothelial nitric 
oxide synthase; XO: xanthine oxidase; SOD: superoxide dismutase; GSH-Px: glutathione peroxidase; 
HO-1: heme oxygenase-1; TF: tissue factor; ICAM: Intercellular Adhesion Molecule; NO: nitric oxide; 
PGI2: Prostaglandin I2. 

  

Figure 2. Pathogenesis of the preeclampsia (PE)-associated prothrombotic state. Placental ischemia–
reperfusion injury induces mitochondrial dysfunction and oxidative stress and reduces the antioxidative
defense, producing excessive reactive oxygen species (ROS). This oxidative stress propagates placental
injury and also disseminates to systemic circulation, where it injures endothelial cells and activates
platelets to express procoagulant activities and to produce prothrombotic and proinflammatory
extracellular vesicles. The procoagulant cells and molecules initiate and propagate the hypercoagulable
and prothrombotic states that result in arterial and venous thrombosis, renal dysfunction,
and fetal growth restriction (FGR). eNOS: endothelial nitric oxide synthase; XO: xanthine oxidase;
SOD: superoxide dismutase; GSH-Px: glutathione peroxidase; HO-1: heme oxygenase-1; TF: tissue
factor; ICAM: Intercellular Adhesion Molecule; NO: nitric oxide; PGI2: Prostaglandin I2.

192



Antioxidants 2020, 9, 1139

Author Contributions: C.H., P.H., M.L., and J.D. conducted the literature search and wrote the manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding: This work is supported by Grant HL152200 from the National Institute of Health, USA; Grant 82071674
from the Natural Science Foundation of China; and Grant 20JCYBJC00440 from the Natural Science Foundation of
Tianjin Municipal Science and Technology.

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

References

1. American College of Obstetricians and Gynecologists’ Committee on Practice Bulletins—Obstetrics.
Gestational hypertension and preeclampsia: Acog practice bulletin, number 222. Obstet. Gynecol. 2020, 135,
e237–e260. [CrossRef]

2. Steegers, E.A.; von Dadelszen, P.; Duvekot, J.J.; Pijnenborg, R. Pre-eclampsia. Lancet 2010, 376, 631–644.
[CrossRef]

3. Ananth, C.V.; Keyes, K.M.; Wapner, R.J. Pre-eclampsia rates in the united states, 1980–2010: Age-period-cohort
analysis. BMJ (Clin. Res. Ed.) 2013, 347, f6564. [CrossRef]

4. Chaiworapongsa, T.; Chaemsaithong, P.; Yeo, L.; Romero, R. Pre-eclampsia part 1: Current understanding of
its pathophysiology. Nat. Rev. Nephrol. 2014, 10, 466–480. [CrossRef]

5. Bellamy, L.; Casas, J.P.; Hingorani, A.D.; Williams, D.J. Pre-eclampsia and risk of cardiovascular disease and
cancer in later life: Systematic review and meta-analysis. BMJ (Clin. Res. Ed.) 2007, 335, 974. [CrossRef]

6. Schoots, M.H.; Gordijn, S.J.; Scherjon, S.A.; van Goor, H.; Hillebrands, J.L. Oxidative stress in placental
pathology. Placenta 2018, 69, 153–161. [CrossRef]

7. Burton, G.J.; Jauniaux, E.; Watson, A.L. Maternal arterial connections to the placental intervillous space
during the first trimester of human pregnancy: The boyd collection revisited. Am. J. Obstet. Gynecol. 1999,
181, 718–724. [CrossRef]

8. Burton, G.J.; Hempstock, J.; Jauniaux, E. Oxygen, early embryonic metabolism and free radical-mediated
embryopathies. Reprod. Biomed. Online 2003, 6, 84–96. [CrossRef]

9. Jauniaux, E.; Watson, A.L.; Hempstock, J.; Bao, Y.P.; Skepper, J.N.; Burton, G.J. Onset of maternal arterial
blood flow and placental oxidative stress. A possible factor in human early pregnancy failure. Am. J. Pathol.
2000, 157, 2111–2122. [CrossRef]
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Abstract: One of the consequences of the increased level of oxidative stress that often characterizes
the cancer cell environment is the abnormal generation of lipid peroxidation products, above all
4-hydroxynonenal. The contribution of this aldehyde to the pathogenesis of several diseases is well
known. In this study, we characterized the ADF astrocytoma cell line both in terms of its pattern
of enzymatic activities devoted to 4-hydroxynonenal removal and its resistance to oxidative stress
induced by exposure to hydrogen peroxide. A comparison with lens cell lines, which, due to the
ocular function, are normally exposed to oxidative conditions is reported. Our results show that,
overall, ADF cells counteract oxidative stress conditions better than normal cells, thus confirming
the redox adaptation demonstrated for several cancer cells. In addition, the markedly high level
of NADP+-dependent dehydrogenase activity acting on the glutahionyl-hydroxynonanal adduct
detected in ADF cells may promote, at the same time, the detoxification and recovery of cell-reducing
power in these cells.

Keywords: 4-hydroxy-2-nonenal; 3-glutathionyl-4-hydroxynonanal; astrocytoma cells

1. Introduction

Cancer cells often have to deal with the generation of reactive oxygen species (ROS) and an altered
redox status [1,2]. At the same time, an increased antioxidant capacity often enables cancer cells to
adapt to oxidative stress. [3,4]. Thus, cancer cells can easily survive under oxidative stress conditions,
and this redox adaptation increases their resistance to anticancer and radiation therapies [5–7].

The high rate of oxygen consumption, the high level of lipids, and the relatively low level
of enzymes involved in the antioxidant defense make the central nervous system particularly
susceptible to oxidative stress [8]. In fact, evidence of a marked increase in lipid peroxidation
processes has been reported in patients with glioblastoma [9], the most common type of brain tumor.
In addition, isocitrate dehydrogenase (IDH) mutations have been frequently observed in glioma
cells [10]. ROS accumulation, disruption of the NADP/NADPH balance and abnormally high reduced
glutathione (GSH)/glutathione disulfide (GSSG) ratios have been observed in several glioma cells
and correlated with IDH mutations [11–13]. Astrocytoma is characterized by a high resistance
to radiotherapy and chemotherapy treatments [14]. The alkylating agent temozolomide (TMZ) is
currently used in standard chemotherapeutic treatment in addition to radiotherapy [15,16]. However,
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the sensitivity of glioblastomas to TMZ is variable and several mechanisms of drug resistance have been
hypothesized, linked to different DNA repair pathways [17]. Recently, a role for oxidative stress and
aldehyde dehydrogenase ALDH1A3 in the TMZ-induced therapeutic effects has been suggested [18,19].
It was shown that ALDH1A3, through its ability to detoxify lipid peroxidation products, confers to
glioblastoma cells chemoresistance against TMZ.

Among lipid peroxidation products, 4-hydroxy-2-nonenal (HNE) is one of the most abundant and
is considered a classical marker of oxidative stress in cells [20]. Due to its chemical reactivity, HNE
easily covalently reacts with low molecular weight compounds, such as GSH, and with proteins and
DNA, thus differentially affecting, depending on its intracellular concentration, cell cycle regulation
towards proliferation or apoptosis [21].

The main metabolic pathways of HNE involve both NAD(P)-dependent oxidoreductases and
GSH conjugation [20].

A set of specific enzymes presenting a high affinity for HNE are able to metabolize the free aldehyde
(i.e., aldo-keto reductases AKR1B1 and AKR1B10 and aldehyde dehydrogenases) [22–27]. However, HNE
is mainly metabolized by direct conjugation with GSH, forming 3-glutathionyl-4-hydroxynonanal
(GSHNE) [28]. In addition to its possible occurrence through the chemical reactivity of the reagents,
GSHNE formation is enhanced by the action of glutathione S-transferases (GSTs). Of the various GST
isoforms, GSTA4 presents the highest HNE affinity [29].

In turn, the metabolic fate of GSHNE takes place both through an oxidative and a reductive pathway.
Recent evidence indicates that GSHNE may undergo oxidation, at the level of its hemiacetal hydroxyl
group, through an efficient NADP+-dependent reaction catalysed by carbonyl reductase 1 (CBR1),
leading to the corresponding 3-glutathionyl-nonanoic-γ-lactone (GSHNA-γ-lactone) [30]. On the other
hand, GSHNE reduction, which is primarily driven by aldose reductase (AKR1B1) [26], generates
glutathione-1,4-dihydroxynonane (GSDHN), a signalling molecule involved in the inflammation
response through the NF-κB activation pathway. In addition, CBR1 can reduce GSHNE to GSDHN,
thus contributing to the inflammatory signalling action associated with GSHNE reduction [31].

In this work, we report the occurrence in the human ADF astrocytoma cell line of a substantial
enzymatic pattern that intervenes in HNE detoxification and is robust in oxidative stress conditions.

2. Materials and Methods

2.1. Materials

Cell culture media, fetal bovine serum (FBS), penicillin/streptomycin solution, gentamicin,
and glutamine were purchased from Euroclone (Pero, Italy). HNE was synthesized as previously
described [30]. GSHNE was synthesized as described [32]. NADP+, NAD+, NADPH and NADH
were from Carbosynth (Compton, England). GSH, GSSG, bovine serum albumin, D,L-glyceraldehyde
(GAL), propanal, 1,1,3,3-tetraetoxipropane (TEP), D,L-dithiothreitol (DTT), 1-(4,5-Dimethylthiazol-2-yl)-
3,5-diphenylformazan (MTT), sorbinil, disulfiram and amphotericin B were from Merck Life Science
(Milan, Italy). Hank’s balanced salt solution (HBSS) composition was: 0.014% (w/v) CaCl2, 0.01%
(w/v) MgSO4, 0.04% (w/v) KCl, 0.006% (w/v) KH2PO4, 0.8% (w/v) NaCl, 0.005% (w/v) Na2HPO4, 0.1%
(w/v) D-glucose. All inorganic chemicals were of reagent grade from BDH (VWR International,
Poole, Dorset, UK).

2.2. Cell Cultures

All the cell lines were cultured at 37 ◦C in a humidified atmosphere in the presence of 5% CO2.
Human astrocytoma ADF cells, established from a primary tumor (Grade IV astrocytoma) [33,34]
were kindly provided by Dr. W. Malorni, Istituto Superiore di Sanità, Rome, Italy. Concerning
genetic alteration regarding IDH mutations, ADF were classified, according to WHO, as NOS [35].
ADF cells were cultured in RPMI 1640 medium supplemented with 10% (v/v) FBS, 50 mU/mL
penicillin/streptomycin and 2 mM glutamine. The human lens epithelial cells (HLEC) line B3,
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was obtained from American Type Culture Collection (Rockville, MD, USA) and cultured in Eagle’s
modified essential medium (MEM) supplemented with 20% (v/v) FBS, 50 mU/mL penicillin/streptomycin
and 2 mM glutamine. Primary cultures of bovine lens epithelial cells (BLEC) were obtained from
the dissection of bovine (Bos taurus) lenses and cultured in RPMI 1640 medium supplemented with
10% (v/v) FBS, 2 mM glutamine, 2.5 mg/mL amphotericin B and 50 mU/mL penicillin/streptomycin.
The experiments were performed on BLEC that did not exceed three passages.

2.3. Cell Viability Assay

MTT assay was performed according to Mosman with minor modifications [36]. Briefly, an MTT
solution (0.5 mg/mL final concentration) was added to the cells, which were incubated at 37 ◦C for 1 h
in the case of the ADF cells and BLEC, or 30 min in the case of HLEC. Then, for the solubilization of
formazan crystals, an equal volume of a solution of isopropanol containing 0.4 N HCl was added to the
cell medium. Cells were maintained in agitation for 10 min at 37 ◦C. The absorbance of the solutions
was then read at 563 nm with a EL-808 microplate reader (BioTek Instruments, Winooski, VT, USA).

2.4. Oxidative Treatment of Cells

Before the oxidative treatment, BLECs and ADF cells were incubated for 24 h in RPMI 1640
medium containing 2% (v/v) FBS, 50 mU/mL penicillin/streptomycin and 2 mM glutamine, while HLEC
were incubated for 24 h in MEM containing 0.5% FBS (v/v), 50 µg/mL gentamicin and 2 mM glutamine.

Oxidative treatment with H2O2 was applied to ADF cells and BLEC maintained in HBSS
supplemented with 2 mM glutamine, and to HLEC maintained in MEM containing 0.5% FBS (v/v),
50 µg/mL gentamicin and 2mM glutamine.

Measurement of H2O2 concentration was performed as described [37].

2.5. Enzyme Activity Assays

The enzymatic activities described below were measured on cell lysates obtained through
a freezing and thawing protocol, followed by a 10,000 x g centrifugation at 4 ◦C for 30 min,
and subjected to an over-night dialysis (dialysis tubing cut off: 10 kDa) against 10 mM sodium
phosphate buffer pH 7. All the enzymatic activities were determined using a Libra Biochrom (Biochrom
Ltd., Cambourne Cambridge, UK) spectrophotometer.

Glutathione reductase activity was determined at 30 ◦C following the decrease in absorbance
at 340 nm due to the oxidation of 0.2 mM NADPH (ε340 = 6.22 mM−1 cm−1) in a 0.2 M potassium
phosphate pH 7 buffer, in the presence of 10 mM EDTA and 0.5 mM GSSG.

Glutathione peroxidase activity was determined at 37 ◦C following the decrease in absorbance at
340 nm due to the oxidation of 0.2 mM NADPH in a 0.1 M Tris-HCl pH 7 buffer, in the presence of
1.3 U/mL glutathione reductase, 0.5 mM EDTA, 0.2 mM GSH and 0.125 mM H2O2.

Glutathione S-transferase activity was evaluated at 25 ◦C following the increase in absorbance
at 340 nm linked to the formation of the adduct between 1-chloro-2,4-dinitrobenzene (CDNB) and
GSH (ε340 = 9.6 mM−1cm−1). The assay mixture contained 0.1 M potassium phosphate pH 6.5 buffer,
0.6 mM CDNB and 1 mM GSH.

Catalase activity was measured at 25 ◦C following the decrease in absorbance at 240 nm (ε240 = 0.04
mM−1 cm−1) in a reaction mixture containing 0.05 M sodium phosphate pH 7.4 buffer and 10 mM H2O2.

The NADPH-dependent reductase activities were measured at 37 ◦C as described [38], using 5 mM
of GAL or 0.1 mM of either HNE or GSHNE as substrates. The dehydrogenase activities were measured
at 37 ◦C following the increase in absorbance at 340 nm due to the reduction of NAD(P)+. The reaction
mixtures contained 50 mM sodium phosphate buffer pH 8.4, 0.18 mM of either NAD+ or NADP+ and
one of the following substrates: 5 mM GAL, 5 mM propanal, 0.1 mM HNE or 0.1 mM GSHNE.

For all the activities mentioned, one unit of enzyme activity refers to the amount of enzyme that
catalyses the conversion of 1 µmol of substrate/min in the conditions described.
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2.6. Malondialdehyde Determination

Malondialdehyde (MDA) levels were determined by the thiobarbituric acid (TBA) assay according
to [39]. At the end of the treatment, harvested cells were immediately analyzed. Whole lysate was
obtained by ultrasonic treatment in the presence of 0.375 mM butylated hydroxytoluene and 1 mM
EDTA. The TBA solution (1.2 mL), composed of 15% (w/v) trichloroacetic acid, 2% (v/v) acetic acid and
0.375% (w/v) TBA, was added to the sample (0.25 mL). The mixture was placed in a boiling bath for 10 min
and then subjected to a 3000 x g centrifugation at room temperature for 2 min. The fluorescence intensity
of the supernatant obtained was measured with a Jasco FP6500 spectrofluorimeter (Jasco Europe,
Lecco, Italy) with excitation and emission wavelengths of 515 nm and 550 nm, respectively. MDA
content was evaluated referring to a calibration curve obtained using TEP as a standard.

2.7. Other Methods

Reduced, oxidized and total intracellular glutathione levels were measured as previously
described [40]. Protein concentration was determined according to Bradford [41], using a Bio-Rad
(Hercules, CA, USA) protein assay kit with a calibration curve obtained using bovine serum albumin
as the standard. Statistical analysis was performed using one-way ANOVA and Tukey’s post hoc test
carried out with Graphpad 6.0.

3. Results and Discussion

3.1. HNE and GSHNE Detoxification Pathways in ADF Cells Crude Extracts

The incubation of ADF cell crude extracts with HNE and GSHNE in the presence of pyridine
cofactors revealed that reduction took place on both substrates only through NADPH-dependent
reactions. On the contrary, oxidation occurred only on GSHNE, through both NAD+ and
NADP+-dependent reactions. The levels of the enzyme activities involved in the redox transformations
of HNE and GSHNE in ADF cells are reported in Table 1, which also gives the results obtained
on crude extracts of HLEC. These cells, because of the eye function, are constantly exposed to
oxidative stress conditions, as a consequence of the daily exposure to sunlight and atmospheric
oxygen [42–46]. As different eye components, also epithelial lens cells are well equipped with several
antioxidant systems to counteract oxidative stress arising from the environmental exposure [47].
Thus, HLEC (as for BLEC, see below) were used as control non-tumor cells for the comparison
with ADF to evaluate the antioxidant defense capability. The two cell extracts displayed similar
NADPH-dependent activity patterns. In contrast, differences were observed in the GSHNE oxidation
patterns. In fact, the NAD+-dependent dehydrogenase activity on GSHNE measured in ADF
cells was lacking in HLEC. Moreover, the NADP+-dependent oxidative reaction on GSHNE was
at least ten times higher in ADF cells than in HLEC. The specificity of NADPH as a cofactor
for HNE transformation suggests the involvement of aldo-keto reductases (AKRs), pre-eminently
AKR1B1. In fact, there is evidence that in astrocytomas, there is a simultaneous over-expression of
AKR1B1 and under-expression of AKR1B10 [48]. In addition to the activity on HNE, in the ADF cell
extracts, we measured an NADPH-dependent reduction of GAL, a typical AKR1B1 substrate (specific
activity 7.5 ± 1.7 mU/mg).
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Table 1. Levels of pyridine cofactor-dependent oxido/reductase activities acting on 4- hydroxynonenal
(HNE) and glutathionylhydroxynonanal (GSHNE) in cultured ADF cells and human lens epithelial
cells (HLEC).

Reaction Specific Activity (mU/mg)

Substrate Cofactor ADF HLEC

HNE

NAD+

NADP+

NADH
NADPH

n.d.
n.d
n.d.

3.0 ± 0.3

n.d.
n.d.
n.d.

2 ± 0.3

GSHNE

NAD+

NADP+

NADH
NADPH

2.2 ± 0.1
57.0 ± 2.0 ****

n.d.
2.5 ± 0.5

n.d.
5.7 ± 0.3

n.d.
1.5 ± 0.2

n.d. stands for “not detectable”. The values are the mean ± SEM from at least three independent biological repeats.
See Section 2.5 for details on assays conditions. Statistical significance with respect to HLEC: **** p < 0.0001.

When 10 µM sorbinil (a classical AKR1B1 inhibitor) [49] was present in the assay mixture, both this
reduction and the reduction of HNE were inhibited by 82% and 87%, respectively. No other possible
pathway of HNE removal was considered to affect the NADPH-dependent reduction of the aldehyde.
In fact, the α,β-double bond of HNE may undergo reduction catalysed by alkenal/one oxidase
(also known as leucotriene B4 synthase) [50] generating 4-hydroxynonanal. Although this molecule
theoretically has features that are the same as those in an AKR1B1 substrate [51], it is reduced by
purified hAKR1B1 in the presence of NADPH at a rate of even less than 10% of that measured for GAL
reduction (data not shown). This may be because the stabilization of 4-hydroxynonanal as γ-hemiacetal
reduces the availability of the open aldehyde. In addition, 4-hydroxynonanoic acid (4HNA) may also
be generated and further reduced. However, no NADPH-dependent activity was measured in the ADF
extract in the presence of 100 µM 4HNA. Furthermore, given the NAD(P)+-dependent activities present
in the crude extract, we found that 4HNA was not an oxidable substrate. This evidence suggests
that the main pyridine-dependent HNE reductive pathway is linked to a direct NADPH-dependent
transformation. Table 1 highlights the markedly high potential of pyridine cofactor dependent activities
of cell extracts toward GSHNE. This indirectly supports the relevance of a shift in the HNE metabolism
toward the glutathionylated adduct pathway. Comparing ADF and HLEC enzymatic patterns shows
that this metabolic strategy is highly developed in the cancer cell line.

The specific activities related to GSHNE transformation clearly underline the high value of the
NADP+-dependent dehydrogenase activity. In fact, it is approximately 26 times higher than the
corresponding NAD+-dependent dehydrogenase activity on the same substrate, and 23 times higher
than the NADPH-dependent reductase.

Although it may be unwise to univocally ascribe activities detected in crude extracts to specific
enzymes, the NADP+-dependent dehydrogenase activity acting on GSHNE is conceivably related to
CBR1, with the formation of GSHNA-γ-lactone [30].

It is well known that although different aldo-keto reductases (AKRs) are able to reduce the free
aldehyde [27], the only NADPH-dependent activity reported to be able to reduce its glutathionylated
adduct is represented by AKRB1. We tested this association in ADF cells by evaluating the inhibitory
effect on the NADPH-dependent activities acting on GSHNE exerted by 10 µM sorbinil. This effect
accounted for approximately 40% of inhibition. The failure of sorbinil to completely inhibit the
GSHNE reducing activities may be due to the fact that also CBR1, which is insensitive to Sorbinil [52],
may catalyse the NADPH-dependent reduction of GSHNE [30].

The catalytic action of CBR1 on GSHNE generates a disproportionation of the substrate that
produces GSHNA-γ-lactone and GSDHN even in sub saturating conditions of the cofactor [53].
Thus, the HNE removal through glutathionylation may be more efficient than what appears from
the direct measurement of NADPH oxidation in the presence of GSHNE. An NAD+-dependent
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dehydrogenase activity associated with aldehyde dehydrogenases (ALDHs), which is able to act on
GSHNE has already been hypothesised [54]. However, in our tests, the NAD+ dependent oxidation of
GSHNE measured in crude extracts of ADF cells was not affected at all when disulfiram, a classical
inhibitor of ALDHs, was present in the assay at a final concentration of 10 µM. This suggests that
disulfiram-insensitive NAD+-dependent dehydrogenase activities may be involved in the HNE
metabolism. These may include activities acting on oxidizable centres of GSHNE different than
the aldehydic group, and that may generate, besides GSHNA, 3-glutathionyl-4-oxononanal or
GSHNA-γ-lactone.

3.2. Antioxidant Enzymes’ Pattern and Antioxidant Detoxification Ability of Human ADF Cells

ADF cells, in addition to the above described efficiency in the removal of GSHNE through
both reductive and, even more efficiently, oxidative NADP-dependent steps, also appear to be
characterized by an efficient antioxidant/detoxifying enzyme pattern devoted to antagonizing
peroxidative phenomena. Table 2 compares the levels of antioxidant enzymes measured in ADF, HLEC
and BLEC crude extracts.

Table 2. Levels of enzymatic activities involved in antioxidant defense.

Enzyme Activity Specific Activity (mU/mg)

ADF HLEC BLEC

Glutathione reductase 50.7 ± 1.2 (****) (####) 13.7 ± 2.3 14.0 ± 0.98

Glutathione peroxidase 1.4 ± 0.4 1.77 ± 0.16 1.6 ± 0.58

Catalase 5800 ± 238 (****), (####) 1390 ± 142 348 ± 53.1

Glutathione S-transferase 580.0 ± 54.2 (****), (####) 34.7 ± 2.3 24 ± 5.4

The values are the mean ± SEM from at least three independent biological repeats. See Section 2.5 for details on the
assays. Statistical significance of ADF with respect to HLEC (*) and of ADF with respect to bovine lens epithelial
cells (BLEC) (#); **** and #### p < 0.0001.

Except for glutathione peroxidase, whose level was similar in the extracts of the three cell
lines, the other detoxifying enzymes are far more represented in the tumor cells. Thus, glutathione
reductase level in ADF cells is approximately 4-fold higher than those measured in the lens cell
extracts, while catalase was 4- and 16-fold higher in ADF than in HLEC and BLEC, respectively.
For glutathione S-transferase, we found an approximately 17- and 24-fold difference for ADF with
respect to HLEC and BLEC, respectively. Glutathione S-transferase is considered to play a key role
as a catalyst of the glutathionylation of alkenals. This is a crucial step in addressing HNE to its most
relevant detoxification pathway.

The susceptibility of ADF cells to oxidative stress was assessed by measuring, under a prolonged
treatment with hydrogen peroxide, both the ability of H2O2 removal from the medium and the cell
viability by MTT assay (see Section 2.3). Thus, cells in HBSS medium were supplemented with different
concentrations of H2O2 and incubated for 30 min at 37 ◦C. At the end of the incubation, the residual
H2O2 was measured, consumed H2O2 was replenished, and the cells incubated again for 30 min before
a third replenishment/incubation step. Sixty minutes after the last H2O2 supplementation (2 h of overall
incubation), the cell viability was evaluated by MTT assay. The time course of H2O2 consumption as
well as the results of the viability test are reported in Figure 1.
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Figure 1. Treatment of ADF cells with H2O2. (A): removal of H2O2. ADF cells at 70% confluence
(2.2 × 106 cells) were incubated in Hank’s balanced salt solution (HBSS) (7 mL) at 37 ◦C; cells were
supplemented with 50 (gray), 100 (green) or 150 (red) µM H2O2 at the times indicated and the
concentration of the peroxide was measured as described in Section 2.4. (B): Stability of H2O2 in the
free-cell medium. H2O2 at the concentration of 100 µM (gray squares) or 150 µM (red circles) was
incubated at 37 ◦C in a fresh HBSS medium. Blue squares and green circles refer to the incubation of
150µM H2O2 in cell free HBSS medium previously maintained for 60 min at 37 ◦C in the presence of ADF
cells alone or supplemented with 100 µM H2O2, respectively. (C): Viability assay for ADF cells subjected
to oxidative insult by H2O2 treatment. 1-(4,5-Dimethylthiazol-2-yl)-3,5-diphenylformazan (MTT) assay
was performed at the end of the incubation in the presence of the indicated H2O2 concentrations under
the conditions described in Panel (A). All the values are the mean ± SEM of at least three independent
experiments. Significance was evaluated with respect to untreated cells; *** p < 0.001.

The figure highlights the marked ability of ADF cells to detoxify the peroxide. No significant
differences were observed in the rate of H2O2 removal after repeated additions of the oxidant,
which suggests a strong antioxidant capacity (Figure 1A). Given that H2O2 is stable in fresh HBSS
medium or in the cell free medium withdrawn after 60 min of incubation of ADF cells (Figure 1B),
oxidant removal appears to take place following cell permeation, likely exploiting the robust antioxidant
enzyme pattern reported in Table 2.

The MTT assay performed on ADF cells at the end of the oxidative insult confirms the resistance of
this cancer cell line to oxidative stress at least for up to 2 h of incubation with 100 µM H2O2 (Figure 1C).

In order to verify the intracellular impact of the oxidative insult on the activities acting on HNE
and its glutathionyl adduct (Table 1), the levels of these activities were measured at the end of the
most severe oxidative treatment described in Figure 1 (i.e., 150 µM H2O2). The results are reported
in Figure 2. No significant changes were observed for the NADPH-dependent reductase activities
acting on HNE and GSHNE, or for the NAD(P)+-dependent dehydrogenase activities acting on
GSHNE (Figure 2A, B and C). In addition, to evaluate the effect of peroxidative conditions on other
reductase/dehydrogenase activities, different substrates were used (Figure 2D, E and F). No effect was
observed on the NADPH-dependent reductase activity measured using GAL as substrate; this activity
is likely associated with AKRs for which GAL, HNE and GSHNE are good substrates. On the other
hand, there was a significant decrease in the NAD-dependent-dehydrogenase activity assayed with
either GAL or propanal as substrates. The loss of these activities, which are probably linked to ALDH(s),
which itself is indicative of the heterogeneity of the dehydrogenase pool present in the extract, could be
easily reverted by DTT treatment.

These results show that the pattern of the pyridine cofactor dependent enzymes responsible for
the HNE metabolic control is well preserved in ADF cells undergoing oxidative treatment. The efficient
removal of H2O2 by these cells, despite the recurrent oxidative challenge, highlights the overall
effectiveness of the detoxification. In addition, the possibility of GSHNE generation from HNE is also
preserved, since GST activity results completely unaffected by the oxidative treatment (data not shown).
The analysis of intracellular markers of oxidative stress indicate that no significant changes were
observed for MDA levels, a common marker of lipid peroxidation (Figure 3A). In addition, the H2O2

treatment does not appear to affect the glutathione levels (Figure 3B); the tripeptide, besides being
an antioxidant, is key for HNE metabolism and extrusion.
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Figure 2. Effect of peroxidative treatment on oxidoreductase activities present in ADF cells. The cells
were subjected to the treatment with H2O2 as described in Figure 1, using 150 µM of H2O2.
The following activities were measured in ADF crude extracts as described in Section 2.5 before
(blue bars) or after the oxidative treatment (red bars). NADP+-dependent (A) and NAD+-dependent
(B) oxidation of glutathionylhydroxynonanal (GSHNE); NADPH-dependent reduction of GSHNE (C);
NADPH-dependent reduction of glyceraldehyde (GAL) (D); NAD+-dependent oxidation of GAL (E)
or propanal (F). Dashed bars refer to the activity values measured after incubation of the indicated
sample for 60 min at 37 ◦C in the presence of 2 mM dithiothreitol (DTT). The values are expressed as %
of the specific activity measured in control cells (incubated in the absence of the peroxide) and are the
mean ± SEM of at least three independent experiments. Significance was evaluated with respect to the
treatment indicated. (** p < 0.01; *** p < 0.001).

In fact, although no significant changes were observed for the levels of oxidized glutathione
(i.e., GSSG plus GS-protein mixed disulfides) upon oxidative treatment, total glutathione levels slightly
increased, thus leaving the reduced active form of this metabolic defense tool essentially unaltered.
The adaptation of the defense system to oxidative conditions by enhancing the GSH synthesis is likely
to be underestimated, since the fraction of glutathione linked to targets through a non-disulfide bond
was not evaluated by the assay.

On the bases of the modest antioxidant enzymes’ pattern exhibited by HLEC (Table 2), these cells
would be expected to be more sensitive to oxidative insult than ADF. However, the survival of these
cells in the HBSS medium in the absence of peroxidative insult was too low (approximately 50%
survival after 1 h of incubation) to enable a direct comparison with ADF cells. Such a comparison
would have entailed using a more complete incubation medium, such as the MEM, in which HLEC
are sufficiently stable (100% survival after 8 h of incubation) to be challenged with H2O2. In these
conditions, the oxidative insult inflicted by H2O2 treatment, as described in ADF cells, highlights that
HLEC have a significantly reduced resistance to oxidative insult, both in terms of the efficiency of
H2O2 removal and cell viability (Figure 4A,B). In fact, a decrease in cell viability of up to 60% of the
control value was observed along with an increase in the severity of the oxidative treatment.
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Figure 3. Oxidative stress markers in ADF cells following peroxidative insult. (A): Malondialdehyde
(MDA) content in cells before (blue bar) and after (red bar) exposure to 150 µM H2O2 for 2 h at 37 ◦C
as described in Figure 1. MDA values are expressed as % of MDA content measured in control cells
± SEM. (B): Total glutathione, reduced glutathione (GSH) and oxidized glutathione (i.e. glutathione
disulfide plus GS-protein mixed disulfides) were measured after exposure of ADF cells, as described
in Figure 1, at the following H2O2 concentrations: zero, blue bars; 50 µM, gray bars; 100 µM green
bars; 150 µM red bars. Oxidized glutathione refers to the difference between total glutathione and GSH.
The values are the mean ± SEM of at least three independent experiments. Significance was evaluated
with respect to control cells (* p < 0.05).

Figure 4. Treatment of lens epithelial cells with H2O2. (A) and (B) refer to H2O2 removal and viability
assay in HLEC, respectively. (C) and (D) refer to H2O2 removal and viability assay in bovine lens epithelial
cells (BLEC), respectively. Panel (A): HLEC at 70% confluence (2.5 × 106 cells) were incubated in Minimum
Essential Medium (7 mL) at 37 ◦C; at the indicated times cells were supplemented with 50 (gray), 100 (green)
or 150 (red) µM H2O2 and the concentration of the peroxide was measured as described in Section 2.4.
C: BLEC at 70% confluence (1.0 × 106 cells) were incubated in HBSS (7 mL) at 37 ◦C; at the indicated
times, cells were supplemented with 50 (gray), 100 (green) or 150 (red) µM H2O2 and the concentration
of the peroxide was measured as described in Section 2.4. (C) and (D): Cell viability was evaluated by
MTT assay (see Section 2.3) at the end of overall oxidative treatment at the indicated concentrations of
H2O2. The values represent the mean ± SEM of at least three independent experiments. Significance was
evaluated with respect to untreated cells (** p < 0.01, *** p < 0.001, **** p < 0.0001).

Similarly, primary cultures of BLEC, used as non-tumor cells normally highly exposed to oxidative
conditions (as HLEC), were significantly less resistant to oxidative insult than ADF. BLEC, which are
highly stable in HBSS medium (100% survival after 2 h of incubation in the absence of peroxidative
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insult) could be subjected to peroxidative stress in the same medium conditions as ADF cells by
repeated exposure to H2O2. In this case, after several additions of H2O2, BLEC displayed both a lower
ability to remove the peroxide from the medium (Figure 4C) and, similar to HLEC, a higher sensitivity
to the oxidative treatment with respect to ADF cells. This is highlighted by a significant decrease in
viability related to the severity in stress conditions from 17% to 40% of the control value (Figure 4D).
As stated in Section 2.2, our experiments were performed at atmospheric oxygen pressure; oxygen
pressure is known to differently affect the response to oxidative stress of cultured cells, depending not
only on cell types, but also on cells being a primary line or an immortalized one [55]. The possible
effect of oxygen pressure on the ADF response to oxidative stress conditions remains an aspect to be
furthered in order to complete the characterization of this cell line.

4. Conclusions

We made a direct comparison of the astrocytoma cell line ADF with two non-tumor cell lines (HLEC
and BLEC) that normally face in vivo radiating and chemical oxidative conditions. We thereby confirmed
the resistance of tumor cells to oxidative stress conditions, which is considered a feature exhibited by several
cancer cells. On the basis of the measured levels of antioxidant/detoxifying enzymes, the higher survival
ability of ADF cells in peroxidative conditions shows that these cells are better equipped than normal cells
to counteract oxidative stress. This aspect may be relevant in counteracting the oxidative stress induced by
chemotherapy treatment, as specifically observed for ALDH1A3 in TMZ treatment [18,19].

In addition, in several cancer cells, an abnormally low NADPH/NADP+ ratio has been reported [56–58];
this suggests the recovery of cell reducing power as a primary necessity for tumor cells, often linked to IDH
mutations frequently observed in glioma cells. Despite the fact that ADF cells have not been characterized
in terms of possible IDH mutations, the GSH/GSSG ratio measured in this cell line is far from the marked
glutathione red/ox unbalance observed for other IDH1 mutated glioma cells. In any case, the markedly high
level of an NADP+ dependent dehydrogenase activity acting on GSHNE detected in ADF cells may help
these cells to support cell detoxification, through the removal of the main HNE metabolite (i.e., the GSHNE
adduct) and the recovery of cell reducing power. Whether the antioxidant pattern described for ADF is
common in other astrocytoma cell lines remains a relevant aspect to be furthered in future work.

We believe that our results highlight the importance for ADF cells of NADP(H)-dependent
oxidoreductases (conceivable CBR1 and AKR1B1) in antioxidant/detoxification processes. These
enzymes may be useful additional inhibition targets to antagonize the survival of cancer ADF cells
under stressful conditions.
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Abstract: Over the past few decades, research on reactive oxygen species (ROS) has revealed their
critical role in the initiation and progression of cancer by virtue of various transcription factors. At
certain threshold values, ROS act as signaling molecules leading to activation of oncogenic pathways.
However, if perturbated beyond the threshold values, ROS act in an anti-tumor manner leading to
cellular death. ROS mediate cellular death through various programmed cell death (PCD) approaches
such as apoptosis, autophagy, ferroptosis, etc. Thus, external stimulation of ROS beyond a threshold is
considered a promising therapeutic strategy. Phytochemicals have been widely regarded as favorable
therapeutic options in many diseased conditions. Over the past few decades, mechanistic studies on
phytochemicals have revealed their effect on ROS homeostasis in cancer. Considering their favorable
side effect profile, phytochemicals remain attractive treatment options in cancer. Herein, we review
some of the most recent studies performed using phytochemicals and, we further delve into the
mechanism of action enacted by individual phytochemicals for PCD in cancer.

Keywords: oxidative stress; cancer; reactive oxygen species (ROS); phytochemicals; dietary chemicals;
natural compounds; programmed cell death; apoptosis; anoikis; autophagy; ferroptosis; pyroptosis

1. Introduction
1.1. ROS and Its Physiological Role

Reactive oxygen species (ROS) is a blanket term which encompasses several reactive
species derived from molecular oxygen [1]. ROS are short-lived highly reactive byproducts
of aerobic metabolism. They are formed due to single-electron reduction of oxygen (O2)
which forms radical superoxide (O2

•−). The superoxide molecules are then converted to
hydrogen peroxide (H2O2) in the presence of superoxide dismutase [2]. Reactions involving
H2O2 and O2

− result in further generation of other ROS molecules such as hydroxyl
radicals (OH), singlet oxygen (1O2), and peroxynitrite (ONOO−) [3]. Mitochondria is
the biggest source of ROS where 80% of the ROS are generated. Once generated, ROS
oxidize several cellular molecules and hence play diverse roles in various physiological
processes of the cells [4]. ROS react with carbohydrates, lipids, proteins, and nucleic acids,
resulting in functional alterations of pathways associated with cellular differentiation,
proliferation, cytoskeletal regulation, and apoptosis [3,5]. Several protein structures such
as ion channels, kinases, phosphatases are regulated by redox signaling [5,6]. In signal
transduction, ROS transiently oxidizes the cysteine sulfhydryl group which is involved in
the activation of most phosphatases [7]. ROS have been considered as a harmful by-product
of aerobic metabolism, however, under balanced conditions, ROS play an important role
as mediators of signaling pathways in various physiological systems [8]. The biological
activity of ROS depends on the extent, location, and duration of action of the specific
ROS molecule [9]. For example, in embryonic development, optimum levels of H2O2 are
considered to be crucial for neuronal growth. A level of 1–10 nM H2O2 is required for
neuronal growth as levels below 1 nM have shown spatial memory defects in mice studies,
while levels above 10 nM result in axonal degeneration [10,11] In the cardiovascular system,
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mitochondrial ROS (mROS) are suggested to be involved in the dilation of human coronary
resistance arteries in response to shear stress [12]. Additionally, in terms of optimal vascular
angiogenesis, NADPH oxidase (NOX) is activated by vascular endothelial growth factor
(VEGF) to produce ROS. The produced ROS and VEGF together then induce endothelial
cell proliferation and migration [13]. For optimal blood vessel growth, a specific range of
ROS called the “redox window” is required [14]. ROS have been observed to be involved
in cognitive functioning wherein it was determined that mROS potentiates post-synaptic
inhibitory signaling in cerebellar stellate cells via selective recruitment of α3-containing
GABAA receptors [15]. Host-defense against pathogens was the first function of ROS to
be discovered. Hypochlorous acid (HOCl) produced from chlorine and H2O2 generates
chloramines which have cytotoxic effects [16]. In terms of host defense mechanism, after
phagocytosis of the pathogen, NADPH oxidase (NOX) produces a high amount of ROS
which in turn destructs the pathogen [17]. In the immune system, ROS coordinate the
migration of polymorphonuclear leukocytes (PMNs) towards the pathogens, and then ROS
also retain the PMNs at the site of infection [18]. T cell activation and proliferation are
mediated through a signaling cascade mainly involving the MAPK/ERK pathway [19].
Protein tyrosine phosphatases (PTPs) negatively regulate the MAPK/ERK pathway and
PTPs have a cysteine (Cys) residue in their active site which is regulated by ROS. ROS act
as inhibitor of PTP by converting Cys residue in the active site to sulfenic acid (Cys-SOH),
thus leading to activation of the MAPK/ERK pathway [20]. To summarize, ROS serve as
important mediators in several physiological systems and the level of ROS molecules play
a key role in its action.

1.2. Oxidative Stress in Cancer

A constant balance of ROS levels is required for appropriate homeostasis. Under
normal conditions, our body’s antioxidant defense system continuously counteracts the
oxidative attack from ROS molecules [21]. However, excessive accumulation of ROS within
the cell disrupts the balance, leading to the generation of oxidative stress [22,23]. The
generated oxidative stress leads to irreversible damage of DNA, peroxidation of lipids,
oxidation of proteins, and inhibition of enzymes [1]. A high level of ROS present in
oxidative stress conditions leads to the activation of various oncogenic pathways [6]. The
phosphoinositide 3-kinases (PI3K) pathway is highly activated in a number of cancers.
ROS primarily inactivate phosphatase and tensin homolog (PTEN) in the PI3K pathway
by oxidizing Cys124, an active site on PTEN, leading to a disulfide bond with another
intraprotein Cys71. Consequently, the inactivation of PTEN leads to hyper-activation of
the PI3K pathway [24]. Constant phosphorylation of PI3K subsequently results in the
activation of protein kinase B (AKT) via downstream pyruvate dehydrogenase kinase
1 (PDK1), ultimately leading to the upregulation of cell cycle stimulating genes such as
proliferating cell nuclear antigen (PCNA) and cyclin-dependent kinase 1 (CDK1) [25]. In
many Kirsten rat sarcoma viral oncogene homolog (KRAS) mutated oncogenic cancers,
ROS play an important role in anchorage-independent growth through regulation of the
ERK MAPK signaling pathway [26]. In the initial stage of tumor formation, angiogenesis
is absent or poorly developed, resulting in hypoxic conditions. The hypoxic condition
affects the mitochondrial electron transport chain (ETC), leading to increased ROS levels.
Hypoxia-driven ROS play a role in the activation of hypoxia inducing factor-1 (HIF-1), a
transcription factor that contributes towards glucose to lactate conversion for tumor glucose
metabolism and the induction of VEGF. ROS activate the HIF-1 subunit by inactivating
a HIF-1 inhibitor, PHD (prolyl dydroxylase domain) [27]. Increased ROS levels have
been linked to tumor proliferation via the c-Myc pathway. At increased ROS levels, HIF-
1 α dependent activation of c-Myc occurs, resulting in tumor proliferation and DNA
damage [28]. ROS also play a role in tumor stromal environment and activate invasive
tumor progression. Increased ROS levels in stromal fibroblasts by transforming growth
factor beta-1 (TGFß1) initiated the mesenchymal–mesenchymal transition (MMT) and
secretion of vascular endothelial growth factor (VEGF), hepatocyte growth factor (HGF),

218



Antioxidants 2021, 10, 83

and interleukin-6 which are biomarkers for invasive tumor cells [29]. ROS affect the matrix
metalloproteinase (MMP)/tissue inhibitor of metalloproteinase (TIMPs) ratio by activating
MMP synthesis. ROS activate MMP synthesis either via Ras and MAPK signaling cascades
or through NFκB pathway [30]. Cancer cells survive on levels of ROS that are slightly
greater than normal cell counterparts and activate various oncogenic pathways. The cells
adapt themselves to the moderate redox environment and proliferate. However, if ROS
levels rise beyond a certain threshold, the transformed cancer cells are longer able to adapt
and turn to various cell death pathways [31].

2. ROS and Associated Programmed Cell Death (PCD) Pathways
2.1. Apoptosis

Among all the PCD pathways, apoptosis is the most studied pathway which is medi-
ated via a group of proteins called cysteine-dependent aspartate-directed proteases known
as caspases [32]. ROS play a role in both extrinsic and intrinsic apoptosis pathways. The
intrinsic pathway is mediated through the mitochondrial permeability transition pore
(mPTP). ROS cause cytoplasmic release of cytochrome c from the mitochondria via its
action on PTP. Specifically, ROS govern the regulation of three proteins adenine nucleotide
translocase (ANT), cyclophilin D, and voltage-dependent anion-selective channel (VDAC)
involved in the opening of PTP. ROS oxidizes specific cysteines in their active sites [33,34].
The intrinsic pathway is a more common apoptosis mode mediated by ROS since mito-
chondria is very sensitive to the increased ROS levels as it lacks DNA repair enzymes. In
hyperactivated oxidative stress, the shutdown of mitochondrial function contributes to
apoptosis as cellular energy supply stops [35,36]. In the extrinsic pathway also known as
the death receptor pathway, TNF receptors are involved which are located at the plasma
membrane and contain an intracellular death domain. These receptors recruit pro-caspases
and adaptor proteins, which results in the formation of death-inducing signaling complex
(DISC) and activates the caspases [37]. In this process, the cellular FLICE-inhibitory protein
(c-FLIP) impedes the formation of DISC [38]. ROS mediate the downregulation of FLIP by
ubiquitination and subsequent degradation by the proteasome. Primarily, H2O2 and O2

•−

are responsible for FLIP down-regulation [39].

2.2. Autophagy

Autophagy is a catabolic process required for the regeneration of damaged organelles
and cellular components under various stressful environments such as pathogen infection,
growth factor deprivation, starvation, and intra-cellular stress [40]. Autophagy involves
the generation of a double-membrane vesicle, called autophagosome, which engulfs the
damaged components and merges with lysosome for hydrolytic degradation of the en-
gulfed cargo [41,42]. A definite interplay exists between ROS and autophagy since both
are induced by common oncogenic stimuli [43]. Under normal conditions, autophagy
mediates cell survival by eliminating ROS and protecting the mitochondria. However,
when stimulated, ROS induce excess autophagy resulting in cell death [44]. ROS regulates a
negative regulator of autophagy, the mammalian target of rapamycin complex 1 (mTORC1).
Inhibition of mTORC1 is mediated through cytoplasmic ataxia telangiectasia mutated
(ATM). ATM activates the tuberous sclerosis complex 2 (TSC2) tumor suppressor which
inhibits mTOR via stimulation of GTP hydrolysis of Ras family small GTPase Rheb (Ras
homolog enriched in brain) [45,46]. Additionally, oxidative stress activates FOXO3 which
stimulates the transcription of Bcl-2 nineteen kilodalton interacting protein (BNIP3) [47].
BNIP3 in turn competes with Beclin-1 for binding to Bcl-2. The unbound Beclin1 induce
autophagic cell death [48]. However, autophagy acts in a context dependent manner and
might play a pro-tumor role in certain conditions [49].

2.3. Ferroptosis

Ferroptosis, a novel form of programmed cell death, is characterized by the accumu-
lation of iron and lipid peroxidation, leading to intracellular changes such as changes in
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mitochondrial structure and functioning [50]. The mechanism involved in ferroptosis is
the suppression of system Xc, an amino acid antitransporter. System Xc is a part of an im-
portant antioxidant system in cells that provokes the synthesis of glutathione (GSH). GSH
decreases ROS levels under the action of glutathione peroxidases (GPXs), thereby maintain
a balanced oxidant-antioxidant environment. During ferroptosis, inhibiting system Xc
causes decreased synthesis of GSH, leading to the accumulation of lipid ROS and ultimately,
oxidative cell death [51]. Among GPXs, GPX4 is a pivotal player that counterbalances lipid
peroxides and protects membrane integrity by using GSH as a cofactor [52]. In terms of
cancer therapy, GPX4 is targeted as it is a specific and central regulator of ferroptotic cell
death [53].

2.4. Pyroptosis

Pyroptosis is a caspase-dependent (caspase 1/4/5/11) mode of cell death, which
is initiated by the formation of the inflammasome. The mechanism involves caspase-
mediated cleavage of gasdermin D (GSDMD) and gasdermin E (GSDME). Following the
cleavage, the N-terminal fragment of GSDMD is released and it forms pores in the cell
membrane, leading to activation of inactive cytokines like IL-18 and IL-1β, water influx,
cell swelling, and osmotic lysis [54]. ROS induce pyroptosis through the activation of NLR
family pyrin domain containing 3 (NLRP3) inflammasome [55].

2.5. Anoikis

Anoikis is another apoptotic PCD wherein cells undergo death in the absence or
improper attachment to the extracellular matrix (ECM). Anoikis is a Greek term for “home-
lessness” [56–58]. In cancer cells, the sonic hedgehog/Gli1 pathway is a well-known
regulator of anoikis [59,60]. Additionally, ROS has been implicated to support anoikis
resistance, however, depending upon the activation, ROS trigger anoikis-inducing cell
death [61].

3. Phytochemicals: A Promising Role in ROS Mediated Cancer Cell Death

Considering the plethora of evidence generated from various studies, it is clear that
beyond a threshold value, ROS play an anti-tumorigenic role. Therapeutic interventions to
achieve the required threshold ROS level is a promising strategy for inducing PCD. Phyto-
chemicals are naturally occurring compounds derived from plants and have been studied
for their therapeutic effects in various physiological conditions. Multiple phytochemicals
have proven their inheritance of cancer prevention and therapeutic properties [62,63]. The
low side-effect profile of phytochemicals has made them a prominent arsenal against cancer.
These naturally derived compounds are a valuable resource for cancer treatment and we
hereupon discuss some of the phytochemicals studied in ROS-mediated anti-cancer activity.

3.1. Phytochemicals Acting via ROS-Mediated Apoptosis
3.1.1. Capsaicin

Capsaicin (N-vanillyl-8-methylnonenamide) is a homovanillic acid derivative ob-
tained from hot chili pepper [64]. Capsaicin has been widely studied for its anti-cancer
activity [65,66]. Its activity is proposed to be mediated through oxidative stress-induced
apoptosis. In pancreatic cancer cell lines BXPC-3 and AsPC-1, 4 to 6-fold ROS generation
was observed within 1 h of capsaicin treatment while ROS generation was absent in normal
pancreatic cells. Capsaicin induced oxidation of cardiolipin, a component of mitochondria.
Oxidation of cardiolipin subsequently led to apoptosis. ETC complex-I and complex-III
were observed to be the ROS-producing entities following capsaicin treatment [67,68].

3.1.2. Sulforaphane

Sulforaphane (SFN; 1-isothiocyanato-4-(methyl-sulfinyl)-butane) is an isothiocyanate
present in cruciferous vegetables like cabbage, broccoli, cauliflower, and kale [69]. Sul-
foraphane induced ROS mediated apoptosis in PC-3 and DU145 human prostate cancer
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cells. Specifically, caspase-8 activation and Fas protein induction following sulforaphane
treatment confirmed apoptotic activity. ROS generation was suggested to be caused by
both nonmitochondrial and mitochondrial mechanisms. GSH depletion was proposed to
be the non-mitochondrial mechanism. ROS were postulated to be upstream activators of
apoptosis based on caspase-8 attenuation following treatment with EUK-134 (SOD and
catalase mimetic) [70].

3.1.3. α-Lipoic Acid

α-lipoic acid (1,2-Dithiolan-3-yl pentanoic acid) is a naturally occurring dithiol com-
pound found in fruits and vegetables [71]. In hepatocellular carcinoma cell line HepG2,
it induced mitochondrial apoptosis preceded by ROS generation. Precisely, α-lipoic acid-
induced ER (endoplasmic reticulum) stress wherein increased levels of C/EBP homologous
protein (CHOP) were detected. ER stress led to activation of PERK (phospho- extracellular
signal-related kinase) pathway and IRE1 (inositol-requiring enzyme 1) pathway leading to
apoptosis. α-lipoic acid also inhibited ATF6 (activating transcription factor 6)-mediated
pro-survival pathway [72].

3.1.4. Benzyl Isothiocyanate (BITC)

BITC is an isothiocyanate present in cruciferous vegetables such as cauliflower, mus-
tard, watercress, cabbage, and horseradish [73]. BITC has been studied for its anti-cancer
effects in various studies previously [74–78]. BITC was studied for its anti-cancer potential
in pancreatic cancer cell lines Capan-2 and MIAPaCa-2 cells. BITC treatment activated
MAPK signaling with activation of ERK and JNK observed within as early as 1 h of
treatment while ROS generation was observed within 30 min of treatment. Additionally,
activation of MAPK family members was absent in normal HPDE-6 cell line. Thus, BITC
treatment led to ROS generation followed by activation of MAPK family members ERK,
JNK, and P38 and subsequently apoptosis [79].

3.1.5. Phenethyl Isothiocyanate (PEITC)

PEITC, another isothiocyanate present in cruciferous vegetables has been studied for
its anti-cancer effects and ROS-generating properties [80–85]. In a study to investigate
effects of PEITC on breast cancer cells, PEITC showed ROS-mediated apoptosis in MDA-
MB-231 and MCF-7 cell lines. High levels of hydrogen peroxide were observed in the
cancer cells following treatment with PEITC. An antioxidant pre-treatment blocked cellular
death and percent apoptosis induced by PEITC. Thus, confirming high levels of ROS led to
apoptotic cell death [86].

3.1.6. Piperine

Piperine [1-(5-[1,3-benzodioxol-5-yl]-1-oxo-2,4-pentadienyl) piperidine] is an alkaloid
extracted from black pepper (P. nigrum) and long pepper (P. longum) [87]. Various small
molecules derived from the Piperaceae family have been implicated in ROS-mediated
apoptotic cell death of cancer cells [88,89]. Piperine has been implicated for ROS generation
in SKMEL-28 and B16-F0 melanoma cell lines. ROS generation was observed within 30 min
of treatment and the levels sustained until 24 h. Phosphorylation of Chk1 (checkpoint
kinase 1) was observed in response to DNA damage which consequently led to G1 cell
cycle arrest and apoptosis. Significant expression of phosphorylated ataxia telangiectasia
and Rad3 related protein (ATR) at Ser 428 and Chk1 at Ser 296 was observed, suggesting
DNA damage [90].

3.1.7. Curcumin

Curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione) is a polyphe-
nol derived from rhizome of Curcuma longa. It possesses pleiotropic therapeutic benefits
including anti-cancer effects [91,92]. The apoptotic role of curcumin was studied in colorec-
tal cancer and sequential dosing was considered important for ROS-mediated apoptotic
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induction. In the study, the sequential treatment caused lysosomal permeabilization and
ROS generation, accompanied by autophagic dysregulation and ER stress. Lysosomal
permeabilization resulted in BID-dependent mitochondrial membrane permeabilization
and thereby caspase-dependent apoptosis. Cathepsin B was confirmed to be involved in
apoptosis following sequential treatment [93]. Figure 1 depicts the ROS-mediated apoptotic
action of phytochemicals.
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3.2. Phytochemicals Acting via ROS-Mediated Ferroptosis
3.2.1. Withaferin A

Withaferin A (WA) is a steroidal lactone isolated from the plant Withania somnifera.
It has been widely studied for anti-inflammatory and anti-tumorigenic properties [94].
Withaferin A induced ferroptotic cell death in neuroblastoma cells. WA targeted Keap-1
(kelch-like ECH-associated protein (1), a negative regulator of Nrf2 (nuclear factor erythroid
2-related factor (2). Keap-1 inhibition caused the release of Nrf2. The released Nrf2
upregulated HMOX1 [heme oxygenase (decycling) 1] which catalyzes heme degradation
to generate ferrous iron (Fe2+). A high concentration of Fe2+ led to ROS generation and
ultimately cellular death [95].

3.2.2. Bromelain

Bromelain is a mixture of proteolytic enzymes derived from the stem of pineapple
plants belonging to the Bromeliaceae family [96]. Bromelain was shown to induce ferroptotic
cell death in KRAS-mutant colorectal cancer wherein bromelain increased the level of long-
chain acyl-CoA synthetase-4 (ACSL4) an isozyme which plays role in lipid biosynthesis
and fatty acid degradation. Specifically, ACSL4 accumulates oxidized cellular membrane
phosphoplipids. ACSL4 mainly acts on phosphatidylethanolamine levels which act as an
executioner of ferroptotic cell death [81,97].
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3.2.3. Ruscogenin

Ruscogenin [(1β,3β,25R)-Spirost-5-ene-1,3-diol] is a steroidal sapogenin extracted
from Ruscus aculeatus plant [98]. Ruscogenin was studied for ferroptotic effects in pan-
creatic cancer cell lines BxPC-3, SW1990, PANC-1, and AsPC-1. Ruscogenin treatment
increased Fe2+ ion concentration by upregulating the expression of transferrin and down-
regulating the expression of ferroportin. To further confirm the mode of action, cell death by
ruscogenin reduced following treatment with iron chelator and cell death increased when
ferric ammonium citrate was added. To conclude, ruscogenin regulated iron transport
resulted in overproduction of ROS, leading to cell death [99].

3.2.4. Oridonin

Oridonin (Ori) is a tetracyclic diterpenoid obtained from Isodon Rubescens [100]. The
ferroptotic effect of Ori was studied in esophageal cancer cell line TE1 and inhibition of the
gamma-glutamyl cycle was observed in oridonin treated cells. Precisely, Ori affected GGT1,
a key enzyme in the gamma-glutamyl cycle, which is crucial for protecting cells from
oxidative stress and maintaining cysteine homeostasis. Additionally, Ori inhibited GSH
by a covalently binding with cysteine after entering the TE1 cells. The covalent binding
reduces intracellular cysteine levels which is responsible for ferroptosis. A decrease in GPX4
level was also detected after Ori treatment [101,102]. Figure 2 depicts the ROS-mediated
ferroptotic action of phytochemicals.
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3.3. Phytochemicals Acting via ROS-Mediated Autophagy
3.3.1. Cucurbitacin B

Cucurbitacin B (1,2-Dihydro-alpha-elaterin) is a tetracyclic triterpene compound found
in the plants of Cucurbitaceae and other also a variety of other plant families. Some of the
sources of cucurbitacin B are Helicteres angustifolia, Licaniaintra petiolaris, Casearia arborea,
and Cucumis prophetarum [103]. Cucurbitacin B has been studied for its anticancer effects in
human cervical cancer HeLa cells. Cucurbitacin B induced autophagic cell death and was
observed to have mediated through mitochondrial ROS production. Treatment of HeLa
cells with cucurbitacin-B resulted in accumulation of several lamellar structures having
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cytosolic autophagic vacuoles. Additionally, the conversion of non-autophagic soluble LC3
(LC3-I) to autophagic LC3 (LC3-II) was detected following treatment with cucurbitacin-B.
Pretreatment with antioxidant NAC and Mito-TEMPO (mitochondria-targeting antioxi-
dant) inhibited LC3-II conversion, cell death, and autophagosome formation. Thus, the
results indicated that ROS plays an important role in promoting autophagic cell death
following cucurbitacin treatment [104]. Another study confirmed cucurbitacin-B induced
autophagic cell death via ROS in MCF-7 breast cancer cells. The role of ROS was confirmed
by the use of antioxidant pretreatment which reduced protein expression of LC3 II [105].

3.3.2. Silibinin

Silibinin is a flavonoid derived from the milk thistle plant (Silybum marianum). The
autophagic activity of silibinin was studied in human fibro-sarcoma HT1080 cells wherein
silibinin was shown to activate p53 via the ROS-p38 pathway. Activation of p53 partially
mediated autophagic cell death by inhibiting the MEK/ERK1/2 and PI3K/Akt pathway.
An increased expression of Beclin1 (autophagosome marker) and conversion of LC3 I to
LC3 II was observed following silibinin treatment [106]. Another study indicated that
silibinin induces autophagic cell death mediated through mitochondrial dysfunction [107].

3.3.3. Allicin

Allicin (2-propene-1-sulfinothioic acid S-2-propenyl ester) is an organosulfur com-
pound present in garlic initially studied for its anti-bacterial studies [108]. Allicin was
shown to induce both autophagy and apoptosis via increased production of ROS in non-
small cell lung cancer cell lines A549 (adenocarcinoma) and NCI-H460 (large cell carci-
noma). The authors observed a dose-dependent autophagic action of allicin. At low doses,
allicin induced autophagy associated with moderate ROS levels, while increased doses
resulted in higher ROS production and lysosomal disruption leading to cell death. The
lysosomal disruption resulted in intra-cellular hydrolytic enzyme release [109]. Similar
autophagic action of allicin was studied in hepatocellular carcinoma cells. Interestingly,
allicin caused autophagy induction in p53 normal human liver cancer cells while apoptosis
in p53 deficient cell line showing the dependence of its autophagic action on p53 [110].

3.3.4. Carnosol

Carnosol is an ortho-diphenolic diterpene found in Mediterranean herbs rosemary,
sage, and oregano [111]. Although it has been studied for its antioxidant activity, some
evidence also shows the cytotoxic effects of carnosol via ROS overproduction. ROS produc-
tion by carnosol is a dose and time-dependent process [112]. Carnosol study in MDA-MB
231 breast cancer cells showed ROS accumulation within 1 h of treatment while LC3II accu-
mulation at 3 h post-treatment, suggesting ROS to be an upstream inducer of autophagy.
It was observed that at lower concentration (<25 µM), carnosol-induced ROS-mediated
autophagy only, while at higher concentration (>50 µM), ROS induced both autophagy as
well as apoptosis. Interestingly, autophagy induction by carnosol was beclin-1 indepen-
dent [113].

3.3.5. Quercetin

Quercetin is a flavonoid found in fruits such as grapes, red raspberry, apples, and
vegetables like broccoli, shallots, tomatoes, onion, and tea [114]. Quercetin has been widely
studied for its anti-cancer effects and exerts its effects through multiple pathways. A
study of quercetin in osteosarcoma cells revealed it activates autophagic flux via its action
on nuclear protein 1 (NUPR1) which is involved in autophagosome formation, cargo
degradation, and autophagosome-lysosome fusion. It was observed that quercetin-induced
overproduction of ROS led to increased expression and activation of NUPR1. Although a
majority of the studies show an inverse relation between NUPR1 and ROS, a direct relation
is hypothesized [115,116].
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3.3.6. Berberine

Berberine (5,6-dihydro-9,10-dimethoxybenzo[g]-1,3-benzodioxolo[5,6-a] quinolizinium)
is a quaternary benzylisoquinoline alkaloid derived from stem bark and roots of many
plants and mainly the plants belonging to genus Berberis [117]. Recently, berberine was
investigated for its anticancer role in the renal cell carcinoma model wherein it was com-
bined with photodynamic therapy (PDT). The fluorescent nature of berberine was a key
characteristic of the combinational effect. Berberine was used as a photosensitizer agent
because the complementary action of a photosensitizer agent with a laser induces ROS gen-
eration, leading to cellular death. Berberine along with PDT showed significantly increased
autophagy in comparison to berberine alone, suggesting photoactivation of berberine is
required for ROS-mediated autophagy and ultimate cell death [118]. Figure 3 depicts the
ROS-mediated autophagic action of phytochemicals.
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3.4. Phytochemicals Acting via ROS-Mediated Pyroptosis
Nobiletin

Nobiletin (5,6,7,8,3′,4′-hexamethoxyflavone) is a polymethoxyflavonoid extracted
from citrus fruits. Nobiletin has various pharmacological activities such as antimetabolic
disorder, anticancer, neuroprotection, anti-inflammation, antioxidation, and cardiovascular
protection [119]. Nobiletin was studied for its anti-cancer activity in human ovarian
carcinoma cell lines A2780 and OVCAR3. In the study, nobiletin treatment resulted in
ROS generation, exhibited by a significant decrease in mitochondrial membrane potential
in a dose-dependent manner. Further, ROS contributed to the cleavage of GSDMD and
GSDME, the two biomarkers of pyroptosis among which GSDMD is considered to be an
executioner of pyroptosis [120,121]. Figure 4 depicts the ROS-mediated pyroptotic action
of phytochemicals.
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3.5. Phytochemicals Acting via ROS-Mediated Anoikis
Emodin

Emodin (1,3,8-trihydroxy-6-methylanthraquinone) is an anthraquinone derivative
obtained from rhubarb plant (Rheum palmatum) and Aloe vera [122]. Emodin was shown to
induce ROS generation followed by anoikis in gastric cancer cells. Emodin induced oxida-
tive stress and caused inactivation of RhoA, a crucial signaling molecule in the cytoskeletal
rearrangement. Inactivation of RhoA led to the disruption of focal adhesion complex and
ultimately anoikis [61]. Figure 5 depicts the ROS-mediated anoikis by phytochemicals.

226



Antioxidants 2021, 10, 83
Antioxidants 2021, 10, x  12 of 26 
  

 
Figure 5. ROS-mediated anoikis by phytochemicals. Figure created with BioRender.com. 

4. Conclusions 
The ability of natural phytochemicals to modulate various signaling pathways make 

them promising therapeutic candidates in cancer. Many phytochemicals have progressed 
towards clinical trials against various malignancies such as breast, pancreatic, colon, and 
prostate cancers where promising results have been observed. Since cancer cells survive 
on levels of ROS that are slightly higher than normal cells, they are more sensitive to ex-
ternal perturbation. Fine-tuning of ROS levels using phytochemicals is a promising ther-
apeutic strategy in cancer. Additionally, recent findings such as photooxidative stress us-
ing phytochemicals have provided selective targeting of cancer cells. However, there are 
a few challenges which need to be addressed in terms of the pharmacokinetic parameters 
of phytochemicals. In order to induce sufficient ROS levels for anti-cancer activity, specific 
plasma levels of the phytochemicals need to be attained. It has been observed that some 
of the phytochemicals do achieve the required plasma levels. A few such candidates hav-
ing good pharmacokinetic parameters include BITC, PEITC, silibinin, and berberine. 
However, the majority of the phytochemicals fail to achieve required cytotoxic levels. This 
issue can be addressed by formulating the natural compound in advanced drug delivery 
systems such as nano drug delivery formulations. Various studies have been conducted 
in this aspect and nano drug delivery has proven to be an effective tool to achieve high 
plasma concentrations of the phytochemicals. Some of the successful candidates include 
sulforaphane and curcumin. A nano structured lipid formulation increased the bioavala-
bility of sulforaphane in rat plasma while a nanoparticle formulation increased curcumin 
levels in human plasma by 10–15-fold. In the future, large cohort studies of ROS targeted 
phytochemicals are required, since these studies will provide data regarding efficacy, tox-
icity, bioavailability in clinical setup for their establishment as anti-cancer therapies in the 
market. An outline of pharmacokinetic data, selective action between normal and cancer 
cells by phytochemicals has been presented in Table 1. 

Figure 5. ROS-mediated anoikis by phytochemicals. Figure created with BioRender.com.

4. Conclusions

The ability of natural phytochemicals to modulate various signaling pathways make
them promising therapeutic candidates in cancer. Many phytochemicals have progressed
towards clinical trials against various malignancies such as breast, pancreatic, colon, and
prostate cancers where promising results have been observed. Since cancer cells survive
on levels of ROS that are slightly higher than normal cells, they are more sensitive to
external perturbation. Fine-tuning of ROS levels using phytochemicals is a promising
therapeutic strategy in cancer. Additionally, recent findings such as photooxidative stress
using phytochemicals have provided selective targeting of cancer cells. However, there are
a few challenges which need to be addressed in terms of the pharmacokinetic parameters
of phytochemicals. In order to induce sufficient ROS levels for anti-cancer activity, specific
plasma levels of the phytochemicals need to be attained. It has been observed that some
of the phytochemicals do achieve the required plasma levels. A few such candidates
having good pharmacokinetic parameters include BITC, PEITC, silibinin, and berberine.
However, the majority of the phytochemicals fail to achieve required cytotoxic levels.
This issue can be addressed by formulating the natural compound in advanced drug
delivery systems such as nano drug delivery formulations. Various studies have been
conducted in this aspect and nano drug delivery has proven to be an effective tool to achieve
high plasma concentrations of the phytochemicals. Some of the successful candidates
include sulforaphane and curcumin. A nano structured lipid formulation increased the
bioavalability of sulforaphane in rat plasma while a nanoparticle formulation increased
curcumin levels in human plasma by 10–15-fold. In the future, large cohort studies of
ROS targeted phytochemicals are required, since these studies will provide data regarding
efficacy, toxicity, bioavailability in clinical setup for their establishment as anti-cancer
therapies in the market. An outline of pharmacokinetic data, selective action between
normal and cancer cells by phytochemicals has been presented in Table 1.
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m
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R
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at
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ax
:V

er
y

lo
w

(s
pe

ci
fic

va
lu

e
no

ts
ta

te
d)

H
um

an
su

bj
ec

ts
Br

om
el

ai
n

sh
ow

ed
ve

ry
lo

w
(n

g/
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.1
9
µ

M
5

or
10

m
g/

kg
N

ot
st

at
ed

In
vi

tr
o

st
ud

y
Pa

nc
re

at
ic

ca
nc

er
ce

lls
A

ni
m

al
su

bj
ec

ts
—

M
ic

e

R
us

co
ge

ni
n

in
du

ce
d

si
gn

ifi
ca

nt
fe

rr
op

to
tic

ce
ll

de
at

h
in

pa
nc

re
at

ic
ca

nc
er

ce
ll

lin
es

Bx
PC

-3
,S

W
19

90
,P

A
N

C
-1

,a
nd

A
SP

C
-1

ce
lls

,a
s

co
m

pa
re

d
to

no
rm

al
pa

nc
re

at
ic

ce
ll

lin
e

H
PD

E-
6-

C
7

w
he

re
in

no
tI

C
50

w
as

de
te

ct
ed

at
72

-h
ti

m
e

po
in

ti
n

H
PD

E6
-C

7
ce

lls
.A

dd
it

io
na

lly
,i

ti
nh

ib
it

ed
pa

nc
re

at
ic

ca
nc

er
gr

ow
th

in
vi

vo
.

[9
9]

232



A
nt

io
xi

da
nt

s
20

21
,1

0,
83

Ta
bl

e
1.

C
on

t.

Sr
.N

o.
Ph

yt
oc

he
m

ic
al

PC
D

Ty
pe

Ef
fe

ct
iv

e
A

nt
i-

C
an

ce
r

C
on

ce
nt

ra
ti

on
(I

n
V

it
ro

)

D
os

e
A

dm
in

is
te

re
d

(I
n

V
iv

o)

Ph
ar

m
ac

ok
in

et
ic

D
at

a
T

tt
C

el
l

Li
ne

s/
Su

bj
ec

ts
O

ut
co

m
e/

C
om

m
en

ts
R

ef
er

en
ce

s

25
R

us
co

ge
ni

n
(P

ha
rm

ac
ok

in
et

ic
st

ud
y)

-
-

8
m

g/
kg

C
m

ax
:

50
4.

50
±

63
.4

7
ng

/m
L

(M
ea

n
va

lu
e)

A
ni

m
al

su
bj

ec
ts

—
R

at
s

Fo
llo

w
in

g
IV

ad
m

in
is

tr
at

io
n

of
R

us
co

ge
ni

n
in

ra
ts

,a
pl

as
m

a
le

ve
lb

et
w

ee
n

2–
10

00
ng

/m
L

w
as

ob
se

rv
ed

w
hi

ch
ro

ug
hl

y
tr

an
sl

at
es

to
2.

35
µ

M
,a

le
ve

lm
uc

h
lo

w
er

th
an

re
qu

ir
ed

fo
r

an
ti

ca
nc

er
ef

fe
ct

.

[1
42

]

26
O

ri
do

ni
n

Fe
rr

op
to

si
s

26
.9

3
µ

M
-

-
In

vi
tr

o
st

ud
y

Es
op

ha
ge

al
ca

nc
er

ce
lls

O
ri

do
ni

n
in

du
ce

d
fe

rr
op

to
ti

c
ce

ll
de

at
h

in
es

op
ha

ge
al

ca
nc

er
ce

ll
lin

e
T

E1
at

27
µ

M
w

it
hi

n
24

-h
ti

m
e

po
in

t.
[1

01
]

27
O

ri
do

ni
n

A
po

pt
os

is
2.

5–
10

µ
M

-
-

In
vi

tr
o

st
ud

y
Es

op
ha

ge
al

ca
nc

er
ce

ll
lin

es

O
ri

do
ni

n
in

du
ce

d
ce

llu
la

r
de

at
h

in
hu

m
an

es
op

ha
ge

al
ca

nc
er

ce
ll
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d
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-
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R
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Abstract: (1) Background: We previously showed Na/H exchange regulatory factor 1 (NHERF1)
loss resulted in increased susceptibility to cisplatin nephrotoxicity. NHERF1-deficient cultured
proximal tubule cells and proximal tubules from NHERF1 knockout (KO) mice exhibit altered
mitochondrial protein expression and poor survival. We hypothesized that NHERF1 loss results in
changes in metabolic pathways and/or mitochondrial dysfunction, leading to increased sensitivity to
cisplatin nephrotoxicity. (2) Methods: Two to 4-month-old male wildtype (WT) and KO mice were
treated with vehicle or cisplatin (20 mg/kg dose IP). After 72 h, kidney cortex homogenates were
utilized for metabolic enzyme activities. Non-treated kidneys were used to isolate mitochondria for
mitochondrial respiration via the Seahorse XF24 analyzer. Non-treated kidneys were also used for
LC-MS analysis to evaluate kidney ATP abundance, and electron microscopy (EM) was utilized to
evaluate mitochondrial morphology and number. (3) Results: KO mouse kidneys exhibit significant
increases in malic enzyme and glucose-6 phosphate dehydrogenase activity under baseline conditions
but in no other gluconeogenic or glycolytic enzymes. NHERF1 loss does not decrease kidney ATP
content. Mitochondrial morphology, number, and area appeared normal. Isolated mitochondria
function was similar between WT and KO. Conclusions: KO kidneys experience a shift in metabolism
to the pentose phosphate pathway, which may sensitize them to the oxidative stress imposed
by cisplatin.
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1. Introduction

Although cisplatin is a widely used chemotherapeutic that treats a variety of solid malignant tumors
(e.g., ovarian testicular, head and neck, and lung cancer), its nephrotoxicity limits its use [1]. Twenty
percent to 30% of patients on cisplatin will develop cisplatin-induced acute kidney injury (AKI) with a
single dose [1]. The mechanisms underlying cisplatin’s nephrotoxicity remain perplexing. Furthermore,
with no methods for the prevention or treatment of cisplatin nephrotoxicity, the identification of
host factors (biomarkers) that confer susceptibility to cisplatin and new therapeutic targets for the
prevention and/or treatment of cisplatin nephrotoxicity are promising areas of research.

The accumulation and bioactivation of cisplatin to a more nephrotoxic metabolite underlies the
kidney’s susceptibility to cisplatin-induced AKI. Cisplatin nephrotoxicity has been found to alter renal
cell metabolism and induce cell death via both apoptosis and necrosis. However, the mechanism by
which cisplatin induces these pathways remains unclear. Several studies have found that cisplatin
treatment leads to renal tubular cell depletion of amino acids [2–5], influences lipid metabolism through
the reduction of fatty acid oxidation resulting in the accumulation of fatty acids in kidney tissue [2,5,6],
and decreases glycolytic enzymes and intermediates of the pentose phosphate pathway and the citric
acid cycle [2,7]. Reactive oxygen species (ROS) and mitochondrial function may also contribute to
cisplatin’s mechanism of injury [8]. Mitochondria continuously produce ROS, such as superoxide, and
scavenge these ROS using antioxidant enzymes (superoxide dismutase, glutathione peroxidase, catalase,
and glutathione S-transferase) [9]. Cisplatin has been found to also accumulate in the mitochondria of
renal epithelial cells [10,11], resulting in mitochondrial damage including decreased mitochondrial
mass, disruption of cristae, and even mitochondrial swelling [12–14]. These morphological changes
are associated with a significant reduction in mitochondrial activity and ATP production [12,13].
This structural damage to mitochondria leads to electron leakage and produces massive amounts of
free radicals in the form of ROS, leading to cell injury and death.

We have recently published the novel finding that kidneys lacking the scaffolding protein
Na/H exchange regulatory factor 1 (NHERF1) show increased susceptibility to cisplatin-induced
AKI [15]. NHERF1 is a known monomeric membrane-associated protein that belongs to the
NHERF family of post-synaptic density protein 9595/Drosophila Discs Large/ZonulaOcculens
-1(PSD-95/DIg/ZO-1)homology (PDZ)-scaffold proteins [16]. NHERF1 is found in all epithelial cells
and acts as a scaffold for multi-protein signaling complexes. In proximal tubule cells of the kidney,
NHERF1 is anchored to the cytoskeleton in the subapical plasma membrane, where it acts as a key
scaffolding protein of transport proteins and has critical roles in defining the renal proximal tubule
brush border membrane (BBM) composition and in regulating ion transport [16]. Recent studies
have uncovered increasing evidence that NHERF1 has a much broader role than as a scaffolding
protein. In fact, alterations in NHERF1 expression, phosphorylation status, and/or localization
have been associated with tumorigenesis [17–19], changes in cell structure and trafficking [19–21],
inflammatory responses [19,22], and tissue injury [15,19,23,24]. These studies highlight the fact that
changes in NHERF1 expression can affect cell proliferation through alterations in the WNT/beta-catenin
pathway and cyclin D kinase pathways and that the absence of NHERF1 diminishes the inflammatory
response by impairing the assembly of specific components of the response such as the intracellular
adhesion molecule 1 (ICAM1) [23]. Previous studies from our laboratory comparing wild-type
(WT) and NHERF1-deficient opossum kidney (OK) cells, a model of mammalian renal proximal
tubule, demonstrated that NHERF1-deficient cells grew more slowly and were more likely to die in
culture; however, they exhibited no overt morphological differences. The NHERF1-deficient cells
did show decreased BBM expression of the type IIa sodium phosphate cotransporter (Npt2a), the
sodium-dependent glucose cotransporter (SGLT1), and the enzyme γ-glutamyl transferase (GGTase)
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(unpublished data), which are defects that reversed when NHERF1 was re-introduced into the cells [25].
Likewise, NHERF1-deficient mice show normal kidney morphology but a marked decrease in the BBM
expression of Npt2a, resulting in significant phosphate wasting, hypophosphatemia, hypercalciuria,
and stone formation [26]. Formal studies to address metabolic changes in NHERF1-deficient kidneys
have not been performed, but proteomic analysis from our laboratory comparing BBM from WT and
NHERF1 KO kidneys revealed significant differences in the expression of mitochondrial proteins
and enzymes from a variety of metabolic pathways. Notably, similar differences in BBM protein
expression from the intestine of NHERF1 KO mice have been reported, but again, no specific studies
to determine whether these changes in protein expression translate into changes in metabolism have
been performed [27].

These observations suggest the hypothesis that alterations in renal cell metabolic pathways
and/or mitochondrial dysfunction resulting from the loss of NHERF1 could prime these kidneys for a
‘second hit’ with cisplatin, therefore sensitizing these cells to cisplatin nephrotoxicity. The goals of
this manuscript were twofold: (1) to determine if NHERF1 KO mice demonstrate changes in renal
metabolic pathways, and (2) to determine if NHERF1 KO mice have altered mitochondrial function
and/or structure that predisposes these animals to cisplatin nephrotoxicity.

2. Materials and Methods

2.1. Animals and Treatments

Two to 4-month-old male NHERF1(−/−) KO mice [28] and their WT littermates on C57BL/6J
background were maintained on a 12:12 h light–dark cycle and were provided water and food ad
libitum. At the time of sacrifice, animals were anesthetized with ketamine/xylazine (100/15 mg/kg,
intraperitoneally (IP)). For enzyme kinetic assays, mice were given a single IP injection of 20 mg/kg
cisplatin or vehicle (saline). Vehicle-treated and cisplatin-treated mice were euthanized after 72 h. All
cisplatin studies were performed at the same time each day. Kidneys were removed and decapsulated;
then, the cortex was separated from the medulla for homogenization. The kidney cortex was
homogenized in 0.1 M Tris-HCl, pH 7.4 on ice. Then, tissue homogenates were sonicated on ice for
10 s/sample. Then, the samples were centrifuged for 15 min at 2500× g at 4 ◦C. For the mitochondrial
studies, mice were not given a cisplatin or saline injection, and kidneys were removed and decapsulated
for mitochondrial isolation or snap frozen in liquid nitrogen and stored at −80 ◦C for ATP analysis.
All animal studies were approved by the Institutional Animal Care Use Committee (IACUC) at the
University of Louisville and followed the guidelines of the American Veterinary Medical Association.

2.2. Fructose-1,6-Bisphosphatase (FBPase) Activity Assay

FBPase activity was measured as described previously [29]. Briefly, 20 µg protein (10 µL)
was added to 170 µL assay buffer containing 0.1 M Tris-HCl, pH 8.6; 0.1 MgCl2; 0.1 M cysteine
HCl in a 96-well plate and incubated at 37 ◦C for 5 min. Then, 20 µL of freshly prepared 50 mM
fructose-1,6-bisphosphate (final concentration 5 mM) was added. Samples along with blanks (protein
and substrate) and freshly prepared standards (0, 10, 25, 50, 100, 150, 200, 250 nM KH2PO4) were
incubated at 37 ◦C for 60 min. The reaction was stopped by the addition of 50 µL 10% trichloroacetic
acid (TCA), and the samples were centrifuged at 10,000× g for 5 min. Then, 200 µL of supernatant from
samples, standards, and blanks was carefully pipetted into a fresh 96-well plate. Then, 50 µL freshly
prepared 5% FeSO4 (0.5 g of FeSO4 dissolved in 1 mL of 10% ammonium molybdate in 0.2 N H2SO4

and the total volume was brought to 10 mL using distilled water) was added. The samples, standards,
and blanks were read after 10 min at 820 nm wavelength. All samples, blanks, and standards were read
in triplicate. The amount of inorganic phosphate released by the reaction of FBPase was determined by
subtracting the substrate blank values from the sample values using the standards curve. All samples,
blanks, and standards were read in triplicate. The average activity from the triplicate was considered
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as n = 1 and shown as activity per mg protein (WT vehicle n = 3), (NHERF1 KO vehicle n = 4), (WT
cisplatin n = 3), (NHERF1 KO cisplatin n = 5).

2.3. Glucose-6-Phosphatase (G6Pase) Activity Assay

G6Pase activity was measured as described [29]. Briefly, 20 µg protein (10 µL) was added to 170 µL
assay buffer containing 0.1 M Tris-HCl, pH 7.4, and 0.1 M MgCl2 in a 96-well plate and incubated for
5 min at 37 ◦C. Then, 20 µL freshly prepared substrate (50 mM glucose-6-phosphate, final concentration
5 mM) was added to each well. Samples along with blanks (protein and substrate) and freshly prepared
standards (0, 10, 25, 50, 100, 150, 200, 250 nM KH2PO4) were incubated at 37 ◦C for 60 min. The reaction
was stopped by the addition of 50 µL 10% TCA, and the samples were centrifuged at 10,000× g for
5 min. Then, 200 µL of supernatant from samples, standards, and blanks was carefully pipetted into a
fresh 96-well plate. Then, 50 µL freshly prepared 5% FeSO4 (0.5 g of FeSO4 dissolved in 1 mL of 10%
ammonium molybdate in 0.2 N H2SO4 and the total volume was brought to 10 mL using distilled
water) was added. The samples, standards, and blanks were read after 10 min at 820 nm wavelength.
All samples, blanks, and standards were read in triplicate. The amount of inorganic phosphate released
by the reaction of G6Pase was determined by subtracting the substrate blank values from the samples
values using the standard curve. The average activity from triplicates was considered as n = 1 and
shown as activity per mg protein (WT vehicle n = 3), (NHERF1 KO vehicle n = 4), (WT cisplatin n = 3),
(NHERF1 KO cisplatin n = 5).

2.4. Lactate Dehydrogenase (LDH) Activity Assay

LDH activity was measured as described [29]. Briefly, samples (20 µg protein, 10 µL) were added
to 170 µL assay buffer containing 0.1 M Tris-HCl, pH 7.4; 0.1 M MgCl2 and 0.5 mM sodium pyruvate
(substrate) and incubated at 37 ◦C for 5 min. Reaction was started by adding 20 µL 5 mM nicotinamide
adenine dinucleotide and hydrogen (NADH) freshly prepared in 1 mM sodium bicarbonate, pH 9.0
solution (final concentration 0.5 mM). Samples and blanks (solution, protein, and NADH) were
immediately read at 340 nm for 10 min. The optical density values were recorded every minute. The
optical density measured before the addition of NADH was considered as time zero. Absorbance
in the linear range was used for calculating activity. The activity was determined as a decrease in
absorbance due to the oxidation of NADH per mg protein. The values of NADH blank were subtracted
from samples to calculate the final activity. All samples were read in triplicate and the average value
was considered n = 1 (WT vehicle n = 3), (NHERF1 KO vehicle n = 4), (WT cisplatin n = 3), (NHERF1
KO cisplatin n = 5).

2.5. Malate Dehydrogenase (MDH) Activity Assay

MDH activity is determined as described [29]. Briefly, a 10 µL sample (20 µg protein was added
to assay buffer containing 0.1 M Tris-HCl, pH 7.4; 0.5 mM oxaloacetate; 0.1 M MgCl2. Reaction was
started by adding 20 µL 5 mM NADH freshly prepared in 1 mM sodium bicarbonate, pH 9.0 solution
(final concentration 0.5 mM). Samples and blanks (solution, protein, and NADH) were immediately
read at 340 nm for 10 min. The optical density values were recorded every minute. The optical density
measured before the addition of NADH was considered as time zero. Absorbance in the linear range
was used for calculating activity. The activity was determined as a decrease in absorbance due to the
oxidation of NADH per mg of protein. The values of the NADH blank were subtracted from samples
to calculate the final activity. All samples were read in triplicate, and the average value was considered
n = 1 (WT vehicle n = 3), (NHERF1 KO vehicle n = 4), (WT cisplatin n = 3), (NHERF1 KO cisplatin
n = 5).

2.6. Malic Enzyme (ME) Activity Assay

ME activity was measured as described [29]. Briefly, a 10 µL sample (20 µg protein) was added to
170 µL assay buffer containing 0.1 M Tris-HCl, pH 7.4; 0.5 mM L-malic acid; 0.1 M MgCl2. Reaction
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was started by the addition of 20 µL freshly prepared 2 mg/mL of NADP+ in 100 mM imidazole.
Samples and blanks (solution, sample, and NADP+ blank) were immediately read at 340 nm for
10 min. The optical density values were recorded every minute. The optical density measured before
the addition of NADP+ was considered as time zero. Absorbance in the linear range was used for
calculating activity. The activity was determined as an increase in absorbance due to the reduction of
NADP+ to NADPH per mg protein. The values of NADP+ blank were subtracted from samples to
calculate the final activity. All samples were read in triplicate, and the average value was considered
n = 1 (WT vehicle n = 3), (NHERF1 KO vehicle n = 4), (WT cisplatin n = 3), (NHERF1 KO cisplatin
n = 5).

2.7. Glucose-6-Phosphate Dehydrogenase (G6PD) Activity Assay

G6PD activity was measured as described [29]. Briefly, a 10 µL sample (20 µg protein) was
added to 170 µL assay buffer containing 0.1 M Tris-HCl, pH 7.4; 0.5 mM glucose-6-phosphate; 0.1 M
MgCl2. Reaction was started by the addition of 20 µL freshly prepared 2 mg/mL of NADP+ in 100 mM
imidazole. Samples and blanks (solution, sample, and NADP+ blank) were immediately read at 340 nm
for 10 min. The optical density values due to the conversion of NADP+ to NADPH were recorded
every minute. The optical density measured before the addition of NADP+ was considered as time
zero. Absorbance in the linear range was used for calculating activity. The activity was determined
as increase in absorbance due to the reduction of NADP+ to NADPH per mg protein. The values of
NADP+ blank were subtracted from samples to calculate the final activity. All samples were read in
triplicate, and the average was considered n = 1 (WT vehicle n = 3), (NHERF1 KO vehicle n = 4), (WT
cisplatin n = 3), (NHERF1 KO cisplatin n = 5).

2.8. Liquid Chromatography-Mass Spectrometry of Kidney Cortex for ATP Quantification

First, 10 mg of kidney cortex was snap-frozen and stored at −80 ◦C until the LC-MS procedure.
The tissue was maintained in liquid nitrogen during the preparation for LC-MS. Tubes and beads
were pre-cooled in liquid nitrogen and 2.5% kidney cortex homogenate was made using an extraction
solution (70% acetonitrile (ACN) and 30% H2O). Tissue was homogenized using a bead beater at 5 m/s
for 15 s. Then, the homogenized tissue was transferred to another tube for centrifugation at 16,000× g
for 10 min at 4 ◦C. The supernatant was saved for subsequent LC-MS analysis. To quantitate the
ATP present in mouse kidney cortex tissue, a standard curve was prepared using 1 mM ATP diluted
serially with the extraction buffer containing 20 µM 13C10ATP. Each concentration point was diluted
50× with 60% ACN and 40% 15 mM ammonium acetate. Then, 5 µL was injected onto a SeQuant
ZIC-cHILIC 100 × 2.1 mm metal-free HPLC column. Separation was performed by pumping 60%
ACN and 40% 15 mM ammonium acetate through the column with a flow rate of 0.5 mL/min with no
change in composition using a Waters Acquity UPLC. ATP was eluted from the column and flowed
into a Waters Quattro Premier XE mass spectrometer and subsequently quantitated using optimized
MRMs. A calibration curve was constructed using ATP concentration on the x-axis and the response
of ATP over 13C10ATP on the y-axis. Mouse kidney extracts were also diluted with 50x 60% ACN
and 40% 15 mM ammonium acetate, 5 µL was injected, and the concentration in kidney tissue was
interpolated using the calibration curve previously made for (WT n = 5) and (NHERF1 KO n = 5).

2.9. Perfusion Fixation of Total Kidney In Situ for Electron Microscopy

The abdominal cavity of the mouse was opened along the linea alba and intestines were moved
aside to expose kidneys. A suture was loosely put around the right kidney for removal without
glutaraldehyde exposure. Then, the right kidney was used for kidney cortex homogenates. Next, the
chest cavity was opened to expose the heart for perfusion through the left ventricle, and the vena cava
was cut, while the right kidney was tied off and removed. The left mouse kidney was perfused with 3%
glutaraldehyde solution at a rate of 6 mL/min for approximately 1–3 min. Perfusion was stopped once
kidneys had a change in color and consistency. The kidney was removed and placed in a petri dish of
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3% glutaraldehyde where three to four 0.2 cm × 0.4 cm slices were cut and then stored in 3–4 mL of 3%
glutaraldehyde at 4 ◦C. At this point, the tissue was sent to Norton Children’s Hospital Pathology
Department for a blind EM analysis of kidney tubule mitochondria. Images were taken by a renal
pathologist at the Pathology Department. Sections with the highest concentration of mitochondria
were randomly picked in a 4x field to be used to calculate mitochondria number and mitochondria
area by Image J (WT n = 6) and (NHERF1 KO n = 5).

2.10. Seahorse XF24 Mitochondrial Respiration Analysis

Mice for this study had food taken away 6 h before sacrifice. Mitochondrial oxidative capacity was
measured in isolated kidney mitochondria using a Seahorse Bioscience XF24 extracellular flux analyzer
(Billerica, MA, USA). For measurements in isolated mitochondria, tissue from the kidney cortex of both
kidneys (approximately 50 mg) was isolated and homogenized in 1 mL of isolation buffer (220 mM
mannitol, 70 mM sucrose, 5 mM 3-(N-morpholino) propanesulfonic acid (MOPS), 1 mM ethylene glycol
tetraacetic acid (EGTA), 0.3% fatty acid-free bovine serum albumin (BSA), pH 7.2). The homogenate
was centrifuged at 500× g for five minutes at 4 ◦C. The supernatant containing mitochondria was
centrifuged at 10,000× g for five minutes. Following two wash centrifugation steps in BSA-free isolation
buffer, the mitochondria were suspended in respiration buffer (120 mM KCl, 25 mM sucrose, 10 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 1 mM MgCl2, 5 mM KH2PO4, pH to 7.2).
Protein in the mitochondrial suspension was estimated by the bicinchoninic acid method (Sigma)
using BSA as a standard. Then, 10 µg of mitochondrial protein was sedimented in XF culture plates.
Succinate (10 mM), rotenone (1 µM), and ADP (1 mM) were injected to assess state 3 respiratory activity
(phosphorylating respiration). The oxygen consumption rate (OCR) of mitochondria after exposure to
oligomycin (1 µg/mL) was used to estimate state 4 activity (non-phosphorylating respiration). Finally,
Antimycin A (20 µM) was utilized to stop all respiration. Data are expressed as pmol O2/min/µg
protein (WT n = 6, NHERF1 KO n = 6).

2.11. Brush Border Membrane Isolation

Kidney cortex BBM from WT and NHERF1 KO mice were prepared at 4 ◦C using the MgCl2
precipitation method as previously described [30]. Kidney cortex slices were minced and then briefly
homogenized in 50 mM mannitol and 5 mM Tris-HEPES buffer, pH 7.0 (20 mL/g), in a glass teflon
homogenizer with four complete strokes. Then, a polyron homogenizer was used to provide high-speed
[20,500 revolutions/min (rpm)] homogenization for three strokes of 15 s each with an interval of 15 s
between each stroke. MgCl2 was added to the homogenate to a final concentration of 10 mM and
slowly stirred for 20 min. The homogenate was spun at 2000× g in a Sorvall high-speed centrifuge
using an SS-34 rotor. The supernatant was centrifuged at 35,000× g for 30 min using the SS-34 rotor.
Then, the pellet was resuspended in 300 mM mannitol and 5 mM Tris-HEPES, pH 7.4, with four passes
by a loose-fitting Dounce homogenizer (Wheaton, IL) and centrifuged at 35,000× g for 20 min in 15 mL
Corex tubes using the SS-34 rotor. The outer final pellet was resuspended in a small volume of buffered
300 mM mannitol.

2.12. Label-Free Quantitative Liquid Chromatography-Mass Spectrometry

Protein samples were analyzed by 2D-LC-MS/MS using either a linear trap quadrupole (LTQ)
ion trap mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) and/or using a Thermo
Scientific LTQ Orbitrap Elite hybrid FTMS system enabled with electron transfer dissociation (ETD)
fragmentation. Routinely one-dimensional (1D) reversed phase (RP) or two-dimensional (2D) strong
cation exchange (SCX)-(RP) HPLC experiments were conducted off line for the LC-MALDI approach
or online for the LC-LTQ-XL-Orbitrap-ESI-MS/MS approach and protein assignments were made as
previously described [31–34].

The acquired mass spectrometry data were searched against an appropriate REFSEQ protein
database using the SEQUEST (version 27 revision 11) algorithm and Matrix Science Mascot v.1.4 using
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Proteome Discoverer v1.3 to prepare and process RAW files as well as aggregate results. Separately for
comparative LCMS analyses, the MS/MS database analysis was performed with SequestSorcerer (Sage-N
Research, San Jose, CA) and high-probability peptide and protein identifications were assigned from
the SEQUEST results using the Protein and PeptideProphet (tools.proteomecenter.org/software.php)
and SageN Sorcerer statistical platforms. Scaffold 3 proteomic analysis software (ProteomeSoftware,
Inc, Portland, OR) was used for quantitative comparison using a label-free spectral counting method.
The qualitative comparison of protein expression patterns was performed by Ingenuity Pathways
Analysis software (http://ingenuity.com).

2.13. Interpretation of Protein Assignment Results

Lists of identified proteins and expression patterns were submitted for pathways analysis using one
of several publically available (David, http://david.abcc.ncifcrf.gov/; GO, http://www.geneontology.org/;
KEGG Pathway database, http://genome.jp/kegg/pathway.html), GenMAPP (www.genmapp.org/) or
commercially licensed tools (Ingenuity Pathways Analysis software, (Redwood City, California, USA)
http://ingenuity.com).

2.14. Statistical Analysis

Data are shown as means ± standard error means (SEM) or standard deviation (SD). Two-way
ANOVA was used to compare the different treatment groups for the enzyme kinetic assays. Student’s
t-test was performed for the LC-MS data measuring ATP content, mitochondrial number, mitochondrial
area, and mitochondrial respiration via Seahorse XF24. All statistical analysis was conducted with
SPSS version 24 software. p values of < 0.05 were considered statistically significant.

3. Results

3.1. Absence of NHERF1 Results in Extensive Changes in Kidney BBM Protein Expression

BBM were prepared from the kidney cortex of WT and NHERF1 KO mice, followed by comparative
proteomic analysis. Pathway analysis of differentially expressed proteins revealed significant changes
in proteins associated with mitochondrial function as well as protein components of signaling pathways,
actin cytoskeleton, cell survival, and oxidative phosphorylation (Supplementary Materials Figure S1,
Table S1). Based on these findings, we proceeded to determine if metabolic pathways of WT and
NHERF1 KO mouse kidneys differed. Under normal conditions, gluconeogenesis is a signature
metabolic pathway for kidney proximal tubules with little glycolysis [35]. Therefore, we examined
enzymes of the pathways involved in carbohydrate metabolism.

3.2. Cisplatin Treatment Significantly Decreases FBPase and G6Pase Enzyme Activity in Both WT and
NHERF1 KO Mice

Previous studies investigated the effect of cisplatin on gluconeogenesis [2,36,37]; however, the
effect of NHERF1 protein loss on gluconeogenesis has not been investigated. FBPase is a critical
regulatory enzyme in gluconeogenesis that catalyzes the hydrolysis of fructose-1,6-bisphosphate to
fructose-6-phosphate and inorganic phosphate [38]. In order to determine if NHERF1 loss affected
gluconeogenic enzyme activity alone or with cisplatin treatment, male 2–4-month-old mice were treated
with vehicle or cisplatin to induce AKI and then sacrificed after 72 h. Kidney cortex tissue from these
mice were used for the FBPase enzyme kinetic assay as described in the methods section. There were
no significant differences between vehicle [(WT: 41.5 nmole/mg protein/min ± 6.5) (KO: 38.7 nmole/mg
protein/min ± 4.1)] or cisplatin [(WT: 20.6 nmole/mg protein/min ± 0.4) (KO: 19.7 nmole/mg protein/min
± 1.2)] treated WT and NHERF KO kidneys (Figure 1A). However, cisplatin did decrease FBPase
activity in both WT and NHERF1 KO kidneys (p = 0.0001) (Figure 1A).
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cisplatin n = 3), and (KO cisplatin n = 5). *** p = 0.001 cisplatin-treated WT and NHERF1 KO mice 
compared to vehicle saline controls. (B) Glucose-6-phosphatase (G6Pase) enzyme activity was 
determined from the kidney cortex tissue of these mice. Data are means ± SEM (WT vehicle n = 3), 
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NHERF1 KO mice compared to vehicle saline controls. 
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Figure 1. Effect of cisplatin treatment on fructose-1,6-bisphosphatase and glucose-6-phosphase enzyme
activity in wild-type (WT) and Na/H exchange regulatory factor 1 (NHERF1) knockout (KO) mouse
kidneys. Two to 4-month-old male C57BL/6J WT and NHERF1 KO mice were given cisplatin (20 mg/kg
dose intraperitoneally (IP)) or vehicle (saline) and sacrificed after 72 h as described in the Methods
section. (A) Fructose-1,6-bisphosphatase (FBPase) enzyme activity was determined from the kidney
cortex tissue of these mice. Data are means ± SEM (WT vehicle n = 3), (KO vehicle n = 4), (WT cisplatin
n = 3), and (KO cisplatin n = 5). *** p = 0.001 cisplatin-treated WT and NHERF1 KO mice compared to
vehicle saline controls. (B) Glucose-6-phosphatase (G6Pase) enzyme activity was determined from the
kidney cortex tissue of these mice. Data are means ± SEM (WT vehicle n = 3), (KO vehicle n = 4), (WT
cisplatin n = 3), and (KO cisplatin n = 5). *** p < 0.001 cisplatin-treated WT and NHERF1 KO mice
compared to vehicle saline controls.

G6Pase is the final step in gluconeogenesis, where it hydrolyzes glucose-6-phosphate to free
glucose and a phosphate group [39]. Similarly to FBPase, G6Pase activity was comparable in WT and
NHERF1 KO kidneys regardless of treatment [(WT vehicle: 92.3 nmole/mg protein/min ± 5.0), (KO
vehicle: 103.0 nmole/mg protein/min ± 11.3), (WT cisplatin: 38.0 nmole/mg protein/min ± 5.1), and
(KO cisplatin: 26.4 nmole/mg protein/min ± 3.8)]. Cisplatin led to a significant decrease in enzyme
activity in both genotypes (p < 0.0001) (Figure 1B).

3.3. NHERF1 Deficiency or Cisplatin Treatment Does Not Significantly Affect LDH or MDH Enzyme Activity
in Mice

Lactate dehydrogenase (LDH) catalyzes the interconversion of lactate and pyruvate, concomitantly
with the interconversion of NADH and NAD+ [40]. When oxygen is absent, LDH converts pyruvate,
the final product of glycolysis, to lactate [40]. Thus, LDH activity was measured in vehicle and cisplatin
mouse kidneys. NHERF1 loss (p = 0.65) or cisplatin treatment (p = 0.71) did not significantly affect
lactate dehydrogenase activity in these mouse kidneys [(WT vehicle: 0.06 nmole/mg protein/min
± 0.02), (KO vehicle: 0.1 nmole/mg protein/min ± 0.05), (WT cisplatin: 0.1 nmole/mg protein/min ±
0.8), and (KO cisplatin: 0.02 nmole/mg protein/min ± 0.006)] (Figure 2A).

250



Antioxidants 2020, 9, 862Antioxidants 2020, 9, x 9 of 20 

 
Figure 2. Lactate dehydrogenase and malate dehydrogenase enzyme activity in WT and NHERF1 KO 
mouse kidneys. Two to 4-month-old male C57BL/6J WT and NHERF1 KO mice were given cisplatin 
(20 mg/kg dose IP) or vehicle (saline) and sacrificed after 72 h as described in the Methods section. 
(A) Lactate dehydrogenase (LDH) enzyme activity was determined from kidney cortex tissue of these 
mice. Data are mean ± SEM (WT vehicle n = 3), (KO vehicle n = 4), (WT cisplatin n = 3), and (NHERF1 
KO cisplatin n = 5). No significant differences were recorded. (B) Malate dehydrogenase (MDH) 
enzyme activity was determined from the kidney cortex tissue of these mice. Data are mean ± SEM 
(WT vehicle n = 3), (KO vehicle n = 4), (WT cisplatin n = 3), (NHERF1 KO cisplatin n = 5). No significant 
differences were reported. 

3.4. NHERF1 Deficiency Upregulates ME and G6PD Activity 

Malic enzyme (ME) catalyzes the conversion of malic acid to pyruvate and produces NADPH 
[42]. ME serves as an additional source of NADPH for lipogenesis. In order to understand the effect 
that NHERF1 loss and/or cisplatin treatment may have on ME activity, kidney cortex tissue from 
vehicle or cisplatin-treated WT and NHERF1 KO were evaluated. Interestingly, there was a 
significant genotype effect on ME activity resulting in an increase in activity in NHERF1 KO kidneys 
(P = 0.0065) (Figure 3A). Additionally, a significant interaction was also noted between WT and 
NHERF1 KO kidneys after cisplatin treatment (p = 0.0005) [(WT vehicle: 0.07 nmole/mg protein/min 
± 0.012), (KO vehicle: 0.21 nmole/mg protein/min ± 0.01), (WT cisplatin: 0.15 nmole/mg protein/min 
± 0.012), and (KO cisplatin: 0.13 nmole/mg protein/min ± 0.02)] (Figure 3A). 

Cisplatin-induced AKI is known to decrease intermediates of the pentose phosphate pathway 
[2,7] in mice. Glucose-6-phosphate dehydrogenase (G6PD) is a cytosolic enzyme that participates in 
the pentose phosphate pathway, resulting in NADPH production [43]. This is accomplished when 
G6PD reduces NADP+ to NADPH while oxidizing glucose-6-phosphate [43]. G6PD enzyme activity 
was analyzed in vehicle and cisplatin-treated WT and NHERF1 KO kidney cortex to elucidate if 
NHERF1 loss and/or cisplatin treatment affected the pentose phosphate pathway. Similarly, to ME, 
there was a significant genotype effect on G6PD activity, resulting in an increase in activity in 
NHERF1 KO kidneys (p = 0.0033) (Figure 3B). Additionally, a significant interaction was also noted 
between WT and NHERF1 KO kidneys after cisplatin treatment (p = 0.00029) [(WT vehicle: 0.13 
nmole/mg protein/min ± 0.02), (KO vehicle: 0.3 nmole/mg protein/min ± 0.03), (WT cisplatin: 0.3 
nmole/mg protein/min ± 0.007), and (KO cisplatin: 0.3 nmole/mg protein/min ± 0.02)] (Figure 3B). 

3.5. NHERF1 Deficiency Does Not Affect ATP Abundance in Mouse Kidneys 

ATP provides energy to drive many cellular processes and is consumed during many metabolic 
processes [44]. In eukaryotes, ATP is produced by three different metabolic pathways: [1] glycolysis, 

Figure 2. Lactate dehydrogenase and malate dehydrogenase enzyme activity in WT and NHERF1 KO
mouse kidneys. Two to 4-month-old male C57BL/6J WT and NHERF1 KO mice were given cisplatin
(20 mg/kg dose IP) or vehicle (saline) and sacrificed after 72 h as described in the Methods section.
(A) Lactate dehydrogenase (LDH) enzyme activity was determined from kidney cortex tissue of these
mice. Data are mean ± SEM (WT vehicle n = 3), (KO vehicle n = 4), (WT cisplatin n = 3), and (NHERF1
KO cisplatin n = 5). No significant differences were recorded. (B) Malate dehydrogenase (MDH)
enzyme activity was determined from the kidney cortex tissue of these mice. Data are mean ± SEM (WT
vehicle n = 3), (KO vehicle n = 4), (WT cisplatin n = 3), (NHERF1 KO cisplatin n = 5). No significant
differences were reported.

Malate dehydrogenase (MDH) is an enzyme involved in many metabolic pathways including the
citric acid cycle. MDH reversibly catalyzes the oxidation of malate to oxaloacetate with the reduction
of NAD+ to NADH [41]. In this study, we measured MDH activity as the conversion of oxaloacetate
to malate and oxidation of NADH to NAD+. The effect of NHERF1 loss and/or cisplatin treatment
on MDH activity was analyzed. In a similar way to LDH, NHERF1 loss or cisplatin treatment did
not significantly affect MDH activity in these mouse kidneys [(WT vehicle: 0.9 nmole/mg protein/min
± 0.06), (KO vehicle: 0.7 nmole/mg protein/min ± 0.02), (WT cisplatin: 0.8 nmole/mg protein/min
± 0.02), and (KO cisplatin: 0.81 nmole/mg protein/min ± 0.06)] (Figure 2B).

3.4. NHERF1 Deficiency Upregulates ME and G6PD Activity

Malic enzyme (ME) catalyzes the conversion of malic acid to pyruvate and produces NADPH [42].
ME serves as an additional source of NADPH for lipogenesis. In order to understand the effect
that NHERF1 loss and/or cisplatin treatment may have on ME activity, kidney cortex tissue from
vehicle or cisplatin-treated WT and NHERF1 KO were evaluated. Interestingly, there was a significant
genotype effect on ME activity resulting in an increase in activity in NHERF1 KO kidneys (P = 0.0065)
(Figure 3A). Additionally, a significant interaction was also noted between WT and NHERF1 KO
kidneys after cisplatin treatment (p = 0.0005) [(WT vehicle: 0.07 nmole/mg protein/min ± 0.012), (KO
vehicle: 0.21 nmole/mg protein/min ± 0.01), (WT cisplatin: 0.15 nmole/mg protein/min ± 0.012), and
(KO cisplatin: 0.13 nmole/mg protein/min ± 0.02)] (Figure 3A).
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images were of 2–4-month-old male C57BL/6J WT and NHERF1 KO mice whose kidneys were 
perfused with 3% glutaraldehyde prior to EM analysis. 
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determined from the kidney cortex tissue of these mice. Data are mean ± SEM (WT vehicle n = 3), (KO 
vehicle n = 4), (WT cisplatin n = 3), and (KO cisplatin n = 5). ** p = 0.0065. Vehicle-treated NHERF1 KO 
mice compared to WT vehicle controls; *** p = 0.0005 interaction of cisplatin-treated NHERF1 KO mice 
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Figure 3. Effect of NHERF1 loss and cisplatin treatment on malic enzyme and glucose-6-phosphate
dehydrogenase enzyme activity in WT and NHERF1 KO mouse kidneys. Two to 4-month-old male
C57BL/6J WT and NHERF1 KO mice were given cisplatin (20 mg/kg dose IP) or vehicle (saline)
and sacrificed after 72 h as described in the Methods section. (A) Malic enzyme (ME) activity was
determined from the kidney cortex tissue of these mice. Data are mean ± SEM (WT vehicle n = 3), (KO
vehicle n = 4), (WT cisplatin n = 3), and (KO cisplatin n = 5). ** p = 0.0065. Vehicle-treated NHERF1 KO
mice compared to WT vehicle controls; *** p = 0.0005 interaction of cisplatin-treated NHERF1 KO mice
to cisplatin-treated WT mice. (B) G6PD enzyme activity was determined from the kidney cortex tissue
of these mice. Data are mean ± SEM (WT vehicle n = 3), (KO vehicle n = 4), (WT cisplatin n = 3), and
(KO cisplatin n = 5). ** p = 0.0033 vehicle-treated NHERF1 KO mice compared to WT vehicle controls;
** p = 0.00029 interaction of cisplatin-treated NHERF1 KO mice to cisplatin-treated WT mice.

Cisplatin-induced AKI is known to decrease intermediates of the pentose phosphate pathway [2,7]
in mice. Glucose-6-phosphate dehydrogenase (G6PD) is a cytosolic enzyme that participates in the
pentose phosphate pathway, resulting in NADPH production [43]. This is accomplished when G6PD
reduces NADP+ to NADPH while oxidizing glucose-6-phosphate [43]. G6PD enzyme activity was
analyzed in vehicle and cisplatin-treated WT and NHERF1 KO kidney cortex to elucidate if NHERF1
loss and/or cisplatin treatment affected the pentose phosphate pathway. Similarly, to ME, there was
a significant genotype effect on G6PD activity, resulting in an increase in activity in NHERF1 KO
kidneys (p = 0.0033) (Figure 3B). Additionally, a significant interaction was also noted between WT and
NHERF1 KO kidneys after cisplatin treatment (p = 0.00029) [(WT vehicle: 0.13 nmole/mg protein/min
± 0.02), (KO vehicle: 0.3 nmole/mg protein/min ± 0.03), (WT cisplatin: 0.3 nmole/mg protein/min
± 0.007), and (KO cisplatin: 0.3 nmole/mg protein/min ± 0.02)] (Figure 3B).

3.5. NHERF1 Deficiency Does Not Affect ATP Abundance in Mouse Kidneys

ATP provides energy to drive many cellular processes and is consumed during many metabolic
processes [44]. In eukaryotes, ATP is produced by three different metabolic pathways: [1] glycolysis, [2]
the citric acid cycle or oxidative phosphorylation, and [3] beta-oxidation [44]. In order to determine if
NHERF1 KO kidneys had differences in ATP content, kidneys were snap-frozen and processed while
cold for LC-MS as described in the Methods section. LC-MS analysis revealed there were no significant
differences in ATP amount in WT (3.4 nmoles/mg tissue ± 0.5) and NHERF1 KO (3.1 nmoles/mg tissue
± 0.5) kidneys (p = 0.67) (Figure 4).
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Figure 4. ATP content of WT and NHERF1 KO mouse kidneys.LC-MS was utilized to evaluate the
amount of ATP in these tissues as described in the Methods section. Data are means ± SEM (WT n = 5)
and (KO n = 5). No significant differences were reported in these kidneys.

3.6. NHERF1 Deficiency Does Not Affect Kidney Proximal Tubule Mitochondria Morphology, Number, or Area

The mitochondrial structure is essential for proper function; thus, EM images of WT and NHERF1
KO proximal tubule mitochondria were utilized to evaluate their morphology. These images were
of 2–4-month-old male C57BL/6J WT and NHERF1 KO mice whose kidneys were perfused with 3%
glutaraldehyde prior to EM analysis.

These were taken and evaluated by a renal pathologist for signs of injury, oxidative stress, and
changes in cristae. There were no apparent changes in mitochondria morphology between WT and
NHERF1 KO proximal tubules (Figure 5, panels A and B). The only injury reported was early ischemic
changes most likely due to harvesting of the kidneys (Figure 5). Some endosomal swelling was
noted but occurred across both genotypes. Additionally, the density and distribution of mitochondria
within the tubules were alike, and no apparent signs of oxidative stress were found in either genotype
(Figure 5).

Changes in mitochondrial number and a decrease in size have been associated with a decline
in mitochondrial function [45]. Therefore, one goal of this study was to determine if mitochondrial
number and/or size changed in NHERF1 KO proximal tubules when compared to WT. Images from
electron microscopy (EM) of WT and NHERF1 KO kidney proximal tubules were utilized in order
to count the number of mitochondria and to calculate the average area via Image J. There was not a
significant difference between the average number of mitochondria between WT and NHERF1 KO
tubules (WT average number: 128.8) and (NHERF1 KO average number: 115) (p = 0.6) (Figure 6A).
In addition, there was not a significant difference between the average area of mitochondria in WT and
NHERF1 KO tubules (WT average area: 580,540.9 µm2) and (NHERF1 KO average area: 678,465.4 µm2)
(p = 0.75) (Figure 6B).
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Figure 6. Evaluation of mitochondrial number and area of WT and NHERF1 KO proximal tubules. 
(A) Number of mitochondria were counted in random 4× visual fields with the highest density of 
mitochondria. Data are means ± SEM (WT n = 6) and (NHERF1 KO n = 5). The mitochondria number 
of NHERF1 KO proximal tubules was insignificant when compared to WT. (B) Mitochondria area 
was calculated using electron microscopy (EM) images and Image J. Data are means ± SEM (WT n = 
6) and (NHERF1 KO n = 5). Mitochondria area of NHERF1 KO proximal tubules were insignificant 
when compared to WT. 

Figure 6. Evaluation of mitochondrial number and area of WT and NHERF1 KO proximal tubules.
(A) Number of mitochondria were counted in random 4× visual fields with the highest density of
mitochondria. Data are means ± SEM (WT n = 6) and (NHERF1 KO n = 5). The mitochondria number
of NHERF1 KO proximal tubules was insignificant when compared to WT. (B) Mitochondria area was
calculated using electron microscopy (EM) images and Image J. Data are means ± SEM (WT n = 6) and
(NHERF1 KO n = 5). Mitochondria area of NHERF1 KO proximal tubules were insignificant when
compared to WT.

3.7. WT and NHERF1 KO Mouse Kidney Mitochondria Have Similar Oxidative Capacities

The mitochondria’s capacity to reduce oxygen is a critical aspect in the process of mitochondrial
electron transport and ATP synthesis. Therefore, measuring mitochondrial oxygen consumption can
provide a valuable method to assess mitochondrial function. One purpose of this work was to assess
mitochondrial function by oxidative capacity in WT and NHERF1 KO kidneys using the Seahorse XF24
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analyzer. In panel A of Figure 7, the oxygen consumption rate (OCR) of WT and NHERF1 KO kidney
mitochondria are shown over time. Both WT and NHERF1 KO mitochondria exhibit a similar trend
and response to added substrates and inhibitors. When adding the substrate Succinate/Rotenone plus
ADP for the production of ATP, both genotypes exhibit a maximal increase in OCR. Moreover, both
genotypes undergo a decrease in OCR after adding oligomycin, an inhibitor of complex V (formation
of ATP from ADP via O2 consumption). Lastly, antimycin A shuts down all respiration, where the
OCR is close to the basal OCR. The difference between the basal OCR and OCR after antimycin A is
the non-mitochondrial respiration.Antioxidants 2020, 9, x 14 of 20 

 
Figure 7. Mitochondrial function in isolated mitochondria of WT and NHERF1 KO kidneys. 
Mitochondria from two to 4-month-old male WT and NHERF1 KO mice were isolated and analyzed 
via the Seahorse XF24 for oxidative capacity as described in the Methods section. (A) Oxygen 
consumption rate (OCR) was recorded after the addition of both substrates (succinate/rotenone/ADP) 
and inhibitors (oligomycin and antimycin A) [(WT n = 6) and (NHERF1 KO n = 6)]. (B) State 3 and 
state 4 were calculated using the recorded OCRs of WT and NHERF1 KO mitochondria. Data are 
mean ± SD [(WT n = 6) and (NHERF1 KO n = 6)]. State 3 and state 4 respiration were considered 
insignificant between WT and NHERF1 KO mouse kidney mitochondria. (C) Respiratory control ratio 
(RCR) (state 3/state 4) was calculated between WT and NHERF1 KO kidney mitochondria. Data are 
represented as state 3/state 4 ratio [(WT n = 6) and (NHERF1 n = 6)]. RCR was insignificant between 
WT and NHERF1 KO mouse kidney mitochondria. 

Accordingly, the RCR was calculated between WT (1.63) and NHERF1 (1.61) KO kidney 
mitochondria and was also found to not be significantly different (Figure 7C). 

Figure 7. Mitochondrial function in isolated mitochondria of WT and NHERF1 KO kidneys.
Mitochondria from two to 4-month-old male WT and NHERF1 KO mice were isolated and analyzed via
the Seahorse XF24 for oxidative capacity as described in the Methods section. (A) Oxygen consumption
rate (OCR) was recorded after the addition of both substrates (succinate/rotenone/ADP) and inhibitors
(oligomycin and antimycin A) [(WT n = 6) and (NHERF1 KO n = 6)]. (B) State 3 and state 4 were
calculated using the recorded OCRs of WT and NHERF1 KO mitochondria. Data are mean ± SD [(WT
n = 6) and (NHERF1 KO n = 6)]. State 3 and state 4 respiration were considered insignificant between
WT and NHERF1 KO mouse kidney mitochondria. (C) Respiratory control ratio (RCR) (state 3/state
4) was calculated between WT and NHERF1 KO kidney mitochondria. Data are represented as state
3/state 4 ratio [(WT n = 6) and (NHERF1 n = 6)]. RCR was insignificant between WT and NHERF1 KO
mouse kidney mitochondria.
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Changes in state 3 (conversion of ATP from ADP and consumption of O2) and state 4
(non-phosphorylating or resting respiration) respiration are commonly used to evaluate mitochondria
oxidative capacity. Panel B of Figure 7 shows both state 3 [(WT: 60 pmoles/min/µg protein ± 15) and
(NHERF1 KO: 44 pmoles/min/µg protein ± 6)] and state 4 [(WT: 37 pmoles/min/µg protein ± 15) and
(NHERF1 KO: 28 pmoles/min/µg protein ± 6)] of WT and NHERF1 KO kidney mitochondria, where
state 3 (p = 0.2) and 4 (p = 0.1) was determined to not be significantly different between the groups.

The respiratory control ratio (RCR) is the best general measure of mitochondrial function in
isolated mitochondria. RCR is measured by taking state 3/state 4 respiration and sums up the main
function of mitochondria: the ability to respond to ADP from a resting state by making ATP at high rates.
The RCR has no absolute value that is diagnostic of mitochondrial dysfunction [46]. Thus, RCR values
are substrate and tissue-dependent, making the RCR advantageous when measuring mitochondrial
function in isolated mitochondria [46]. A change in almost any aspect of oxidative phosphorylation
will result in a change in the RCR when comparing isolated mitochondria [46].

Representative photomicrographs show a 4x field of WT and NHERF1 KO proximal tubule
mitochondria. Panel A represents the proximal tubule mitochondria of WT mice, while panel B
represents NHERF1 KO proximal tubule mitochondria (WT n = 6) and (NHERF1 KO n = 5). The scale
bars were set at 2 µm.

Accordingly, the RCR was calculated between WT (1.63) and NHERF1 (1.61) KO kidney
mitochondria and was also found to not be significantly different (Figure 7C).

4. Discussion

This work aimed to examine two aspects of proximal tubule cell function: metabolic enzymatic
pathways and mitochondrial structure and function. We proposed that changes in kidney
metabolism and/or mitochondrial structure or function could predispose NHERF1 KO mice to cisplatin
nephrotoxicity. This is the first study to find changes in the kidney pentose phosphate pathway enzymes
with NHERF1 loss and a novel proposed mechanism of susceptibility to cisplatin-induced AKI. Recent
studies have found that cisplatin alters renal cell metabolism, contributing to injury and the secondary
result of chronic kidney disease (CKD) development [2–6]. Cisplatin treatment results in the depletion
of amino acids in the kidney [2–5], reduces fatty acid oxidation while concomitantly accumulating fatty
acids in the kidney [2,5,6], and decreases renal glycolytic enzymes and intermediates of the pentose
phosphate pathway [2,36]. In addition to affecting metabolic pathways cisplatin, nephrotoxicity
has been established in inducing apoptotic and necrotic cell death. The mechanisms involved in
cisplatin-induced nephrotoxic cell death remain unclear. However, there is increasing evidence that
ROS and mitochondrial function have an important role in cisplatin’s mechanism of injury. These
observations combined with the increased susceptibility to cisplatin-induced AKI suggested the
hypothesis that NHERF1 KO mice have metabolic alterations and/or mitochondrial dysfunction that
predispose them to cisplatin nephrotoxicity.

NHERF1 KO mice did not exhibit changes in gluconeogenic or glycolytic enzyme activity. Indeed,
cisplatin treatment resulted in a parallel decrease in FBPase and G6Pase activity in NHERF1 KO and WT
mice. Additionally, there were no significant changes with LDH and MDH activity between non-treated
and treated WT and NHERF1 KO mice. These results are in agreement with previous studies [2,7].
Interestingly, NHERF1 KO mouse kidneys exhibit increased activity of ME and G6PD under baseline
conditions when compared to WT mouse kidneys. The significance of this shift in metabolism toward
a greater utilization of the pentose phosphate pathway is not entirely clear. However, these findings
suggest a potential compensatory mechanism for increased NADPH production as protection against
oxidative stress. ME and G6PD activity provide necessary NADPH, a key cofactor in redox control
and reductive biosynthesis. ME plays a role in the production of pyruvate and serves as an additional
source of NADPH for lipogenesis. Additionally, there is recent evidence for direct cross-talk between
ME and the pentose phosphate pathway [47], where G6PD is a rate-limiting enzyme. A study using a
cell culture model of diabetes observed that the increased activity of G6PD restored redox balance

256



Antioxidants 2020, 9, 862

in endothelial cells exposed to high glucose levels [48], where high glucose levels had previously
decreased G6PD and increased levels of oxidative stress. A similar observation has been made in
studies of liver cirrhosis in rats subject to oxidative stress, where an increase in ME and G6PD gene
expression and activity [49] are also seen, presumably providing protection against the stress through
an increased production of NADPH [49]. Multiple studies have noted the importance of cellular
redox balance in both the development of and in protection from renal injury [50,51]. Additionally,
one other investigator found that NHERF1 is a previously unidentified regulator of Nox1 (NADPH
oxidase) and promotes Nox1 activity [52]. Taken together, these observations suggest that the kidneys
of NHERF1 KO mice experience a greater degree of oxidative stress that is masked by increased
NADPH production through the pentose phosphate pathway. If NHERF1 KO mouse kidneys are more
reliant on the pentose phosphate pathway for maintenance of the cellular redox state, the decrease in
the activity of the enzymes of the pentose phosphate pathway resulting from cisplatin toxicity could
potentially result in more severe injury.

While proteomic data demonstrated changes in mitochondrial proteins in NHERF1 KO mice
(Figure S1) (Table S1), we found no alterations in mitochondrial structure or function. The kidney ATP
levels in NHERF1 KO mice are equivalent to WT. EM analysis revealed that NHERF1 KO mice have
similar proximal tubule mitochondrial morphologies, size, distribution and number when compared
to WT. This result is not surprising, as our proteomic analysis did not identify differences in any of
the proteins associated with mitochondrial fission or fusion such as dynamin related protein 1 (Drp1),
mitofusin-1 (Mfn1), or mitofusin-2 (Mfn2). Mitochondria from NHERF1 KO and WT kidneys were
found to have similar oxidative capacities as demonstrated by the measurement of OCR and RCR (WT:
1.63 and KO: 1.61) (Figure 7C). However, these findings do not exclude completely a role for altered
mitochondrial function as a contributor to enhanced susceptibility to cisplatin-induced AKI. Although
isolated mitochondria from NHERF1 KO kidneys function normally, they may not do so in intact
tissue. NHERF1 KO mice undergo phosphate wasting [28] due to the faulty trafficking of Npt2a to the
apical membrane [21], which may result in intracellular phosphate deficiency. The loss of intracellular
phosphate may create an intracellular environment where mitochondria cannot function properly.
NHERF1 KO mouse kidneys may also sustain losses of other important nutrients. In addition to higher
urine phosphate excretion, NHERF1 KO mice also demonstrate hypercalciuria and hyperuricosuria [26].
A full evaluation of the alterations in proximal tubule cell transport in the NHERF1 KO kidneys has
not been examined. The absence of NHERF1 may also result in impaired signaling processes [53],
alterations in intracellular or mitochondrial protein phosphorylation, loss of mitochondrial interaction
with other organelles, or aberrant mitochondrial protein localization, as suggested by the proteomic
data demonstrating changes in mitochondrial proteins associated with the renal cortical BBM (Figure S1)
(Table S1). Thus, further studies to compare mitochondrial function of WT and NHERF1 KO in intact
kidney tissue are warranted.

5. Conclusions

In conclusion, this study provides insight into metabolic and mitochondrial changes of NHERF1
KO mice and provides new avenues to explore regarding NHERF1 loss and susceptibility to cisplatin
nephrotoxicity. We did not find changes in enzyme activity in gluconeogenesis or the citric acid cycle,
ATP content, and mitochondrial morphology and function. However, we discovered that enzymes
of the pentose phosphate pathway were found to be increased in NHERF1 KO mice and suggest
these animals are expressing some differences in metabolic pathways and may be compensating for
an underlying stress. The basis for these changes in the activity of this metabolic pathway and its
significance for the increased susceptibility of NHERF1 KO mice to cisplatin nephrotoxicity remain
unknown. These results provide another area to be explored in the future pertaining to NADPH
levels in NHERF1 KO mouse kidneys. Further investigation into the bioenergetics of NHERF1 KO
mouse kidneys may elucidate more insight into susceptibility to cisplatin injury and increase our
understanding of the underlying mechanism of susceptibility to cisplatin-induced AKI. In the future,
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this information may provide novel therapeutic targets and/or biomarkers to use clinically for the
prevention of cisplatin nephrotoxicity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3921/9/9/862/s1,
Figure S1: Proteomic analysis of BBM from WT and NHERF1 KO mice, Table S1: Differential expression of BBM
proteins from WT and NHERF1 KO mice.
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Abstract: Age-related macular degeneration (AMD) is a common cause of blindness in the elderly
population, but the pathogenesis of this disease remains largely unknown. Since oxidative stress is
suggested to play a major role in AMD, we aimed to assess the activity levels of components of the
antioxidant system in patients with AMD. We also investigated whether lifestyle and dietary factors
modulate the activity of these endogenous antioxidants and clinical parameters of disease severity.
We recruited 330 patients with AMD (39 with early, 100 with intermediate and 191 with late form of
AMD) and 121 controls in this study. At enrolment, patients’ dietary habits and physical activity were
assessed, and each study participant underwent a thorough ophthalmologic examination. The activity
of several components of the antioxidant system were measured in red blood cells and platelets using
both kinetic and spectrophotometric methods. Patients with AMD consumed much lower levels of
fatty fish and eggs than the control group (p = 0.008 and p = 0.04, respectively). In the nAMD group,
visual acuity (VA) correlated positively with green vegetable consumption (Rs = +0.24, p = 0.004) and
omega-3-rich oil intake (Rs = +0.17, p = 0.03). In the AMD group, the total physical activity MET
score correlated positively with VA (Rs = +0.17, p = 0.003) and correlated negatively with the severity
of AMD (Rs = −0.14, p = 0.01). A multivariate analysis of patients and controls adjusted for age,
sex, and smoking status (pack-years) revealed that AMD was an independent variable associated
with a lower RBC catalase (β = −0.37, p < 0.001) and higher PLT catalase (β = +0.25, p < 0.001), RBC
GPx (β = +0.26, p < 0.001), PLT GPx (β = +0.16, p = 0.001), RBC R-GSSG (β = +0.13, p = 0.009), PLT
R-GSSG (β = +0.12, p = 0.02) and RBC GSH transferase (β = +0.23, p < 0.001) activity. The activities of
components of the antioxidant system were associated with disease severity and depended on dietary
habits. The observed substantial increase in the activity of many critical endogenous antioxidants
in patients with AMD further indicates that the required equilibrium in the antioxidant system is
disturbed throughout the course of the disease. Our findings explicitly show that a diet rich in green
vegetables, fish and omega-3-rich oils, supplemented by physical exercise, is beneficial for patients
with AMD, as it might delay disease progression and help retain better visual function.
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1. Introduction

Age-related macular degeneration (AMD) is an incurable ocular condition of the outer retina
that affects approximately 8–10% of the elderly population worldwide [1]. AMD is characterised
by a progressive visual impairment and remains the leading cause of visual disability in developed
countries [2]. Because of the increasing life expectancy, the number of individuals with AMD is
estimated to reach 288 million in 2040 [3,4]. This increasing prevalence of AMD represents a major
financial challenge for healthcare systems and is expected to exert increasing socio-economic effects [5].

As the pathogenesis of AMD is still poorly understood, the treatment options remain limited
and are available only for the advanced, neovascular form of AMD (nAMD) [6]. The antiangiogenic
treatment targets the main pathophysiological feature of this subtype of AMD: the formation of new,
largely malformed vessels (choroidal neovascularization, CNV) [7]. At present, no proven treatment is
available for the earlier stages of AMD nor for GA, which are characterised by the accumulation of
drusen and retinal atrophy [8]. Therefore, research has focused on the prevention and/or slowing the
progression of AMD to its late stages by manipulating modifiable risk factors, among which nutrition
and dietary habits are listed as the most important risk factors [9]. Based on research evidence, changes
in a patient’s dietary habits and the addition of supplements represent a simple and cost-effective
method for modifying the risk of developing and progression of AMD [10]. Several observational
and experimental studies have been conducted in humans to investigate associations between dietary
antioxidants, the consumption of certain foods and AMD [11], including Age Related Eye Disease
Study 1 (AREDS1) [12]. Two of the most notable studies, AREDS1 and most recently AREDS2, have
contributed to the supplementation strategy currently used in clinical practice [13]. These studies
have noted the effects of dietary factors such as omega-3s, carotenoids, lutein/zeaxanthin, vitamins
A and D on eye health and suggested that they might affect the course of AMD. These findings
resulted in the development of recommendations and clinical practice guidelines that have been used
as a decision-making tool in clinical settings [14]. In general, the most cost-effective and seemingly
achievable strategy for the prevention of progression of AMD to its later stages appears to be a general
healthy lifestyle that is achieved by a healthy diet and exercise [15,16].

The pathogenesis of AMD has been attributed to both modifiable and unmodifiable factors,
including age, genetics and active smoking [17]. The most well-known genetic factors associated with
an increased risk of AMD are polymorphisms in the CFH Y402H (complement factor H) [18,19] and
ARMS2 (age-related maculopathy susceptibility 2) genes [20]. Recently, our team identified another
variant associated with an increased risk for AMD that is located in the peripherin-2 (PRPH2) gene,
which encodes a photoreceptor-specific protein vital for rod and cone cell formation and stability [21].
The detrimental effect of the major modifiable risk factor for AMD, cigarette smoking, which increases
the risk of AMD 2–4 times [22–24], has been attributed to the induction of angiogenesis, impairments in
choroidal circulation, activation of the immune system and generation of oxidative damage [22,25,26].
In fact, risk factors other than smoking that contribute to AMD development, such as light exposure,
diet, and vitamin D levels, among others, also exert well-documented effects on oxidative stress, which
corresponds to cellular damage caused by reactive oxygen species (ROS) [27].

At the molecular level, the retinal environment is particularly susceptible to oxidative stress,
as it is constantly exposed to light and is characterised by increased oxygen consumption and a
high proportion of polyunsaturated fatty acids [27,28]. ROS directly damage DNA (particularly in
mitochondria) and lipids in the photoreceptors, leading to the deterioration of the retinal pigment
epithelium (RPE) [29]. These oxidatively damaged molecules then accumulate in the macular area and
become a continuous source of chronic oxidative stress [30]. The retina protects itself from oxidative
damage by producing a considerable number of antioxidants in the photoreceptor and RPE cells,
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including the enzymes superoxide dismutase (SOD), glutathione peroxidase (GPx), catalase (CAT),
glutathione transferase (GST) and glutathione reductase (R-GSSG) and nonenzymatic antioxidants
glutathione (GSH), carotenoids, uric acid, albumin and many others [31]. Disturbances in the tight
balance of antioxidant system might contribute to AMD pathogenesis [32].

In the present study, we aimed to assess the activity levels of several components of the antioxidant
system in patients with AMD and controls and to explore the role of dietary habits in AMD development.
In particular, we wanted to investigate whether lifestyle factors modulate the concentrations of these
endogenous antioxidants and clinical parameters of disease severity. We also focused on possible
associations of antioxidant activity with genetic risk factors for AMD.

2. Materials and Methods

2.1. Study Groups and Initial Management

For this study we recruited 330 patients with AMD (39 with early, 100 with intermediate and 191
with late form of AMD) from the outpatient population of the First Department of Ophthalmology of
Pomeranian Medical University in Szczecin, Poland (ethical code is KB-0012/141/13). For the control
group, we enrolled 121 age-matched participants with no symptoms or signs of macular degeneration
(absence of drusen, neovascularization or pigmentary abnormalities). We excluded patients with
significant chronic systemic conditions (diabetes mellitus, renal failure, collagen/neoplastic disease,
hepatic dysfunction, etc.) or ongoing retinal disease except AMD (in AMD groups), i.e., glaucoma or
intraocular inflammatory diseases from the participation in the study. A consent form was signed by
all patients before enrolment in the trial, in accordance with the tenets of the Declaration of Helsinki.

Demographic characteristics (age, gender, time of symptom onset, time to presentation) and the
following vascular risk factors present at the time of the enrolment were recorded: hypertension,
hyperlipidaemia, diabetes mellitus, atrial fibrillation, ischaemic heart disease, cardiomyopathy, prior
cerebrovascular events or renal artery stenosis (atherosclerosis). The following anthropometric and
nutritional parameters were also assessed in all patients: waist circumference [cm], waist/hip ratio
(WHR), and body mass index (BMI) [weight (kg)/height (m)2]. Cumulative pack-years of smoking
were determined from the recorded average number of smoked cigarettes per day and smoking years.
The actual blood pressure (BP) was determined in all subjects prior to the ophthalmic examination.

2.2. Dietary Habits and Physical Activity Assessment

At the enrolment, each patient completed Food Frequency Questionnaire (FFQ) and International
Physical Activity Questionnaire (IPAQ) with the help of the member of the research team.

We modified a quantitative Food Frequency Questionnaire (FFQ) to assess the intake of the
following food groups rich in nutrients considered important in the AMD aetiology and oxidative
processes to evaluate the participants’ dietary habits: fatty fish, eggs, green vegetables, fruit and fruit
juice, omega-3-rich oils, simple and complex carbohydrates, as recommended previously [11,13,33,34].
Three different frequencies in terms of portions per week were available for selection for each food
type and alcoholic drink as follows: fatty fish: <1, 2–4, and >4; eggs: <1, 2–4, and >4; green vegetables:
<2, 2–7, and >7; fruit and fruit juice: <2, 2–7, and >7; omega-3-rich oils: <2, 2–7, and >7; simple
carbohydrates: <2, 2–7, and >7; complex carbohydrates: <2, 2–7, and >7; beer: 0, ≤1, and 2–7; wine: 0,
<2, and 2–7; and vodka: 0, ≤1, and 2–3.

Each participant completed the International Physical Activity Questionnaire (IPAQ) with the
assistance of the member of the research team due to participants’ vision impairment, which comprises
7 questions regarding all types of physical activity associated with daily life, work and leisure performed
in the last seven days. The duration of each activity included in the final data was 10 min or longer
with no interruptions at any moment. The physical activity score was presented in MET-min per
week units and was calculated by multiplying a factor specific for each activity by several days spent
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performing the activity and time in min spent on the activity per day. Weekly activity was measured
by adding scores of each of the activities.

2.3. Ophthalmologic Examination

The patients were examined by an ophthalmologist with a comprehensive ophthalmologic
evaluation, including best-corrected visual acuity using the Early Treatment Diabetic Retinopathy Study
(ETDRS) chart, intraocular pressure measurement, fundus photography, autofluorescence imaging,
spectral-domain OCT, and fluorescein or indocyanine green angiography (Spectralis, Heidelberg
Engineering, Carlsbad, CA, USA). The severity of AMD was classified according to Ferris et al. [35]:
patients with medium drusen (63–125 m) and without pigmentary abnormalities were classified as
early AMD group, patients with large drusen or with pigmentary abnormalities associated with at
least medium drusen were classified as intermediate AMD group, and patients with lesions associated
with neovascular AMD or geographic atrophy were classified to have late AMD. The examinations
were carried out in a blinded manner.

2.4. Blood Sample Collection, RBC and PLT Preparation

Peripheral venous blood (approx. 7.5 mL) was collected from the AMD group and controls
into two types of tubes containing ethylenediaminetetraacetic acid (EDTA) or sodium citrate as an
anticoagulant. The blood sample in the EDTA tube was centrifuged at 3000× g for 10 min to separate
the plasma and buffy coat from red blood cells (RBCs). The plasma and buffy coat were removed from
RBCs and 3 mL of deionised water were added to induce haemolysis. The sample was then centrifuged
at 13,500× g for 5 min to separate the haemolysate from the pellet of red blood cell membranes.
Haemoglobin levels were assayed using Drabkin’s method. All results obtained for the activity of
antioxidant enzymes were calculated per 1 g of haemoglobin in RBCs.

Platelets were obtained from venous blood collected in a tube containing 109 mM sodium citrate
(3.2%, 9:1; v/v). Blood was centrifuged (10 min; 20 ◦C; 10,000 rpm) to obtain platelet-rich plasma (PRP),
which was transferred to a new tube and centrifuged again (10 min; 20 ◦C; 3824 rpm). The resulting
platelet-poor plasma (PPP) was placed in a fresh tube and stored at −80 ◦C until further analysis.
The platelet pellet was washed twice with Tyrode’s solution (pH 7.4), suspended in 1 mL of Tyrode’s
solution and the number of platelets was determined using spectrophotometry. The suspension was
stored at −80 ◦C until further analysis. The platelet suspension was thawed (37 ◦C) and frozen (−80 ◦C)
twice, and the obtained platelet lysate was centrifuged (10 min; 4 ◦C; 3824 rpm). All results obtained
for the activity of antioxidant enzymes were calculated per 1 g of platelet lysate protein. Protein levels
were assayed using the Lowry protein assay.

We used automated methods and commercially available assays to measure fasting glucose
and lipid levels (including triglycerides, total cholesterol and high (HDL) and low-density (LDL)
lipoproteins) in all patients with AMD and controls.

2.5. The Activity of Antioxidant Enzymes

A spectrophotometric method was used to establish the concentrations of reduced glutathione
(GSH). The activities of superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx),
glutathione transferase (GST), glutathione reductase (R-GSSG) in red blood cells (RBCs) and platelets
(PLT) were obtained using kinetic methods. The measurements in RBCs and PLT were performed using
a UV/VIS Lambda 650 spectrophotometer (Perkin-Elmer, Waltham, MA, USA) and similar protocols
(specified below). The extracellular haemoglobin concentration in plasma samples was determined
using a spectrophotometric method [36,37] with the same spectrophotometer.

2.5.1. GSH Concentration

The (haemo)lysate was diluted, mixed with a precipitation solution (1.67 g of metaphosphoric acid,
0.2 g of EDTA-Na2, 30 g of NaCl and 100 mL of H2O; Sigma-Aldrich, St. Louis, MO, USA), incubated
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(5 min, 4 ◦C) and centrifuged (550× g for 10 min). The supernatant was diluted with phosphoric buffer
(pH 7.9), DTNB (5,5’-dithiobis-(2-nitrobenzoic acid), Sigma-Aldrich, St. Louis, MO, USA) was added,
and then the mixture was incubated for 15 min at 25 ◦C. The detection wavelength was λ 412 nm. The
GSH concentration was calculated using the molar absorption coefficient (e = 13,600 M−1 cm−1).

2.5.2. SOD Activity

In a test tube, a mixture of (haemo)lysate, chloroform:ethanol (3:5; v/v) solution, and distilled
water was combined. The mixtures were subsequently vortexed and centrifuged (5 min; 4 ◦C; 3824× g).
The study material (Na2CO3/NaHCO3 buffer, SOD extract and adrenaline solution; Sigma-Aldrich,
St. Louis, MO, USA) was incubated for 3 min at 37 ◦C. The absorbance of the study material was
recorded in 5 min at a wavelength of 320 nm (in 30 ◦C).

2.5.3. CAT Activity

The (haemo)lysate was diluted 500-fold (100-fold for PLT) with 50 mM phosphoric buffer.
Absorbance measurements of the study sample ((haemo)lysate and 30 mM H2O2 solution;
Sigma-Aldrich, St. Louis, MO, USA) were performed within 30 s at a wavelength of 240 nm
(at 30 ◦C). CAT activity was determined from a calibration curve, which was obtained as a result of
assays of several solutions with a known catalase activity pattern (Oxis Research, Portland, OR, USA).

2.5.4. GPx Activity

A reaction mixture was prepared (phosphoric buffer, glutathione reductase, GSH, NADPH + H+,
and (haemo)lysate with transforming reagent incubated for 5 min at room temperature beforehand;
transforming reagent used only for RBC) and incubated for 10 min at 37 ◦C. After the incubation,
the reaction was initiated by adding tert-butyl hydroxide (or hydrogen peroxide), and the decrease
in the absorption at λ 340 nm was measured. The amount of enzyme that oxidised 1 µmol of GSH
(0.5 µmol NADPH + H) in one minute was defined as a unit of enzyme activity.

2.5.5. GST Activity

A reaction mixture was combined (phosphoric buffer, GSH, CDNB (1-chloro-2,4-dinitrobenzene),
and (haemo)lysate), and the increase in absorbance at λ 340 nm was measured. Glutathione
transferase activity was determined using molar absorption coefficient of the synthesised conjugate
(e = 9600 M−1 cm−1).

2.5.6. R-GSSG Activity

The (haemo)lysate was diluted, mixed with 1 mL of a diluted RI working reagent (900µL EDTA
and 100µL RI; RI: NADPH+ + H+ diluted in 0.01 M NaOH, Sigma Aldrich, St. Louis, MO, USA) and
incubated (5 min, 30 ◦C). Then, RII reagent was added (GSSG (glutathione disulphide) diluted in
EDTA) and extinction was measured at λ 340 nm over 3 min at 30 ◦C.

2.5.7. Statistical Analysis

The quantitative parameters measured in both eyes were averaged before further analysis.
The distributions of all the analysed variables related to components of antioxidant system were
right-skewed and significantly different from normal distribution (p < 0.05, Shapiro-Wilk test). Therefore,
the nonparametric Kruskal-Wallis and Mann-Whitney tests were used to compare quantitative values
between groups, whereas Spearman’s rank correlation coefficient (Rs) was calculated to measure the
strength of associations between these values. We used Fisher’s exact test to compare qualitative
variables between groups. A multivariate analysis of AMD as an independent variable was performed
using a general linear model (GLM) adjusted for age, sex and smoking status (pack-years) by inclusion
of the confounding factors as independent variables, with logarithmic transformation applied to the
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dependent variables to normalize their distributions. Standardised regression coefficients (β) were
calculated to measure the strength of associations between independent and dependent variables.
The interpretation of β and Rs coefficients is similar: values +1 and −1 indicate perfect positive and
negative association, respectively, while 0 indicates complete lack of association. Quantitative variables
were presented as mean ± standard deviation. p < 0.05 was considered statistically significant without
correction for multiple testing other than included in the applied test itself (number of compared groups
in Kruskal-Wallis test, number of variables in GLM). Statistica 13 software (Dell Inc., Round Rock, TX,
USA) was used for statistical analyses.

3. Results

3.1. Characteristics of the Study Subjects

We enrolled 330 patients with AMD and 121 healthy controls in this study. The clinical
characteristics of the studied groups are presented in Table 1. The AMD and control groups did not
differ in age and well-known atherosclerotic risk factors, including serum lipid and glucose levels.
Statistically significant differences in physical activity were not observed between the groups. On the
other hand, the number of past smokers and the number of pack-years of smoking were considerably
higher in the AMD group than in controls (p < 0.001). Importantly, a strong positive correlation between
the number of pack-years of smoking and disease severity was identified (Rs = +0.23, p < 0.001),
corroborating the well-documented relation between smoking and AMD. The positive correlation
between the patient’s age and clinical classification of AMD (Rs = +0.19, p < 0.001) indicates that age is
one of the main factors affecting disease severity.

Table 1. Characteristics of the study groups. In bold, p-value < 0.05, which was considered
statistically significant.

Parameter AMD Group Control Group p-Value *

Number of patients 330 121 -

Sex (male/female) 135/219 32/89 0.02

Age [years] (mean ± SD) 73.4 ± 8.0 73.1 ± 6.0 0.41

Current smokers (%) 13.6% 6.3% 0.05

Former smokers (%) 51.4% 30.9% <0.001

Smoking pack-years (mean ± SD) 13.6 ± 18.9 6.0 ± 13.1 <0.001

Period without smoking [years] (mean ± SD) 6.8 ± 10.9 5.3 ± 10.2 0.06

Iris colour (dark/light) 91/261 26/95 0.39

Outdoor/indor working conditions 40.1/59.9% 33.1/66.9% 0.19

MAP [mmHg] (mean ± SD) 98.3 ± 11.1 98.7 ± 9.7 0.86

Disease history:

Hypertension (%) 64.7% 71.1% 0.27
Hypertension duration [years] (mean ± SD) 8.2 ± 9.5 9.2 ± 9.9 0.27

Ischemic heart disease (%) 16.2% 11.3% 0.33
Ischemic heart disease duration [years] (mean ± SD) 1.2 ± 4.2 0.8 ± 3.3 0.26

Aortic aneurysm (%) 1.6% 0.0% 0.59
Peripheral artery disease (%) 5.0% 6.2% 0.61

Cerebral stroke (%) 2.8% 3.1% 1.00
Cardiac infarction (%) 6.2% 6.1% 1.00

Currently taken medications:

Hypotensive drugs/vasodilators 65.0% 70.1% 0.39
Cardiac/antiarrhythmic drugs 13.9% 14.4% 0.87

NSAIDs 20.2% 19.6% 1.00
Hormonal drugs 17.1% 20.6% 0.45

Thyroxine 13.7% 20.6% 0.11
Steroids 1.9% 1.0% 1.00

Other hormonal drugs 1.3% 0.0% 0.58
Statins 26.6% 36.1% 0.07

Antidepressants 4.7% 5.2% 0.79
Antiasthmatic drugs 7.4% 3.1% 0.16
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Table 1. Cont.

Parameter AMD Group Control Group p-Value *

BMI [kg/m2] (mean ± SD) 26.9 ± 4.2 26.6 ± 3.7 0.43

WHR [cm/cm] (mean ± SD) 0.90 ± 0.10 0.88 ± 0.10 0.13

Waist circumference [cm] (mean ± SD) 103.3 ± 9.1 102.1 ± 7.3 0.33

Intensive physical activity (MET) 269.2 ± 824.2 173.5 ± 451.7 0.59

Average physical activity (MET) 490.3 ± 1151.9 433.8 ± 706.2 0.35

Walking (MET) 778.8 ± 914.3 785.6 ± 852.4 0.63

Total physical activity (MET) 1536.2 ± 2025.1 1382.5 ± 1493.5 0.97

Cholesterol [mg/dL] (mean ± SD) 204.4 ± 44.6 202.8 ± 43.3 0.99

HDL[mg/dL] (mean ± SD) 60.1 ± 14.0 59.8 ± 13.6 0.90

LDL[mg/dL] (mean ± SD) 119.9 ± 39.2 117.5 ± 37.5 0.71

Triglycerides [mg/dL] (mean ± SD) 106.2 ± 51.5 108.9 ± 52.4 0.38

Glucose [mg/dL] (mean ± SD) 104.8 ± 12.7 102.8 ± 11.0 0.12

* Mann—Whitney test/Fisher’s exact test.

On the other hand, the HDL level correlated negatively with disease severity (Rs = −0.15,
p = 0.007), suggesting its protective effect on AMD progression. Another negative correlation was
observed between the education level and disease severity (Rs = −0.14, p = 0.01). Thus, a higher
educational attainment might be associated with better health awareness and subsequently reduce
AMD progression.

3.2. Analysis of Lifestyle Habits

Since diet is considered one of the potentially modifiable risk factors for AMD, we aimed to
compare the dietary habits of patients with AMD and healthy controls (Table 2) and to analyse whether
dietary habits differed between the early, intermediate and late AMD groups (Table 3).

Patients with AMD consumed much less fatty fish than the control group (p = 0.008). Similar
findings were observed for egg consumption (p = 0.04). In contrast, the AMD group recorded higher
consumption of fruits and fruit juices than the controls (p = 0.01). We did not observe significant
differences in the consumption of green vegetables, omega-3 rich oils, and simple and complex
carbohydrates between groups (p = 0.39, p = 0.66, p = 0.18, and p = 0.26, respectively). Accordingly, no
differences in alcohol intake were observed between groups. Interestingly, we observed a significantly
higher consumption of fatty fish in patients with intermediate AMD than in patients with the late
form of the disease (p = 0.01). Significant differences in egg, green vegetable, fruit and fruit juice,
omega-3-rich oil, simple and complex carbohydrate consumption and alcohol intake were not observed
between the early, intermediate and late AMD groups.

We aimed to determine whether physical activity and the consumption of specific food groups or
alcohol were associated with disease severity to better assess the roles of lifestyle and dietary habits in
the progression of AMD. In the AMD group, we observed strong positive correlations between VA and
the total physical activity MET score (Rs = +0.17, p = 0.003), but these correlations were not observed
in controls. Positive correlations between VA and physical activity intensity were clearly detectable in
the nAMD group, including the intense physical activity MET score (Rs = +0.17; p = 0.04), average
physical activity MET score (Rs = +0.21; p = 0.01) and total physical activity MET score (Rs = +0.22,
p = 0.006). Thus, patients with AMD who were more physically active displayed better visual function.
Accordingly, the total physical activity MET score negatively correlated with the severity of AMD
(Rs = −0.14, p = 0.01). Similarly, time (in min) spent sitting in the last 7 days was associated with
more advanced stages of AMD (Rs = +0.20, p = 0.0005). Based on these findings, sedentary behaviour
facilitates the progression of AMD.
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Table 2. Dietary habits of the AMD group and control group. p-values < 0.05, which were considered
statistically significant, are shown in bold.

Food Group Portions Per Week (%) AMD Group Control Group p-Value *

Fatty fish
<1 73.67% 59.57%

0.0082–4 26.02% 39.36%

>4 0.31% 1.06%

Eggs
<1 23.82% 10.75%

0.042–4 69.91% 84.95%

>4 6.27% 4.30%

Green vegetables
<2 5.63% 1.08%

0.402–7 63.44% 76.34%

>7 30.94% 22.58%

Fruit and fruit
juice

<2 6.94% 1.06%
0.012–7 46.69% 72.34%

>7 46.37% 26.60%

Omega-3 rich oils
<2 14.38% 4.21%

0.662–7 64.38% 81.05%

>7 21.25% 14.74%

Simple
carbohydrates

<2 25.86% 11.58%
0.182–7 55.45% 74.74%

>7 18.69% 13.68%

Complex
carbohydrates

<2 2.18% 3.16%
0.262–7 77.26% 81.05%

>7 20.56% 15.79%

Beer consumption
0 37.54% 36.08%

0.87≤1 58.68% 63.92%

2–7 3.79% 0.00%

Wine
consumption

0 37.78% 36.08%
0.88<2 60.95% 63.92%

2–7 1.27% 0.00%

Vodka
consumption

0 37.42% 36.08%
0.84≤1 62.26% 63.92%

2–3 0.31% 0.00%

* Mann–Whitney test.

Regarding dietary factors, VA correlated positively with green vegetable consumption (Rs = +0.24,
p = 0.004) and omega-3-rich oil intake (Rs = +0.17, p = 0.03) in the nAMD group. Therefore,
the consumption of these food products might preserve visual function in patients with nAMD,
although no differences in the consumption of those products were observed between the AMD and
control groups. Accordingly, fatty fish consumption correlated positively with the retinal volume in
the AMD group (Rs = +0.23, p = 0.003). We observed negative correlations between the drusen size
and consumption of green vegetables (Rs = −0.19, p = 0.02), fruit and fruit juice (Rs = −0.28, p = 0.0004),
omega-3-rich oils (Rs = −0.24, p = 0.002) and complex carbohydrates (Rs = −0.21, p = 0.01) in the AMD
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group. These correlations were not observed in the control group. Thus, the consumption of these
products might exert beneficial effects on the disease course and reduce AMD progression.

Table 3. Dietary habits of the early, intermediate and late AMD groups. The bold font indicates p-values
< 0.05, which were considered statistically significant.

Food Group p-Value 1 Portions Per
Week (%)

Early AMD
Group

Intermediate
AMD
Group

Late AMD
Group

p-Value 2

Early AMD vs.
Intermediate

AMD

Early AMD vs.
Late AMD

Intermediate
AMD vs. Late

AMD

Fatty fish 0.047
<1 76.47% 63.44% 77.46%

0.21 0.83 0.012–4 20.59% 36.56% 22.54%

>4 2.94% 0.00% 0.00%

Eggs 0.28
<1 11.76% 17.20% 28.90%

0.84 0.26 0.182–4 88.24% 78.49% 63.01%

>4 0.00% 4.30% 8.09%

Green
vegetables 0.47

<2 0.00% 3.23% 7.47%
0.45 0.24 0.552–7 64.71% 66.67% 63.22%

>7 35.29% 30.11% 29.31%

Fruit and fruit
juice 0.83

<2 2.94% 6.52% 8.72%
0.53 0.67 0.762–7 50.00% 51.09% 45.35%

>7 47.06% 42.39% 45.93%

Omega-3 rich
oils

0.25
<2 5.88% 8.60% 18.39%

0.14 0.12 0.662–7 64.71% 74.19% 58.62%

>7 29.41% 17.20% 22.99%

Simple
carbohydrates 0.36

<2 8.82% 22.34% 30.46%
0.29 0.17 0.592–7 76.47% 61.70% 49.43%

>7 14.71% 15.96% 20.11%

Complex
carbohydrates 0.48

<2 0.00% 0.00% 4.02%
0.18 0.40 0.572–7 73.53% 84.04% 73.56%

>7 26.47% 15.96% 22.41%

Beer
consumption 0.75

0 42.86% 36.17% 38.46%
0.46 0.64 0.64≤1 54.29% 59.57% 58.58%

2–7 2.86% 4.26% 2.96%

Wine
consumption 0.81

0 42.86% 36.56% 38.69%
0.56 0.76 0.63<2 54.29% 61.29% 60.71%

2–7 2.86% 2.15% 0.60%

Vodka
consumption 0.74

0 42.86% 36.17% 38.24%
0.45 0.61 0.66≤1 57.14% 62.77% 61.76%

2–3 0.00% 1.06% 0.00%

1 Kruskal-Wallis test, 2 Mann-Whitney test.

3.3. Components of the Antioxidant System

Excess oxidative stress coupled with overwhelmed antioxidant defence systems are thought to be
the important contributors to the complex pathophysiology of AMD. We chose 6 factors to analyse the
efficiency of the antioxidant system in patients with AMD and controls: the activities of five enzymes
(SOD, CAT, GPx, R-GSSG and GSH transferase) and concentrations of reduced glutathione (GSH)
in red blood cells (RBCs) and platelets (PLT). The AMD group presented higher values for 7 of the
12 tested factors compared with the control group (Table 4, Figure 1): GPx, R-GSSG, GSH transferase
in RBCs and SOD, catalase, GPx and R-GSSG in PLT. A significant downregulation in catalase activity
levels was observed in RBCs from patients with AMD (0.33 ± 0.21 U/mg Hb) compared to controls
(0.53 ± 0.24; p < 0.0001). A multivariate analysis of patients and controls adjusted for age, sex, and
smoking status (pack-years) revealed that AMD was an independent variable associated with a lower
RBC catalase (β = −0.37, p < 0.001) and higher PLT catalase (β = +0.25, p < 0.001), RBC GPx (β = +0.26,
p < 0.001), PLT GPx (β = +0.16, p = 0.001), RBC R-GSSG (β = +0.13, p = 0.009), PLT R-GSSG (β = +0.12,
p = 0.02) and RBC GSH transferase (β = +0.23, p < 0.001) activity levels.
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Table 4. Comparison of levels of components of the antioxidant system in patients with AMD and
controls. The bold font indicates p-values < 0.05, which were considered statistically significant.

Antioxidant System Component AMD Group Control Group p-Value *
Mean ± SD Mean ± SD

SOD (RBC) [U/mg Hb] 0.31 ± 0.23 0.33 ± 0.19 0.56

Catalase (RBC) [U/mg Hb] 0.33 ± 0.21 0.53 ± 0.24 <0.0001

GPx (RBC) [U/g Hb] 0.05 ± 0.05 0.02 ± 0.01 <0.0001

R-GSSG (RBC) [U/g Hb] 7.28 ± 5.73 5.55 ± 2.62 0.001

GSH (RBC) [µmol/g Hb] 6.18 ± 2.7 6.49 ± 1.95 0.13

GSH transferase (RBC) [U/g Hb] 0.02 ± 0.02 0.01 ± 0.01 <0.0001

SOD (PLT) [U/mg of protein] 69.24 ± 145.07 29.07 ± 26.64 0.03

Catalase (PLT) [U/mg of protein] 28.31 ± 72.11 9.08 ± 17.91 <0.0001

GPx (PLT) [U/g of protein] 4.26 ± 16.083 1.45 ± 1.99 0.002

R-GSSG (PLT) [U/g of protein] 1604.07 ± 5624.53 515.63 ± 528.46 0.04

GSH (PLT) [µmol/g Hb] 1964.62 ± 3398.87 1126.1 ± 2141.95 0.44

GSH transferase (PLT) [U/g of protein] 1.83 ± 3.92 1.06 ± 1.12 0.26

* Mann-Whitney test.
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Figure 1. Comparison of the antioxidant system component levels in patients with AMD and controls. p-values < 0.05, which were considered statistically significant, are 
shown in bold. Figure 1. Comparison of the antioxidant system component levels in patients with AMD and controls.
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An analysis stratified by AMD severity revealed that the early AMD group presented higher
GSH (RBC) concentration and lower R-GSSG (PLT) activity than the late AMD group (p = 0.03 and
p = 0.04, respectively) (Table 5). However, we should be rather careful in interpreting the results of
the Mann–Whitney test, since the Kruskal-Wallis test showed no statistically significant differences
between the early, intermediate and late AMD groups.
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Next, we investigated the associations between ophthalmic parameters and concentrations of the
analysed antioxidants to more specifically evaluate the functions of antioxidants in the development of
AMD. In the AMD group, RBC catalase activity and GSH concentrations negatively correlated with the
disease severity (Rs = −0.11, p = 0.04; R = −0.11, p = 0.05, respectively). This relationship corresponds
to lower RBC catalase activity in the AMD group than in controls. Similarly, we observed weak
positive correlations between the clinical classification of AMD and RBC GPx (Rs = +0.10, p = 0.07),
PLT catalase (Rs = +0.10, p = 0.08) and R-GSSG PLT (Rs = +0.10, p = 0.08) activities that corresponded
to higher activities of these enzymes in RBCs and PLT from patients with AMD. Accordingly, the
drusen size in patients with AMD correlated positively with SOD, GPx and GSH transferase activities
in RBCs (Rs = 0.31, p < 0.001; Rs = 0.16, p = 0.003; and Rs = 0.18, p < 0.001, respectively) and negatively
correlated with both RBC activity and PLT GSH concentration (Rs = −0.27, p < 0.001; and Rs = −0.24,
p < 0.001, respectively). This association was similar to the higher RBC GPx and GSH transferase
activity in the AMD group than in controls. Based on these results, the antioxidant system might be a
major contributor to the clinical course of AMD.

3.4. Correlations between the Antioxidant System and Lifestyle Factors

Different nutritional factors are proposed to modulate the antioxidant potential of various
cells [38,39]. We evaluated the possible associations between the activity levels of components of the
antioxidant system with physical activity and diet to assess whether the activities of the investigated
antioxidant enzymes in RBCs and PLT were associated with lifestyle factors and whether these
correlations were specific for patients with AMD. Overall, GPx, R-GSSG and GSH transferase activities
in RBCs from the AMD group correlated negatively with egg consumption (Rs = −0.22, p < 0.001;
Rs = −0.17, p = 0.003; and Rs = −0.13, p = 0.03, respectively), whereas the RBC catalase activity was
positively correlated with the amount of egg consumption (Rs = +0.11, p = 0.05). Similar correlations
were not observed in controls. These relationships clearly correspond to higher GPx, R-GSSG and GSH
transferase activities and lower catalase activity in the AMD group, as well as lower egg consumption,
than in controls. Similarly, in the AMD group, positive correlations between RBC catalase activity
and fatty fish consumption (Rs = +0.18, p = 0.001) paralleled the lower consumption of this dietary
product and lower catalase activity in patients with AMD than in controls. Accordingly, we observed
positive correlations between fruit and fruit juice consumption with two PLT enzymes: SOD and GPx
(Rs = +0.12, p = 0.03 and Rs = +0.14, p = 0.02, respectively). This finding confirms the aforementioned
observation, since the activities of both of these enzymes and fruit and fruit juice consumption were
higher in the AMD group than in the control group. The identified relationships indicate the possible
effect of dietary habits on antioxidant activity in patients with AMD.

In terms of physical activity, R-GSSG activity levels in RBCs correlated negatively with the total
physical activity MET score (Rs = −0.17, p = 0.04) in patients with nAMD, but this correlation was not
observed in controls.

3.5. Genotypes and Components of the Antioxidant System

We also explored the relationship between antioxidant activity and genetic risk factors for AMD
to further elucidate the interactions between various risk factors for AMD and their contributions
to disease pathogenesis. For this purpose, we investigated associations between the six selected
antioxidants and polymorphisms in genes previously associated with AMD: CFH Y402H, ARMS A69S
and a single nucleotide variant that our team recently linked to a higher AMD risk, PRPH2 c.582-67T >

A (rs3818086) (paper in press). However, when the correction for multiple testing was applied, we did
not identify any statistically significant relationships between components of the antioxidant system
and the genotypes of these genes.
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4. Discussion

AMD remains the major cause of visual impairment among the elderly population, significantly
reducing the quality of life of affected individuals [40]. Several genetic and environmental factors,
including the CFH Y402H polymorphism, age and cigarette smoking, have been identified as
contributing to the complex landscape of AMD, although the exact pathogenesis of the disease
remains unclear [41,42]. At the molecular level, various risk factors for AMD share a common
denominator, oxidative stress, which is thought to be the main component of AMD pathology [27,43].
In fact, manipulations of dietary and lifestyle habits, which are thought to contribute to the tight
balance of the endogenous antioxidant system, might be beneficial in preventing and/or slowing the
progression of AMD [11]. Thus, in the present study, we aimed to investigate the role of antioxidant
components in AMD and to assess whether dietary and lifestyle factors modulate the levels of those
endogenous antioxidants and clinical parameters of disease severity. We also assessed possible
relationships between antioxidant activity and genetic risk factors for AMD.

First, we assessed the systemic levels of components of the antioxidant system in peripheral blood
and found that the activity of the majority of tested substances were significantly increased in patients
with AMD (GPx, R-GSSG, and GSH transferase levels in RBCs and SOD, CAT, GPx, and R-GSSG
levels in PLT), whereas only the CAT activity in RBC was evidently reduced in patients with AMD
compared with controls. Our observation of increased GPx activity is in contrast to the results reported
by Mrowicka et al. [44] and Plestina-Borjan et al. [31], where significantly lower GPx (RBC) activity was
observed in AMD patients in comparison with controls. On the other hand, in the large POLA study of
a cohort of 2584 participants, the increased levels of plasma GPx concentration, which catalyses H2O2

degradation by GSH, correlated with a nine-fold increase in the prevalence of late AMD [45]. GPx
not only protects RPE cells in models of oxidative damage-induced retinal degeneration but is also
required for the maturation of photoreceptor cells [46]. As proposed by Tokarz et al., the increased
activity of GPx in patients with AMD reflects the activity of RPE cells, which attempt to dispose of
overwhelming amount of H2O2 formed during the disease course [47]. R-GSSG interacts with GPx to
regulate the GSH concentration, as it converts glutathione disulfide (GSSG) to GSH [48]. In contrast to
our results, the R-GSSG concentration and activity have been reported to be rather low in patients
with AMD and was associated with a decrease in GSH levels [49,50], the product of enzymatic reaction
catalysed by R-GSSG. In our study, we did not observe a significant association between R-GSSG
activity and GSH concentration in any of the tested groups; thus, the increase in R-GSSG activity
in patients with AMD might be an analogous indicator of increased antioxidant activity, similarly
to GPx or increased GSH transferase activity. Interestingly, conflicting results on the involvement
of GSTM1 and GSTM5 (glutathione s-transferase mu 1/5) polymorphisms and gene expression in
AMD pathology exist [51,52], once again suggesting that the necessary balance of the antioxidant
system is achieved through the proper activity of several enzymes, and not a single enzyme. The tight
cooperation of endogenous antioxidants is reflected in SOD activity, which functions together with
GPx and CAT to convert H2O2 to nontoxic products and by that protect the photoreceptors and RPE
from oxidative damage [31,49]. SOD activity decreases in the RPE periphery with ageing and at the
same time its immunoreactivity increases [53]. However, in the aforementioned POLA study, a high
level of erythrocyte SOD activity was not associated with AMD [45]. This finding is consistent with
our results, although we also observed a higher activity of SOD in PLT from the AMD group. On
the contrary, Venza et al. reported lower SOD (both in plasma and RBC) activity in AMD patients
compared to controls [54]. Interestingly, in vitro studies have shown a reduction in SOD activity in
response to oxidative stress when ARPE-19 cells were treated with acrolein, a powerful initiator of
oxidative stress and mitochondrial dysfunction [55], whereas the upregulation of SOD1/2 expression
resulted in oxidative damage in RPE cells [56]. In fact, excess SOD (in relation to the activities of GPx
and CAT) may cause damage [57], which further suggests the need for a tight balance of the antioxidant
system. Similar to SOD, CAT function decreases in the macular and peripheral RPE with ageing [58],
but in contrast to SOD, CAT immunoreactivity is reduced in RPE cells in the eyes of patients with and
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without AMD [47,59]. Our finding of reduced CAT activity in patients with AMD is consistent with
previous reports [44]. As proposed by Tate et al., treatment with ROS-generating compounds induces
CAT expression in RPE cells, which protects against H2O2, even in the adjacent RPE cells without
upregulated CAT expression. Overall, our findings of increased activity of several antioxidants in
the AMD group suggest an enhanced response to oxidative damage that might contribute to AMD
pathogenesis by disrupting the tight balance of the antioxidant system [32].

Dietary antioxidants aid the endogenous antioxidant defence system in protecting against oxidative
damage and enhanced ROS production and consequently, prevent or slow related disorders, including
AMD [60]. Several major clinical trials, in particular the Age-Related Eye Disease Study (AREDS)
and AREDS2, have shown that nutrients with antioxidant properties, namely, lutein, zeaxanthin,
polyunsaturated omega-3 fatty acids (PUFAs), zinc, vitamins C and E, delay the progression of
advanced AMD in persons with intermediate AMD [13,61]. In our study, patients with AMD consumed
much lower levels of fatty fish and eggs than controls, whereas greater consumption of green vegetables
and omega-3-rich oils was correlated with favourable clinical outcomes (better visual acuity and a
smaller drusen size in patients with AMD). These observations are consistent with previous studies,
as patients with AMD are generally encouraged to increase their intake of green vegetables, eggs
and fish [9,14,33]. Both green vegetables and eggs are rich sources of lutein and zeaxanthin, potent
anti-inflammatory and antioxidant factors that exert beneficial effects on slowing the progression of
AMD [15]. The antioxidant potential of these macular carotenoid pigments combined with their ability
to filtrate blue-light may serve not only to protect the ocular tissue from oxidative damage, but also to
improve visual acuity [62]. Our study further supports this notion, as we found a positive correlation
between VA and consumption of green leafy vegetables, which are a well-known source of these potent
macular carotenoid pigments [63]. According to Gopinath et al., eggs also contain large quantities of
selenium, which directly protects cells from oxidative damage [64]. Additionally, eggs, similar to fatty
fish, are a good source of omega-3 PUFAs, which may minimize retinal inflammation, oxidation, and
degeneration [10,64,65]. Indeed, the Blue Mountains Eye Study (BMES) of a large Australian cohort has
shown that a greater consumption of fish and omega-3s may slow AMD progression [66]. Interestingly,
we did not observe any correlations between alcohol consumption and the clinical parameters in our
patients, although at the molecular level, the toxicity of alcohol is associated with lipid peroxidation
and oxidative stress and potentially represents another causative factor for AMD [67]. This finding
is consistent with a study by Knudtson et al. [68], although some recent reports suggest a modest
association between alcohol consumption and an increased AMD risk [69].

The preventive strategies incorporating a modification of the diet represent an attractive approach
to slow AMD progression, but some debate exists in the literature regarding whether physical exercise
is also recommended to protect against AMD [70]. Our study provides a clear indication that a
sedentary lifestyle worsens the AMD course, as more physically active patients presented better visual
acuity. Several previous studies have associated physical activity with a lower risk of AMD [71,72], but
reports have also described the lack of significant relationships between exercise and AMD risk [73].
As shown in a recent study by Gopinath et al., the most physically active patients aged at least 75 years
are 79% less likely to develop late AMD in 15 years [70]. However, when other confounding factors
were considered, no significant association was observed in this group. Overall, the systemic benefits
of physical activity (e.g., protective effects on obesity, diabetes, inflammation, etc.) make it a vital
part of a healthy lifestyle [70,74], which should be recommended to patients with AMD, along with
refraining from cigarette smoking and consuming a diet rich in vegetables, fish and eggs.

It is worth noting; however, that the correlations found in the present study do not necessarily
indicate causation. Thus, further studies on larger cohorts are needed to provide more straightforward
evidence of various dietary and lifestyle factors affecting AMD course.
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5. Conclusions

In our study, we observed significant increases in the levels of several crucial endogenous
antioxidants in blood samples from patients with AMD, which further suggests that the necessary
balance of the antioxidant system is disrupted during the disease course. Since dietary habits potentially
modulate AMD progression by contributing to the antioxidant status, we also investigated food intake
in our cohort and identified several significant correlations. Based on our results, a diet rich in green
vegetables, eggs, fish and omega-3-rich oils, accompanied by physical activity, is beneficial for patients
with AMD and might slow disease progression and help maintain better visual functions. Further
studies of larger cohorts might elucidate the potential effects of various other food components and
nutritional factors on the severity and progression of AMD or even their roles in preventing this disease.
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AMD age-related macular degeneration
CAT catalase
CNV choroidal neovascularization
GA geographic atrophy
GPx glutathione peroxidase
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Abstract: Oxidative stress represents one of the principal inductors of lifestyle-related and genetic
diseases. Among them, inherited retinal dystrophies, such as age-related macular degeneration
and retinitis pigmentosa, are well known to be susceptible to oxidative stress. To better understand
how high reactive oxygen species levels may be involved in retinal dystrophies onset and
progression, we performed a whole RNA-Seq experiment. It consisted of a comparison of
transcriptomes’ profiles among human retinal pigment epithelium cells exposed to the oxidant
agent N-retinylidene-N-retinylethanolamine (A2E), considering two time points (3h and 6h) after
the basal one. The treatment with A2E determined relevant differences in gene expression and
splicing events, involving several new pathways probably related to retinal degeneration. We found
10 different clusters of pathways involving differentially expressed and differentially alternative spliced
genes and highlighted the sub- pathways which could depict a more detailed scenario determined by
the oxidative-stress-induced condition. In particular, regulation and/or alterations of angiogenesis,
extracellular matrix integrity, isoprenoid-mediated reactions, physiological or pathological autophagy,
cell-death induction and retinal cell rescue represented the most dysregulated pathways. Our results
could represent an important step towards discovery of unclear molecular mechanisms linking
oxidative stress and etiopathogenesis of retinal dystrophies.

Keywords: RNA-Seq; RPE; Retinitis pigmentosa; A2E

1. Introduction

Oxidative stress, recently defined as “a state where oxidative forces exceed the antioxidant
systems due to loss of the balance between them”, represents one of the principal inductors of
lifestyle-related and genetic diseases [1]. Among them, retinal dystrophies and, in particular, age-related
macular degeneration (AMD) and the subgroup of retinitis pigmentosa (RP) are well known to be
susceptible to oxidative stress [2,3]. Nowadays AMD is considered the principal cause of visual
disability among patients over 50 years [4]. The typical cellular sign of early AMD is represented
by drusen, characteristic macular pigmentary deposits, associated with intermediate vision loss [5].
A “dry” and a “wet” form of AMD are currently known, the first more diffused but the second
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responsible for 90% of acute blindness due to AMD [6]. As previously mentioned, the most relevant
risk factor associated with AMD etiopathogenesis is represented by high levels of oxidative stress
damaging the macula, generally induced by production of advanced glycation end products (AGE) and
exposition to environmental factors [7]. The majority of such effects are also exerted by dysregulation
of vascular endothelial growth factor (VEGF), impairment proteins and organelles clearance and
glial cell dysfunctions [8]. RP consists of a very heterogeneous group of inherited eye disorders
characterized by progressive vision loss [9]. RP has an incidence of 1:4000 people worldwide and
represents the most prevalent form of photoreceptor-related diseases [10]. Primary symptoms can
already occur in childhood or adolescence and, generally, consist of night blindness and gradual
reduction of the visual field due to progressive death of rods. Total blindness, instead, is a feature
typical of the late stage of the disease, following degeneration of macula photoreceptors [11]. Rods
represent about 95% of all photoreceptors, and oxidative metabolism of fatty acids is their main
energy source [12]. Main causes of rod death are genetic mutations, and more than 80 RP-causative
genes have been already identified (https://sph.uth.edu/RetNet/sum-dis.htm#B-diseases), even if a
relevant number of them are still unknown [13]. Conversely, cone degeneration is usually a late event
frequently resulting from cytotoxic effects of high oxygen levels in the retina after rod reduction. Thus,
oxidative damage is considered the first cause of cone apoptosis and progressive vision loss [14].
Interestingly, AMD and RP can also arise due to mutations in genes expressed in other retinal cell
types, such as MERTK [15], RLBP1 [16] and RPE65 [17] expressed in retinal pigment epithelium
(RPE). Originally, only a trophic function was hypothesized for RPE cells. Nowadays, it is well
known that RPE is a monolayer of neural-crista-derived pigmented epithelial cells interacting with
Bruch’s membrane and choriocapillaris on the basolateral side and with the outer segments of the
photoreceptors on the apical one [17]. RPE plays many vital roles for photoreceptor cells and the most
fascinating certainly is the protection from oxidative stress [18]. Recent studies confirmed a high level
of reactive oxygen species (ROS) in RPE, and fatty acids are one of their molecular targets. If oxidized,
they may impair transduction pathways and gene expression [19]. Although fatty acid oxidation was
already confirmed to cause macular degeneration, oxidative stress mechanism in RP development
requires further clarifications [20]. Therefore, to better understand how high ROS levels may lead to
retinal dystrophies onset and progression, we performed a comparison of transcriptomes’ profiles
among human RPE cells exposed to the oxidant agent N-retinylidene-N-retinylethanolamine (A2E).
A2E is a toxic bis-retinoid that derives from the condensation and the oxidation of the trans-retinal [21].
Throughout life, A2E and other complex lipids accumulate and form lipofuscin in the RPE, ultimately
determining photoreceptor death [22]. Additionally, A2E photo-oxidation is able to generate singlet
oxygen, a highly reactive molecule that contributes to the increase of level of toxic metabolites such as
epoxides and endoperoxides [23]. Moreover, lipid peroxidation is also responsible for A2E cleavage
that releases cytotoxic reactive aldehydes. These reactive species could affect the lipid membranes
fluidity and can damage the DNA and the cellular proteins [24]. On these bases, it was hypothesized
that lipofuscin, A2E and its oxidized metabolites could accumulate if the cellular antioxidant system
is unable to fight the oxidative-damaged lipids in rods and cones. Consequently, accumulation and
photo-oxidation of A2E could lead to several retinal dystrophies, like already established for age-related
macular degeneration (AMD) [25]. Various studies based on ARPE-19 cell line present pharmacological
solution to retinal dystrophies. The same cell line is also used to identify new candidate compounds
able to protect RPE against A2E oxidation [26]. As highlighted in the manuscript, the treatment with
such a compound determines relevant differences in gene expression and splicing events, involving
several new pathways probably related to retinal degeneration.
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2. Materials and Methods

2.1. Cell Culture

Human RPE-derived Cells (H-RPE—Human Retinal Pigment Epithelial Cells, Clonetics™, Lonza,
Walkersville, USA) were grown in T-75 flasks containing RtEGM™ Retinal Pigment Epithelial Cell
Growth Medium BulletKit® (Clonetics™, Lonza, Walkersville, MD, USA) with 2% v/v fetal bovine
serum (FBS), 1% of penicillin/streptomycin and incubated at 37 ◦C with 5% CO2. H-RPE cells were
then plated into 96-well plates (4 × 104 cells/well) and cultured for 24 h to reach confluence before
treatment. Subsequently, A2E was added to a final concentration of 20 µM for 6 h before rinsing with
medium. Control cell groups were incubated without A2E. Confluent cultures were transferred to
PBS supplemented with calcium, magnesium and glucose (PBS–CMG) and then exposed to blue light
emitted by a tungsten-halogen source (470 ± 20 nm; 0.4 mW/mm2) for 30 min to induce phototoxicity
of A2E and incubated at 37 ◦C. The 1–3 generation of subcultured RPE cells were used in this study.

2.2. MTT Assay

Cell viability was determined by mitochondrial-dependent reduction of methylthiazolyldiphenyl-
tetrazolium bromide (MTT) (Sigma-Aldrich, St. Louis, MO, USA) to formazan-insoluble crystals.
Briefly, 10 µL of 5 mg/mL of MTT in PBS was added to the cells following the A2E treatment.
After incubation at 37 ◦C for 2 h, 100 µL of 10% SDS in 0.01 mol/L HCl was added to dissolve the
crystals and incubated for 16 h. The absorbance was measured in a Dynatech microplate reader at
570 nm. Results were expressed as percentage of viable cells normalized with control conditions in the
absence of A2E.

2.3. Total RNA Sequencing

Total RNA was extracted by TRIzolTM Reagent (InvitrogenTM, ThermoFisher Scientific, Waltham,
MA, USA), following manufacturer’s protocol, and quantified at Qubit 2.0 fluorimeter by Qubit®

RNA assay kit (InvitrogenTM, ThermoFisher Scientific, Waltham, MA, USA). The RNA-seq samples
consisted of 3 factor groups, represented by Human RPE cells, before the treatment with A2E and at 2
following different time points of 3 h and 6 h, respectively. For each group, 3 biological replicates were
considered, for a total of 9 samples. The selection of 3 h and 6 h time points was based on previous
experiments realized by our research group (unpublished data), confirmed by outcomes from MTT
assay in this work. Such results highlighted that in wider time intervals, the death rate of oxidative
stressed cells might be so high as to invalidate the following expression analysis. Libraries were
generated using 1 µg of total RNA by the TruSeq Stranded Total RNA Sample Prep Kit with Ribo-Zero
H/M/R (Illumina, San Diego, CA, USA), according to manufacturer’s protocols. Sequencing runs were
performed on an HiSeq 2500 Sequencer (Illumina, San Diego, CA, USA), using the HiSeq SBS Kit v4
(Illumina, San Diego, CA, USA). The experiment was repeated thrice.

2.4. Quality Validation and Read Mapping

Sequence reads were generated from RPE-specific cDNA libraries on the Illumina HiSeq
2500 Sequencer. Obtained raw sequences were filtered to remove low-quality reads (average
per base Phred score <30) and adaptor sequences. The quality of analyzed data was checked
using FastQC (v.0.11.9) (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and QualiMap
(v.2.2.1) [27], while trimming was realized by Trimmomatic (v.0.39). Filtered data were then mapped by
CLC Genomics Workbench v.20.0 (https://digitalinsights.qiagen.com/products-overview/analysis-and-
visualization/qiagen-clc-genomics-workbench/) against the Homo sapiens genome hg38 and the RNA
database v.91, on Ensembl database. RNA-seq analysis was conducted using the following settings:
quality trim limit = 0.01, ambiguity trim maximum value = 2. Map to annotated reference was as
follows: mismatch cost = 2, insertion and deletion costs = 3, minimum length fraction and minimum
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similarity fraction = 0.8, maximum number of hits for a read = 10, strand-specific = both, expression
value = TPM. Raw data are available upon request.

2.5. Gene Expression and Statistical Analysis

Mapped reads were quantified by alignment-dependent and alignment-independent methods.
The first approach uses the expectation-maximization (EM) algorithm [28] in order to determine
expressions even in cases where the majority of reads map equally well to multiple genes or transcripts.
Once the algorithm has converged, every non-uniquely mapping read was assigned randomly to
a particular transcript according to the abundances of the transcripts within the same mapping.
The transcript per million reads (TPM) values were, then, computed from the counts assigned to each
transcript. The second method has a higher accuracy for the point expression estimation and also
allows the user to bootstrap the expression quantification to get an estimate of the technical variability.
This approach was applied by the Salmon tool [29] using the transcript fasta files downloaded from
GENCODE v.32 (gencode.v32.transcripts.fa). Salmon was run with the following settings for the
RNA-seq data: quant –index/index –libType U –unmatedReads /single.fastq –incompatPrior ‘0.0’
–biasSpeedSamp ’5 ’ –fldMax ‘1000’ –fldMean ‘250’ –fldSD ‘25’ –forgettingFactor ‘0.65’ –maxReadOcc
‘100’ –numBiasSamples ‘2000000’ –numAuxModelSamples ‘5000000’ –numPreAuxModelSamples
‘5000’ –numGibbsSamples ‘0’ –numBootstraps ‘0’ –thinningFactor ‘16’ –sigDigits ‘3’ –vbPrior ‘1e-05’
-o/output. Once obtained, Salmon outputs were imported using tximport R package version 1.10.0
and lengthScaledTPM method [30] to generate read counts and Transcripts Per Million (TPMs).
Low expressed transcripts and genes were filtered based on the data mean–variance trend analysis.
The expected decreasing trend between data mean and variance was observed when expressed
transcripts were determined as which had ≥1 of the 9 samples with count per million reads (CPM)
≥1, which provided an optimal filter of low expression. A gene was expressed if any of its transcripts
with the above criteria were expressed. The trimmed mean of M-values (TMM) method was used to
normalize the gene and transcript read counts to log2-CPM [31]. The principal component analysis
(PCA) plot showed that the RNA-seq data did not have distinct batch effects, so it was possible to
proceed with downstream analyses.

2.6. DE, DAS and DTU Analysis

Limma R package was used for differential expression analyses [32]. General linear models
were established to compare gene and transcript expression changes at the different conditions of
experimental design, setting the contrast groups as 0 h.untreated versus 3 h.treated, 0 h.untreated
versus 6 h.treated, 3 h.treated versus 6 h.treated, 0 h.untreated versus (3 h.treated + 6 h.treated)/2. For
differentially expressed (DE) genes/transcripts, the log2 fold change (L2FC) of gene/transcript abundance
were calculated based on contrast groups and significance of expression changes were determined
using the t-test [33]. P-values of multiple testing were adjusted with BH to correct false discovery
rate (FDR) [34]. A gene/transcript was significantly DE in a contrast group if it had adjusted p-value
<0.01 and L2FC ≥1. At the alternative splicing level, differential transcript usage (DTU) transcripts
were determined by comparing the L2FC of a transcript to the weighted average of L2FCs (weights
were based on their standard deviation) of all remaining transcripts in the same gene. A transcript
was determined as significant DTU if it had adjusted p-value <0.01 and ∆PS ≥0.1. For differentially
alternative spliced (DAS) genes, L2FC of each individual transcript was compared to gene level L2FC,
which was calculated as the weighted average of L2FCs of all transcripts of the gene. Then p-values of
individual transcript comparisons were summarized to a single gene level p-value with F-test. A gene
was significantly DAS in a contrast group if it had an adjusted p-value <0.01 and any of its transcript
had a ∆ Percent Spliced (∆PS) ratio ≥0.1. Finally, time points (0 h, 3 h, 6 h) in groups (untreated, treated)
were used for time-series trend analysis. Natural Cubic Spline method with degree of freedom was
used to generate time-series trend (Figure S1).
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2.7. Gene-Enrichment and Functional Pathway Analysis

The up- and down-regulated genes were analyzed by the Database for Annotation, Visualization
and Integrated Discovery (DAVID) 6.8 [35]. This tool is based on more than 40 annotation categories,
including GO terms to protein–protein interactions, from disease associations to gene functional
summaries, and many others. In DAVID annotation system, EASE Score, a modified Fisher Exact
P-Value, is adopted to measure the gene-enrichment in annotation terms. The EASE score provides a
conservative adjustment to the Fisher exact probability that weights significance in favor of themes
supported by more genes. The EASE score is calculated by penalizing (removing) one gene within the
given category from the list and calculating the resulting Fisher exact probability for that category.

2.8. Selection of Single-Pathway “Master genes” and Selection of Retinitis Pigmentosa Candidate Genes by
ToppGene Prioritization

In order to highlight new candidate genes involved into retinitis pigmentosa, based on
oxidative-related candidate pathways, we chose the 15 most altered genes for each one. Firstly,
we considered them for each time point; then, we chose the commons in all time points. Subsequently,
chosen genes underwent prioritization by ToppGene (https://toppgene.cchmc.org), a web-based tool
able to classify a selected group of candidate genes from a large set of genes correlated with a pathology,
giving each one a score. The score is based on the intersection of data from various databases of
annotations related to cellular and physiological functions, analyzing complex networks shared
between genes already known to cause the disease (training genes) and candidate genes (test genes).
Training genes were obtained from RetNet online database.

2.9. Data Validation by qRT-PCR.

Ten most dysregulated mRNAs from candidate genes previously identified were selected and
validated by quantitative Real-Time-Polymerase Chain Reaction (qRT-PCR), in order to validate
RNA-Seq data. Reverse transcription was carried out according to the manufacturer’s protocol of
GoScript™ Reverse Transcription System (Promega, Madison, WI, USA). The obtained cDNA was
subjected to RT-PCR in the ABI 7500 fast sequence detection system (Applied Biosystems, Foster City,
CA, USA), using BRYT-Green-based PCR reaction. PCR amplification was performed in a total reaction
mixture of 20 µL containing 20 ng cDNA, 10 µL 2 × GoTaq1qPCR Master Mix (Promega, Madison,
WI, USA) and 0.2 µM of each primer. PCR was run with the standard thermal cycle conditions
using the two-step qRT-PCR method: an initial denaturation at 95 ◦C for 30 s, followed by 40 cycles
of 30 s at 95 ◦C and 30 s at 60 ◦C. Each reaction was replicated six times, considering all analyzed
time points (18 samples), and the average threshold cycle (Ct) was calculated for each replicate.
The expression of mRNAs was calculated relative to expression level of endogenous control β-actin,
and the relative expression of genes was calculated using the 2−∆∆Ct method [36]. The results were
shown as the mean± SEM (Standard Error of Mean). Statistical significance was determined by analysis
of variance between groups (ANOVA), followed by Bonferroni post-hoc test. Finally, a linear regression
analysis was performed to check the correlation of the FC of the gene expression ratios between
qRT-PCR and RNA-Seq. The statistical analyses were all performed using IBM SPSS 26.0 software
(https://www.ibm.com/analytics/us/en/technology/spss/). Adjusted p-values <0.05 were considered
statistically significant. The research was approved by the Scientific Ethics Committee of the Azienda
Ospedaliera Universitaria—Policlinico “G. Martino” Messina.

3. Results

3.1. MTT Cell Viability Assay Results

The MTT cell viability assay showed a relevant and different trend in RPE-treated cells versus
control. The addition of A2E to cultures led to a dose-dependent increase in cell death percentage
(Figure 1).
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Figure 1. MTT determination of A2E treatment in retinal pigment epithelium (RPE) cells. Cell death 

was assessed at considered time points (3 h and 6 h) in A2E treated samples compared to basal 

untreated group. Results are shown as mean ± standard error of mean (n = 3). p-value < 0.05. 

3.2. Sequencing Analysis and Mapping Statistics 

RNA sequencing carried out on Illumina HiSeq 2500 yielded a total of 96,346,180 quality reads 

(mean mapping quality = 29) with a percentage of 67.8% uniquely mapped. A total of 16,173 genes 

and 69,653 transcripts were identified out of 60,609 and 227,462 reference counterparts, respectively, 

considering the whole human transcriptome. The annotated reference assembly v.32 (GRCh38.p13) 

was downloaded from GeneCode FTP server 

(ftp://ftp.ebi.ac.uk/pub/databases/gencode/Gencode_human/). All previous mapping statistics were 

based on average values calculated for all three replicates in each time point. Details are available in 

Figure S2. 

3.3. Analysis of Gene Expression Profile of RPE Cells 

As previously cited, in our transcriptome study, 16,173 genes (Table S1) and 69,653 transcripts 

(Table S2) were expressed with log2-CPM values ≥ 1 considered as the average value per sample. We 

first analyzed differential expression at the gene level (DE) (Figure 2a and Table S3). Considering the 

stringent criteria we have chosen, we identified 2432 genes that were significantly differentially 

expressed in response to A2E treatment. Of these, 59.7% resulted as up-regulated, while 40.3% down-

regulated, showing a decreasing time-dependent trend for up-regulated ones and an increasing trend 

for down-regulated ones. Afterward, the analysis of transcript-level data allowed us to identify genes 

that were DAS between the contrast groups (Figure 2b and Table S4). We detected 5119 DAS genes, 

of which 1101 were also DE genes (regulated by both transcription and AS) and 4108 were regulated 

by AS only. Therefore, considering all 6540 genes that showed significantly altered levels of 

differential gene and/or transcript-level expression, 78.3% were differentially alternatively spliced, 

highlighting a consistent response to the induced oxidative stress. Furthermore, to identify the 

specific transcripts that characterize a gene as DAS, a DTU analysis was performed (Figure 2b and 

Table S5). Globally, around 12% (8587) of expressed transcripts were classified as DTU. The next step 

consisted in the analysis of early response to the induced oxidative stress in comparison with the 

response to late treatment with A2E. About 40% (858) and 55% (2457) of DE and DAS genes, 

Figure 1. MTT determination of A2E treatment in retinal pigment epithelium (RPE) cells. Cell death
was assessed at considered time points (3 h and 6 h) in A2E treated samples compared to basal untreated
group. Results are shown as mean ± standard error of mean (n = 3). p-value < 0.05.

3.2. Sequencing Analysis and Mapping Statistics

RNA sequencing carried out on Illumina HiSeq 2500 yielded a total of 96,346,180 quality reads
(mean mapping quality = 29) with a percentage of 67.8% uniquely mapped. A total of 16,173 genes
and 69,653 transcripts were identified out of 60,609 and 227,462 reference counterparts, respectively,
considering the whole human transcriptome. The annotated reference assembly v.32 (GRCh38.p13) was
downloaded from GeneCode FTP server (ftp://ftp.ebi.ac.uk/pub/databases/gencode/Gencode_human/).
All previous mapping statistics were based on average values calculated for all three replicates in each
time point. Details are available in Figure S2.

3.3. Analysis of Gene Expression Profile of RPE Cells

As previously cited, in our transcriptome study, 16,173 genes (Table S1) and 69,653 transcripts
(Table S2) were expressed with log2-CPM values ≥1 considered as the average value per sample.
We first analyzed differential expression at the gene level (DE) (Figure 2a and Table S3). Considering
the stringent criteria we have chosen, we identified 2432 genes that were significantly differentially
expressed in response to A2E treatment. Of these, 59.7% resulted as up-regulated, while 40.3%
down-regulated, showing a decreasing time-dependent trend for up-regulated ones and an increasing
trend for down-regulated ones. Afterward, the analysis of transcript-level data allowed us to identify
genes that were DAS between the contrast groups (Figure 2b and Table S4). We detected 5119 DAS
genes, of which 1101 were also DE genes (regulated by both transcription and AS) and 4108 were
regulated by AS only. Therefore, considering all 6540 genes that showed significantly altered levels
of differential gene and/or transcript-level expression, 78.3% were differentially alternatively spliced,
highlighting a consistent response to the induced oxidative stress. Furthermore, to identify the specific
transcripts that characterize a gene as DAS, a DTU analysis was performed (Figure 2b and Table S5).
Globally, around 12% (8587) of expressed transcripts were classified as DTU. The next step consisted
in the analysis of early response to the induced oxidative stress in comparison with the response to
late treatment with A2E. About 40% (858) and 55% (2457) of DE and DAS genes, respectively, resulted
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as common to both time point observations, while the residual was unique to 3 h and 6 h (Figure 3).
Consequently, it is evident how changes in gene-level expression and alternative splicing occurred
throughout the whole period, either transiently (occurring after 3 h and returning to initial level
after 6 h), occurring later (only after 6 h from treatment) or enduring throughout the whole period.
Such results probably suggest the different responses of RPE cells as a growing resistance to oxidative
stress stimuli in a time-dependent manner.

Antioxidants 2020, 9, x FOR PEER REVIEW 7 of 24 

respectively, resulted as common to both time point observations, while the residual was unique to 

3 h and 6 h (Figure 3). Consequently, it is evident how changes in gene-level expression and 

alternative splicing occurred throughout the whole period, either transiently (occurring after 3 h and 

returning to initial level after 6 h), occurring later (only after 6 h from treatment) or enduring 

throughout the whole period. Such results probably suggest the different responses of RPE cells as a 

growing resistance to oxidative stress stimuli in a time-dependent manner. 

 

Figure 2. Summary figure of expressed genes and significant DE, DE + DAS, DE + DTU, DAS and 

DTU genes from analysis of the considered time points of RPE cell data. (A) Number of genes 

regulated only by transcription (DE), only by alternative splicing (DAS) and by both transcription and 
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Differential Transcript Usage. AS = Alternative Splicing. 

Figure 2. Summary Figure of expressed genes and significant DE, DE + DAS, DE + DTU, DAS and
DTU genes from analysis of the considered time points of RPE cell data. (A) Number of genes regulated
only by transcription (DE), only by alternative splicing (DAS) and by both transcription and alternative
splicing (DE + DAS); (B) number of transcripts regulated only by transcription (DE), only by alternative
splicing (DAS) and by both transcription and alternative splicing (DE + DAS). DTU = Differential
Transcript Usage. AS = Alternative Splicing.
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Figure 3. Comparison of the gene lists generated during differential expression analyses. Euler 

diagrams of DE (A) and DAS (B) genes identified during expression analyses in considered conditions 

of experimental design, setting the contrast groups as 0 h.untreated versus 3 h.treated, 0 h.untreated 

versus 6 h.treated, 3 h.treated versus 6 h.treated, 0 h.untreated versus (3 h.treated + 6 h.treated)/2. 

3.4. DE and DAS Genes Highlighted Different Functionality Patterns 

Functional enrichment analyses of DE and DAS genes showed relevant differences, as already 

supposed by the overlap of only 1011 genes (Figure 2). The most significantly enriched terms for DE 

genes were linked to vascular events and very heterogeneous responses to oxidative stress. As 

evidenced by hierarchical clustering of total gene expression levels of DE genes, adaptive, transient 

and late expression profiles followed the A2E induced stress, and an analog response was highlighted 

by transcript expression profiles of individual DE genes (Figure 4). Functional annotation of 

individual DE genes clusters was associated with methylation of RNA (cluster 1), various stress 

response (cluster 2), microtubule assembly and activity (cluster 3), angiogenesis (cluster 6), lipid 

biosynthesis (cluster 7), focal adhesions (cluster 8) and respiratory electron transport (cluster 10). For 

DAS genes, the most enriched functional terms deal with alteration of cellular proliferation and cell 

death. Hierarchical clustering of the DTU transcripts and expression profiles of individual DAS genes 

also evidenced heterogeneous response profiles. Functional annotation of DTU clusters of genes 

revealed enrichment of terms related to misfolded and damaged protein removal (clusters 1 and 3), 

autophagy (cluster 2), lipid biosynthesis (cluster 6), regulation of DNA damage response (cluster 7), 

induction of cell death (cluster 8) and translation regulation (cluster 10) (Figure 5). 

Figure 3. Comparison of the gene lists generated during differential expression analyses. Euler
diagrams of DE (A) and DAS (B) genes identified during expression analyses in considered conditions
of experimental design, setting the contrast groups as 0 h.untreated versus 3 h.treated, 0 h.untreated
versus 6 h.treated, 3 h.treated versus 6 h.treated, 0 h.untreated versus (3 h.treated + 6 h.treated)/2.

3.4. DE and DAS Genes Highlighted Different Functionality Patterns

Functional enrichment analyses of DE and DAS genes showed relevant differences, as already
supposed by the overlap of only 1011 genes (Figure 2). The most significantly enriched terms for
DE genes were linked to vascular events and very heterogeneous responses to oxidative stress.
As evidenced by hierarchical clustering of total gene expression levels of DE genes, adaptive, transient
and late expression profiles followed the A2E induced stress, and an analog response was highlighted
by transcript expression profiles of individual DE genes (Figure 4). Functional annotation of individual
DE genes clusters was associated with methylation of RNA (cluster 1), various stress response (cluster
2), microtubule assembly and activity (cluster 3), angiogenesis (cluster 6), lipid biosynthesis (cluster 7),
focal adhesions (cluster 8) and respiratory electron transport (cluster 10). For DAS genes, the most
enriched functional terms deal with alteration of cellular proliferation and cell death. Hierarchical
clustering of the DTU transcripts and expression profiles of individual DAS genes also evidenced
heterogeneous response profiles. Functional annotation of DTU clusters of genes revealed enrichment
of terms related to misfolded and damaged protein removal (clusters 1 and 3), autophagy (cluster 2),
lipid biosynthesis (cluster 6), regulation of DNA damage response (cluster 7), induction of cell death
(cluster 8) and translation regulation (cluster 10) (Figure 5).
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Figure 4. Hierarchical clustering and heatmap of DE genes and Key GO terms. DE genes show 

segregation into 10 coexpressed clusters, of which the main ones related to oxidative stress were 

highlighted (circled) and linked to GO specific terms. Full results of GO enrichment analyses are 

shown in Tables S6 and S7. The z-score scale represents mean-subtracted regularized log-transformed 

transcripts per million (TPMs). 

Figure 4. Hierarchical clustering and heatmap of DE genes and Key GO terms. DE genes show
segregation into 10 coexpressed clusters, of which the main ones related to oxidative stress were
highlighted (circled) and linked to GO specific terms. Full results of GO enrichment analyses are
shown in Tables S6 and S7. The z-score scale represents mean-subtracted regularized log-transformed
transcripts per million (TPMs).
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Figure 5. Hierarchical clustering and heatmap of DE genes + DTU transcripts from DAS genes and 

Key GO terms. DE genes and DTU transcripts from DAS genes show segregation into 10 coexpressed 

clusters, of which the main ones related to oxidative stress were highlighted (circled) and linked to 

GO specific terms. Full results of GO enrichment analyses are shown in Tables S6 and S7. The z-score 

scale represents mean-subtracted regularized log-transformed TPMs. 

3.5. Early Cellular Response to Induced Stress Mainly Involves Pre-mRNA Splicing and Glycolysis-Related 

DE and DAS Genes 

Figure 5. Hierarchical clustering and heatmap of DE genes + DTU transcripts from DAS genes and
Key GO terms. DE genes and DTU transcripts from DAS genes show segregation into 10 coexpressed
clusters, of which the main ones related to oxidative stress were highlighted (circled) and linked to GO
specific terms. Full results of GO enrichment analyses are shown in Tables S6 and S7. The z-score scale
represents mean-subtracted regularized log-transformed TPMs.

3.5. Early Cellular Response to Induced Stress Mainly Involves Pre-mRNA Splicing and Glycolysis-Related DE
and DAS Genes

The applied statistical model used in our analyses permitted us to determine precisely at which time
point each DE and DAS gene first showed a significant change, together with the magnitude and course
of that change. The top 15 significant genes or transcripts belonging to the considered groups were
deeply investigated, allowing the identification of new candidate genes and specific pathways possibly
involved in retinal dystrophy etiopathogenesis (Figure 6). After the first 3 h of treatment, only one gene
(HNRNPA3P6) reached a relevant DE status, and it is involved in cytoplasmic trafficking of RNA and
pre-mRNA splicing. Main DAS genes that showed early important differences (CTSH and GPI), instead,
were related to glycolysis, and the same biochemical pathway was the most correlated to initial DTU
transcripts expression dysregulation (ENST00000615999.4, ENST00000588991.7, ENST00000586425.2,
ENST00000525807.5 and ENST00000550050.5).
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Figure 6. Volcano plots of significant DE and DAS genes and of DE and DTU transcripts. Volcano
plots of significant (adjusted p-value < 0.01) DE genes (A), DE transcripts (B), DAS genes (C) and DTU
transcripts (D). The low expressed genes and transcripts were filtered. The top 15 considered elements
with the smallest corrected p-values and bigger fold-changes are highlighted, and different colors refer
to different contrast groups. DE genes: log2FC vs. −log10(FDR) at gene level; DAS genes: maximum
∆PS of transcript in a gene vs. −log10(FDR) at gene level; DE transcripts: log2FC vs. −log10(FDR) at
gene level at transcript level and DTU transcripts: ∆PS vs. −log10(FDR) at transcript level.

3.6. Late RPE Cell Response to A2E Treatment Could Impair Bioenergetic Specific Reactions, Extracellular
Matrix Integrity and Neurotransmission-Related DE and DAS Genes

While the number of significant and relevant DE genes was limited in the early stage of treatment,
it grew over time, reaching a climax at 6 h (Figure 6). At this time point, many of the DE genes (ACTG1,
CCN2, RPL19, RPL3, P4HB, RPS11, FTL, CAPZB and RNA5-8SN2) (Figures 7 and 8) resulted as linked
to new particular pathways, as iron metabolism, plasma lipoproteins assembly and F-actin capping.
Furthermore, several over-expressed DE genes at 6 h (TTC8, ARL3, REEP6, GUCA1B and PDE6G)
resulted as associated with alternative splicing of retina-preferred gene transcripts. About DAS genes,
instead, the most significant ones (ACADVL, GPI and LTBP3) resulted as correlated to already-involved
pathways (e.g., glycolysis). However, more interestingly, the same genes were together with DTU
transcripts (ENST00000586425.2 and ENST00000588991.7), but even more interestingly, with other
biochemical activities regarding oxidative processes in mitochondria (e.g., fatty acids reactions)
and low conductance of potassium channels (as evidenced by DE transcripts ENST00000577650.5,
ENST00000451956.1, ENST00000556690.5 and ENST00000551173.5).
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Figure 7. Expression profiles of most important DE genes/transcripts; first cluster associated with
newly discovered pathways linked to oxidative stress. Detailed gene/transcript expression profiles
across the time course of the first cluster of most important DE genes (ACTG1, CAPZB, CCN2, FTL and
RPS11) linked to newly identified candidate pathways linked to oxidative stress.
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Figure 8. Expression profiles of most important DE genes/transcripts secondo cluster associated with
newly discovered pathways linked to oxidative stress. Detailed gene/transcript expression profiles
across the time course of the second cluster of most important DE genes (P4HB, RNA5-8SN2, RPL3 and
RPL19) linked to newly identified candidate pathways linked to oxidative stress.
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3.7. The Transcriptome Comparison between Untreated (Time Zero) and Treated (3 h + 6 h) Rpe Cells Revealed
the Possible Impairment of Retinal Cells Crosstalk and Synapses, Leading to Rescue or Cell Death

Many DE and DAS genes only showed significant differences only if analyzed during the whole
considered treatment period. Among these DE genes, five (CCN2, ACTG1, UTP14C, TMSB4XP6
and TMEM189-UBE2V1) were linked to extracellular matrix constituent secretion and cellular
junctions, as well as to misfolded protein ubiquitination. Furthermore, the number of DAS genes
and DTU transcripts changed during treatment was very high. The first ones (ACADVL, GPI,
HNRNPA1, CD81, CD63, CTSB, CTSH, LTBP3, CAPNS1 and PAX6) were enriched in terms related
to neuropeptide catabolic processes and extracellular vesicles in the crosstalk of cells, while the
second ones (ENST00000586425.2, ENST00000550050.5, ENST00000588991.7, ENST00000527343.5,
ENST00000584364.5, ENST00000263645.9, ENST00000615999.4 and ENST00000518154.5) mainly regard
dendrite regeneration. Therefore, the overall scenario could reveal a dual response by stressed cells:
on one hand, the alteration of retinal cell crosstalk and synapses could lead to various forms of cell
death (e.g., autophagy). On the other hand, RPE tries to survive, increasing regeneration of capable
parts (e.g., dendrites), by synaptic plasticity. Detailed info on pathways enrichment are available in
Table S6 and Table S7).

3.8. The Most Significant DAS Genes Represented the Main Retinal Dystrophy Candidate Genes

The ToppGene prioritization analysis on known causative retinal dystrophy genes that intersected
with most significant DE and DAS genes previously described revealed 19 candidate genes (Bonferroni
corrected p-value <0.05). Of these, seven showed a strong association with the training genes (Bonferroni
corrected p-value <0.01). Most of the 19 significant obtained candidate genes, included three of most
statistically associated (PAX6, CTSH and HNRPA1) belong to DAS genes, further highlighting the
influence of oxidative stress on alternative splicing (Table 1). Details of ToppGene results are available
in Table S8.

3.9. qRT-PCR Validation

To validate the authenticity and reproducibility of the RNA-Seq results, the 15 selected mRNAs were
validated by qRT-PCR analysis, and obtained expression profiles were similar to the results of
transcriptome analysis (Table S9). Moreover, the ANOVA statistics, conducted to compare the
means among multiple groups, highlighted high significance (p-values < 0.05). The linear regression
analysis showed a significantly positive correlation of the relationship between gene expression ratios
of qRT-PCR and RNA-Seq for all selected time points (Figure S3), confirming our transcriptomic
data validity.
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4. Discussion

Retinal dystrophies like age-related macular degeneration and, particularly, retinitis pigmentosa
represent a very heterogeneous group of ocular pathologies characterized by a very complex pattern
of environmental and genetic causes. One of the most challenging aspects regards the incomplete
knowledge of all causative genes and their involved biochemical and molecular pathways, leading to
a huge group of orphan forms [37]. Gene mutations or dysfunctional processes not only in the
retina but also in RPE could cause inherited retinal degeneration, age-related macular degeneration
and other retinal diseases [38]. Such a feature highlights the relevant role of RPE, a high metabolic
demand monolayer of pigmented cells that plays fundamental functions for both rods and cones,
such as metabolite transport and photoreceptor excitability, regulation of visual cycle, secretion of
growth factors, phagocytosis of photoreceptor outer segments (POSs) and oxidative stress defense.
Regarding the latter point, oxidative stress represents one of the major lethal mechanisms responsible
for age-related RPE damages [39]. Many studies have demonstrated that accumulation of lipid
deposit called lipofuscin generates reactive oxygen species through phototoxicity in RPE cells [40–42].
Oxidative stress triggered by photo-oxidation of bis-retinoid A2E, a lipofuscin constituent, is well
known to be a progression factor of age-related macular degeneration and also in genetic macular
degeneration syndromes such as Stargardt disease [43], but very little is known about A2E involvement
in retinitis pigmentosa.

In this study, we treated RPE cells with A2E during a follow-up of two time points (3 h and 6 h)
after exposure and compared them to untreated time zero controls. The main purpose of our experiment
was the discovery of new pathways potentially involved in retinal dystrophies development, with the
further detection of new candidate genes that could be associated or causative of such ocular diseases,
emerging from the expression analysis in such altered conditions.

Starting from an initial average value of 16,173 detected genes per sample, about 2432 showed
changes in their expression level and 119 were differentially alternative spliced with transiently, late or
enduring fluctuations. Selected altered DE and DAS genes were then functionally and statistically
analyzed and clustered into final 10 candidate “macro-pathways”, showing a very variable time of
exposure-related trends. Considering the average fold-change of each constituting genes and their
reciprocal connections, we revealed a more detailed functional network. Such connections could help
to depict several causative/associative clusters, underlining a more complex pattern of possible retinal
dystrophies etiologies.

From analyses of DE genes related pathways, it emerged that, after an early increase of apoptosis
processes, the programmed cell death decreased in both considered time points following A2E
exposure, probably due to activation of rescue systems and to a limited percentage of survived
cells. An opposite trend was shown by steroid receptor and nucleoside transport activities,
which evidenced a huge up-regulation of involved genes after 3 h and 6 h. Such results could
reflect late alterations in RPE antioxidant and anti-inflammatory abilities [44], as well as inhibition of
photoreceptor outer segment (POS) phagocytosis and impairment of ion currents in retinal cells [45,46].
Furthermore, a very interesting result was the sinusoidal trend involving isoprenoid pathway, related to
cholesterol-dependent homeostasis of POS [47] and angiogenesis [48]. After 3 h from treatment, it could
be possible that disc bulk membranes increased trying to improve phototransduction by residual
photoreceptors, despite the decreased choriocapillaris viability due to the reduced vascular endothelial
growth factor (VEGF) [49]. The situation reversed at 6 h observation, when the discs turnover
was drastically decreased and the VEGF level increased, which could contribute to the subretinal
neovascularization already characterized in wet age macular degeneration [50].

Additionally, the extensive alternative splicing information identified from DAS-related pathway
analysis highlighted a much higher degree of complexity of regulation in response to A2E-induced
oxidative stress, which has been significantly underestimated by analysis of DE genes only. In particular,
speed and extent of the oxidative stress-induced AS suggested that AS, together with the transcriptional
response, is a major driver of transcriptome reprogramming for RPE cell death and their attempts to
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survive. From 3 h and up to 6 h from treatment, an impairment of intracellular traffic related to Rab
proteins, already reported in choroideremia [51], was observed along with the alteration of autophagy
and accumulation of proteins and damaged organelles. These events are typical of AMD [52] and are
also enforced by inactivation of chaperone genes [53,54]. This scenario could reflect a strong reduction of
macroautophagy (a catabolic cell survival system) and of a hybrid autophagy–phagocytosis-degradative
pathway called LC3-associated phagocytosis (LAP) [55], which plays a critical role in visual pigment
regeneration, as well as the complete degradation of phagosomes [56]. The other resulted pathway
“big cluster”, instead, highlighted a global up-regulation of DAS-involved genes up to the end of the
last considered time point. In particular, we demonstrated the dynamic contribution of AS by changes
in multiple different mechanisms of transcription and translation. Photosensitization of A2E stimulates
oxidative DNA damage, such as the production of 8-oxo-guanines in telomeres, leading to their possible
damage [57]. Thus, the resulted alteration of telomerase RNA localization to Cajal body could accelerate
the RPE senescence [58], and this process could be further increased by the reduction of FGFR1 signaling
and the consequent POS phagocytosis decrease [59]. Moreover, DNA damage response could increase
the activity of miRNAs involved in [60,61] and cell death genes transcription by TP53 [62], determining
a possible role in retina degeneration. In the meantime, as already discussed, retinal cells could try
to fight against induced stress, and one resistance mechanism could be represented by the improved
maturation of the large ribosomal unit (LSU) [63] and by the increased polyribosome activity, showing
a fundamental role in translation regulation of many retinal genes [64,65]. Detailed analysis of DE and
DAS gene-involved pathways, with their possible impact on retinal dystrophies etiopathogenesis, is
reported in Table 2.

Table 2. Detailed analysis of DE and DAS gene-involved pathways, with their possible impact on
retinal dystrophies etiopathogenesis. DE and DAS genes were dysregulated during the whole analysis
and showed several fluctuations during observed time points, suggesting that changes in gene-level
expression and alternative splicing occurred throughout the whole period, either transiently (occurring
after 3 h and returning to initial level after 6 h), occurring later (only after 6 h from treatment) or
enduring throughout the whole period.

De Gene-Involved Pathways Expression Changes Das Gene-Involved Pathways

RNA methyltransferase

3 h and 6 h =
DOWN-REGULATED

Endosomal sorting complex required for
transport (ESCRT) and RAB

geranylgeranylation

TRAF6 mediated NF-kB activation and
activation of IKK by MEKK1

Phagopore assembly site membrane;
C-terminal protein lipidation; protein

localization to microtubule cytoskeleton;
regulation of TNFR1 signaling;

TNF signaling

Condensed chromosome outer kinetochore
and kinesin complex

Methylation; activation of chaperone genes;
nucleotide-sugar biosynthetic process

Transport of nucleoside and free purine and
pyrimidine; histone pre-mRNA DCP

binding; formation of AT-AC complex;
respiratory electron transport

3 h and 6 h =
UP-REGULATED

Negative regulation of FGFR1 signaling

Regulation of telomerase RNA localization
to Cajal body; maturation of LSU-rRNA;

miRNAs involved in DNA
damagv/ve response

Mithocondrial intermembrane space and
TP53 regulates transcription of cell

death genes

Polysomal ribosome
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Table 2. Cont.

De Gene-Involved Pathways Expression Changes Das Gene-Involved Pathways

Mevalonate pathway and
cholesterol biosynthesis

3 h = UP-REGULATED
6 h =

DOWN-REGULATED
Cholesterol biosynthesis

CBL binds and ubiquinates Sprouty and
MAP kinase phosphatase activity

3 h =
DOWN-REGULATED
6 h = UP-REGULATED

/

PTK2/SRC-1 phosphorylates BCAR1

5. Conclusions

We realized a whole RNA-seq experiment on RPE cells treated with A2E, considering two time
points (3 h and 6 h) after the basal one. We found 10 different clusters of pathways involving DE
and DAS genes, with many highlighted sub-pathways, which could depict a more detailed scenario
determined by induced oxidative stress. Regulation and/or alterations of angiogenesis, extracellular
matrix integrity, isoprenoid-mediated reactions, physiological or pathological autophagy, cell death
induction and retinal cell rescue represented the most dysregulated pathway, probably involved in
retinal degeneration. Assembly of splicing and transcriptional networks from analyzed data will
further define the contribution of AS, as an extra level of regulation, and the interplay and coordination
of the transcriptional and AS responses. However, it is fundamental to highlight several limitations of
our study: RPE-cultured cells were not in contact with photoreceptors’ outer segments and did not
perform any phagocytosis. Moreover, the short-term response (at 3 h and 6 h) detected in vitro do not
surely reflect what happens in vivo. Finally, even if it was important to underline the importance to
realize an in vivo experiment to confirm what observed in RPE cells, our results could represent an
important step towards discovery of unclear molecular mechanisms involved in etiopathogenesis of
retinal dystrophies.
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gene enrichment by DAVID, Table S7: Significant DE vs DAS gene enrichment by ClueGO, Table S8: ToppGene
prioritization detailed results, Table S9: Expression profiles of 10 among most DE genes.

Author Contributions: Conceptualization, L.D.; methodology, L.D.; software, L.D. and C.S.; validation, C.S. and
S.A.; formal analysis, L.D.; investigation, L.D.; resources, C.S.; data curation, L.D. and C.S.; writing—original draft
preparation, L.D.; writing—review and editing, C.S., R.D. and C.R.; visualization, C.R. and R.D.; supervision, A.S.;
project administration, A.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

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

References

1. Sies, H. Oxidative stress: A concept in redox biology and medicine. Redox Biol. 2015, 4, 180–183. [CrossRef]
2. Donato, L.; Scimone, C.; Nicocia, G.; D’Angelo, R.; Sidoti, A. Role of oxidative stress in Retinitis pigmentosa:

New involved pathways by an RNA-Seq analysis. Cell Cycle 2019, 18, 84–104. [CrossRef]
3. Datta, S.; Cano, M.; Ebrahimi, K.; Wang, L.; Handa, J.T. The impact of oxidative stress and inflammation on

RPE degeneration in non-neovascular AMD. Prog. Retin. Eye Res. 2017, 60, 201–218. [CrossRef] [PubMed]
4. Randolph, S.A. Age-related macular degeneration. Workplace Health Saf. 2014, 62, 352. [CrossRef] [PubMed]
5. Gheorghe, A.; Mahdi, L.; Musat, O. Age-Related Macular Degeneration. Rom. J. Ophthalmol. 2015, 59, 74–77.

[PubMed]
6. Lim, L.S.; Mitchell, P.; Seddon, J.M.; Holz, F.G.; Wong, T.Y. Age-related macular degeneration. Lancet 2012,

379, 1728–1738. [CrossRef]

301



Antioxidants 2020, 9, 307

7. Kivinen, N.; Koskela, A.; Kauppinen, A.; Kaarniranta, K. Pathogenesis of age-related macular
degeneration—dialogue between autophagy and inflammasomes. Duodecim 2017, 133, 641–646. [PubMed]

8. Xu, B.; Zhang, H.; Zhu, M.; Le, Y.Z. Critical Role of Trophic Factors in Protecting Muller Glia: Implications to
Neuroprotection in Age-Related Macular Degeneration, Diabetic Retinopathy, and Anti-VEGF Therapies.
Adv. Exp. Med. Biol. 2019, 1185, 469–473. [CrossRef]

9. Natarajan, S. Decoding retinitis pigmentosa. Indian J. Ophthalmol. 2013, 61, 91–94. [CrossRef]
10. Verbakel, S.K.; van Huet, R.A.C.; Boon, C.J.F.; den Hollander, A.I.; Collin, R.W.J.; Klaver, C.C.W.; Hoyng, C.B.;

Roepman, R.; Klevering, B.J. Non-syndromic retinitis pigmentosa. Prog. Retin. Eye Res. 2018, 66, 157–186.
[CrossRef]

11. Fahim, A. Retinitis pigmentosa: Recent advances and future directions in diagnosis and management.
Curr. Opin. Pediatr. 2018, 30, 725–733. [CrossRef] [PubMed]

12. Agbaga, M.P.; Merriman, D.K.; Brush, R.S.; Lydic, T.A.; Conley, S.M.; Naash, M.I.; Jackson, S.; Woods, A.S.;
Reid, G.E.; Busik, J.V.; et al. Differential composition of DHA and very-long-chain PUFAs in rod and cone
photoreceptors. J. Lipid Res. 2018, 59, 1586–1596. [CrossRef] [PubMed]

13. Birtel, J.; Gliem, M.; Oishi, A.; Muller, P.L.; Herrmann, P.; Holz, F.G.; Mangold, E.; Knapp, M.; Bolz, H.J.;
Charbel Issa, P. Genetic testing in patients with retinitis pigmentosa: Features of unsolved cases. Clin. Exp.
Ophthalmol. 2019, 47, 779–786. [CrossRef] [PubMed]

14. Campochiaro, P.A.; Mir, T.A. The mechanism of cone cell death in Retinitis Pigmentosa. Prog. Retin. Eye Res.
2018, 62, 24–37. [CrossRef]

15. Audo, I.; Mohand-Said, S.; Boulanger-Scemama, E.; Zanlonghi, X.; Condroyer, C.; Demontant, V.; Boyard, F.;
Antonio, A.; Mejecase, C.; El Shamieh, S.; et al. MERTK mutation update in inherited retinal diseases.
Hum. Mutat. 2018, 39, 887–913. [CrossRef]

16. Scimone, C.; Donato, L.; Esposito, T.; Rinaldi, C.; D’Angelo, R.; Sidoti, A. A novel RLBP1 gene geographical
area-related mutation present in a young patient with retinitis punctata albescens. Hum. Genom. 2017, 11, 18.
[CrossRef]

17. Miraldi Utz, V.; Coussa, R.G.; Antaki, F.; Traboulsi, E.I. Gene therapy for RPE65-related retinal disease.
Ophthalmic Genet. 2018, 39, 671–677. [CrossRef]

18. Sparrow, J.R.; Hicks, D.; Hamel, C.P. The retinal pigment epithelium in health and disease. Curr. Mol. Med.
2010, 10, 802–823. [CrossRef]

19. Nowak, J.Z. Oxidative stress, polyunsaturated fatty acids-derived oxidation products and bisretinoids as
potential inducers of CNS diseases: Focus on age-related macular degeneration. Pharmacol. Rep. 2013, 65,
288–304. [CrossRef]

20. Donato, L.; Scimone, C.; Rinaldi, C.; D’Angelo, R.; Sidoti, A. Non-coding RNAome of RPE cells under
oxidative stress suggests unknown regulative aspects of Retinitis pigmentosa etiopathogenesis. Sci. Rep.
2018, 8, 16638. [CrossRef]

21. Crouch, R.K.; Koutalos, Y.; Kono, M.; Schey, K.; Ablonczy, Z. A2E and Lipofuscin. Prog. Mol. Biol. Transl. Sci.
2015, 134, 449–463. [CrossRef] [PubMed]

22. Sparrow, J.R.; Fishkin, N.; Zhou, J.; Cai, B.; Jang, Y.P.; Krane, S.; Itagaki, Y.; Nakanishi, K. A2E, a byproduct of
the visual cycle. Vis. Res. 2003, 43, 2983–2990. [CrossRef]

23. Parmar, V.M.; Parmar, T.; Arai, E.; Perusek, L.; Maeda, A. A2E-associated cell death and inflammation in
retinal pigmented epithelial cells from human induced pluripotent stem cells. Stem Cell Res. 2018, 27, 95–104.
[CrossRef] [PubMed]

24. Dontsov, A.; Koromyslova, A.; Ostrovsky, M.; Sakina, N. Lipofuscins prepared by modification of
photoreceptor cells via glycation or lipid peroxidation show the similar phototoxicity. World J. Exp. Med.
2016, 6, 63–71. [CrossRef]

25. Alaimo, A.; Linares, G.G.; Bujjamer, J.M.; Gorojod, R.M.; Alcon, S.P.; Martinez, J.H.; Baldessari, A.; Grecco, H.E.;
Kotler, M.L. Toxicity of blue led light and A2E is associated to mitochondrial dynamics impairment in
ARPE-19 cells: Implications for age-related macular degeneration. Arch. Toxicol. 2019, 93, 1401–1415.
[CrossRef] [PubMed]

26. Alaimo, A.; Di Santo, M.C.; Dominguez Rubio, A.P.; Chaufan, G.; Garcia Linares, G.; Perez, O.E. Toxic
effects of A2E in human ARPE-19 cells were prevented by resveratrol: A potential nutritional bioactive for
age-related macular degeneration treatment. Arch. Toxicol. 2019, 94, 553–572. [CrossRef]

302



Antioxidants 2020, 9, 307

27. Okonechnikov, K.; Conesa, A.; Garcia-Alcalde, F. Qualimap 2: Advanced multi-sample quality control for
high-throughput sequencing data. Bioinformatics 2016, 32, 292–294. [CrossRef]

28. Li, B.; Ruotti, V.; Stewart, R.M.; Thomson, J.A.; Dewey, C.N. RNA-Seq gene expression estimation with read
mapping uncertainty. Bioinformatics 2010, 26, 493–500. [CrossRef]

29. Patro, R.; Duggal, G.; Love, M.I.; Irizarry, R.A.; Kingsford, C. Salmon provides fast and bias-aware
quantification of transcript expression. Nat. Methods 2017, 14, 417–419. [CrossRef]

30. Soneson, C.; Matthes, K.L.; Nowicka, M.; Law, C.W.; Robinson, M.D. Isoform prefiltering improves
performance of count-based methods for analysis of differential transcript usage. Genome Biol. 2016, 17, 12.
[CrossRef]

31. Pereira, M.B.; Wallroth, M.; Jonsson, V.; Kristiansson, E. Comparison of normalization methods for the
analysis of metagenomic gene abundance data. BMC Genom. 2018, 19, 274. [CrossRef]

32. Ritchie, M.E.; Phipson, B.; Wu, D.; Hu, Y.; Law, C.W.; Shi, W.; Smyth, G.K. limma powers differential
expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res. 2015, 43, e47. [CrossRef]
[PubMed]

33. Guo, W.T.N.; Stephen, G.; Milne, I.; Calixto, C.; Waugh, R.; Brown, J.W.; Zhang, R. 3D RNA-seq—A powerful
and flexible tool for rapid and accurate differential expression and alternative splicing analysis of RNA-seq
data for biologists. bioRxiv 2019, 656686. [CrossRef]

34. Ge, Y.; Sealfon, S.C.; Speed, T.P. Some Step-down Procedures Controlling the False Discovery Rate under
Dependence. Stat. Sin. 2008, 18, 881–904. [PubMed]

35. Jiao, X.; Sherman, B.T.; Huang da, W.; Stephens, R.; Baseler, M.W.; Lane, H.C.; Lempicki, R.A. DAVID-WS:
A stateful web service to facilitate gene/protein list analysis. Bioinformatics 2012, 28, 1805–1806. [CrossRef]

36. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and
the 2(-Delta Delta C(T)) Method. Methods 2001, 25, 402–408. [CrossRef] [PubMed]

37. Nivison-Smith, L.; Milston, R.; Madigan, M.; Kalloniatis, M. Age-related macular degeneration: Linking
clinical presentation to pathology. Optom. Vis. Sci. 2014, 91, 832–848. [CrossRef] [PubMed]

38. Vancura, P.; Csicsely, E.; Leiser, A.; Iuvone, P.M.; Spessert, R. Rhythmic Regulation of Photoreceptor and RPE
Genes Important for Vision and Genetically Associated With Severe Retinal Diseases. Investig. Ophthalmol.
Vis. Sci. 2018, 59, 3789–3799. [CrossRef] [PubMed]

39. Fuhrmann, S.; Zou, C.; Levine, E.M. Retinal pigment epithelium development, plasticity, and tissue
homeostasis. Exp. Eye Res. 2014, 123, 141–150. [CrossRef]

40. D’Angelo, R.; Donato, L.; Venza, I.; Scimone, C.; Aragona, P.; Sidoti, A. Possible protective role of the ABCA4
gene c.1268A>G missense variant in Stargardt disease and syndromic retinitis pigmentosa in a Sicilian
family: Preliminary data. Int. J. Mol. Med. 2017, 39, 1011–1020. [CrossRef]

41. Donato, L.; Scimone, C.; Rinaldi, C.; Aragona, P.; Briuglia, S.; D’Ascola, A.; D’Angelo, R.; Sidoti, A. Stargardt
Phenotype Associated With Two ELOVL4 Promoter Variants and ELOVL4 Downregulation: New Possible
Perspective to Etiopathogenesis? Investig. Ophthalmol. Vis. Sci. 2018, 59, 843–857. [CrossRef] [PubMed]

42. Wiktor, A.; Sarna, M.; Wnuk, D.; Sarna, T. Lipofuscin-mediated photodynamic stress induces adverse changes
in nanomechanical properties of retinal pigment epithelium cells. Sci. Rep. 2018, 8, 17929. [CrossRef]
[PubMed]

43. Moiseyev, G.; Nikolaeva, O.; Chen, Y.; Farjo, K.; Takahashi, Y.; Ma, J.X. Inhibition of the visual cycle by A2E
through direct interaction with RPE65 and implications in Stargardt disease. Proc. Natl. Acad. Sci. USA 2010,
107, 17551–17556. [CrossRef] [PubMed]

44. Kaarniranta, K.; Machalinska, A.; Vereb, Z.; Salminen, A.; Petrovski, G.; Kauppinen, A. Estrogen signalling
in the pathogenesis of age-related macular degeneration. Curr. Eye Res. 2015, 40, 226–233. [CrossRef]

45. Akanuma, S.; Soutome, T.; Hisada, E.; Tachikawa, M.; Kubo, Y.; Hosoya, K. Na+-independent nucleoside
transporters regulate adenosine and hypoxanthine levels in Muller cells and the inner blood-retinal barrier.
Investig. Ophthalmol. Vis. Sci. 2013, 54, 1469–1477. [CrossRef]

46. Dos Santos-Rodrigues, A.; Pereira, M.R.; Brito, R.; de Oliveira, N.A.; Paes-de-Carvalho, R. Adenosine
transporters and receptors: Key elements for retinal function and neuroprotection. Vitam. Horm. 2015, 98,
487–523. [CrossRef]

47. Fliesler, S.J.; Keller, R.K. Isoprenoid metabolism in the vertebrate retina. Int. J. Biochem. Cell Biol. 1997, 29,
877–894. [CrossRef]

303



Antioxidants 2020, 9, 307

48. Roysommuti, S.; Thaeomor, A.; Khimsuksri, S.; Lerdweeraphon, W.; Wyss, J.M. Perinatal taurine imbalance
alters the interplay of renin-angiotensin system and estrogen on glucose-insulin regulation in adult female
rats. Adv. Exp. Med. Biol. 2013, 776, 67–80. [CrossRef]

49. Okabe, K.; Kobayashi, S.; Yamada, T.; Kurihara, T.; Tai-Nagara, I.; Miyamoto, T.; Mukouyama, Y.S.; Sato, T.N.;
Suda, T.; Ema, M.; et al. Neurons limit angiogenesis by titrating VEGF in retina. Cell 2014, 159, 584–596.
[CrossRef]

50. Joyal, J.S.; Gantner, M.L.; Smith, L.E.H. Retinal energy demands control vascular supply of the retina in
development and disease: The role of neuronal lipid and glucose metabolism. Prog. Retin. Eye Res. 2018, 64,
131–156. [CrossRef]

51. Preising, M.; Ayuso, C. Rab escort protein 1 (REP1) in intracellular traffic: A functional and pathophysiological
overview. Ophthalmic Genet. 2004, 25, 101–110. [CrossRef] [PubMed]

52. Kauppinen, A.; Paterno, J.J.; Blasiak, J.; Salminen, A.; Kaarniranta, K. Inflammation and its role in age-related
macular degeneration. Cell Mol. Life Sci. 2016, 73, 1765–1786. [CrossRef] [PubMed]

53. Piippo, N.; Korhonen, E.; Hytti, M.; Skottman, H.; Kinnunen, K.; Josifovska, N.; Petrovski, G.; Kaarniranta, K.;
Kauppinen, A. Hsp90 inhibition as a means to inhibit activation of the NLRP3 inflammasome. Sci. Rep. 2018,
8, 6720. [CrossRef] [PubMed]

54. Subrizi, A.; Toropainen, E.; Ramsay, E.; Airaksinen, A.J.; Kaarniranta, K.; Urtti, A. Oxidative stress protection
by exogenous delivery of rhHsp70 chaperone to the retinal pigment epithelium (RPE), a possible therapeutic
strategy against RPE degeneration. Pharm. Res. 2015, 32, 211–221. [CrossRef]

55. Dhingra, A.; Alexander, D.; Reyes-Reveles, J.; Sharp, R.; Boesze-Battaglia, K. Microtubule-Associated Protein
1 Light Chain 3 (LC3) Isoforms in RPE and Retina. Adv. Exp. Med. Biol. 2018, 1074, 609–616. [CrossRef]

56. Frost, L.S.; Lopes, V.S.; Bragin, A.; Reyes-Reveles, J.; Brancato, J.; Cohen, A.; Mitchell, C.H.; Williams, D.S.;
Boesze-Battaglia, K. The Contribution of Melanoregulin to Microtubule-Associated Protein 1 Light Chain
3 (LC3) Associated Phagocytosis in Retinal Pigment Epithelium. Mol. Neurobiol. 2015, 52, 1135–1151.
[CrossRef]

57. Sparrow, J.R.; Zhou, J.; Cai, B. DNA is a target of the photodynamic effects elicited in A2E-laden RPE by
blue-light illumination. Investig. Ophthalmol. Vis. Sci. 2003, 44, 2245–2251. [CrossRef]

58. Wang, J.; Feng, Y.; Han, P.; Wang, F.; Luo, X.; Liang, J.; Sun, X.; Ye, J.; Lu, Y.; Sun, X. Photosensitization of A2E
triggers telomere dysfunction and accelerates retinal pigment epithelium senescence. Cell Death Dis. 2018, 9,
178. [CrossRef]

59. Cornish, E.E.; Natoli, R.C.; Hendrickson, A.; Provis, J.M. Differential distribution of fibroblast growth factor
receptors (FGFRs) on foveal cones: FGFR-4 is an early marker of cone photoreceptors. Mol. Vis. 2004, 10,
1–14.

60. Donato, L.; Bramanti, P.; Scimone, C.; Rinaldi, C.; Giorgianni, F.; Beranova-Giorgianni, S.; Koirala, D.;
D’Angelo, R.; Sidoti, A. miRNAexpression profile of retinal pigment epithelial cells under oxidative stress
conditions. FEBS Open Bio 2018, 8, 219–233. [CrossRef]

61. Olejniczak, M.; Kotowska-Zimmer, A.; Krzyzosiak, W. Stress-induced changes in miRNA biogenesis and
functioning. Cell Mol. Life Sci. 2018, 75, 177–191. [CrossRef] [PubMed]

62. Westlund, B.S.; Cai, B.; Zhou, J.; Sparrow, J.R. Involvement of c-Abl, p53 and the MAP kinase JNK in the cell
death program initiated in A2E-laden ARPE-19 cells by exposure to blue light. Apoptosis 2009, 14, 31–41.
[CrossRef] [PubMed]

63. McCann, K.L.; Charette, J.M.; Vincent, N.G.; Baserga, S.J. A protein interaction map of the LSU processome.
Genes Dev. 2015, 29, 862–875. [CrossRef] [PubMed]

64. Marchesi, N.; Thongon, N.; Pascale, A.; Provenzani, A.; Koskela, A.; Korhonen, E.; Smedowski, A.; Govoni, S.;
Kauppinen, A.; Kaarniranta, K.; et al. Autophagy Stimulus Promotes Early HuR Protein Activation and
p62/SQSTM1 Protein Synthesis in ARPE-19 Cells by Triggering Erk1/2, p38(MAPK), and JNK Kinase
Pathways. Oxid. Med. Cell Longev. 2018, 2018, 4956080. [CrossRef]

65. McGrew, D.A.; Hedstrom, L. Towards a pathological mechanism for IMPDH1-linked retinitis pigmentosa.
Adv. Exp. Med. Biol. 2012, 723, 539–545. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

304



antioxidants

Article

Substance-P Restores Cellular Activity of ADSC
Impaired by Oxidative Stress

Jeong Seop Park 1 , Jiyuan Piao 2, Gabee Park 2 and Hyun Sook Hong 1,3,*
1 Department of Biomedical Science and Technology, Graduate School, Kyung Hee University,

Seoul 02447, Korea; godjs@khu.ac.kr
2 Department of Genetic Engineering, College of Life Science and Graduate School of Biotechnology,

Kyung Hee University, Yong In 17104, Korea; fredericpark210@gmail.com (J.P.); yuiop2690@gmail.com (G.P.)
3 East-West Medical Research Institute, Kyung Hee University, Seoul 02447, Korea
* Correspondence: hshong@khu.ac.kr; Tel.: +82-2-958-1828

Received: 15 September 2020; Accepted: 11 October 2020; Published: 12 October 2020
����������
�������

Abstract: Oxidative stress induces cellular damage, which accelerates aging and promotes the
development of serious illnesses. Adipose-derived stem cells (ADSCs) are novel cellular therapeutic
tools and have been applied for tissue regeneration. However, ADSCs from aged and diseased
individuals may be affected in vivo by the accumulation of free radicals, which can impair their
therapeutic efficacy. Substance-P (SP) is a neuropeptide that is known to rescue stem cells from
senescence and inflammatory attack, and this study explored the restorative effect of SP on ADSCs
under oxidative stress. ADSCs were transiently exposed to H2O2, and then treated with SP.
H2O2 treatment decreased ADSC cell viability, proliferation, and cytokine production and this activity
was not recovered even after the removal of H2O2. However, the addition of SP increased cell
viability and restored paracrine potential, leading to the accelerated repopulation of ADSCs injured
by H2O2. Furthermore, SP was capable of activating Akt/GSK-3β signaling, which was found to be
downregulated following H2O2 treatment. This might contribute to the restorative effect of SP on
injured ADSCs. Collectively, SP can protect ADSCs from oxidant-induced cell damage, possibly by
activating Akt/GSK-3β signaling in ADSCs. This study supports the possibility that SP can recover
cell activity from oxidative stress-induced dysfunction.

Keywords: Substance-P; adipose-derived stem cells; oxidative stress; paracrine factors

1. Introduction

Oxidative stress is an imbalance of free radicals and antioxidants in the body, which can lead to
cell and tissue damage. There are several factors that cause oxidative stress and excess free radical
production, including obesity, smoking, alcohol consumption, pollution, and chemicals. These risk
factors can activate immune cells, which subsequently produce free radicals and impair normal cells.
Consistent accumulation of free radicals and cellular damage causes inflammation, contributing to the
development of serious diseases including cancer, diabetes, Alzheimer’s, and cardiovascular diseases.

Aging is the progressive loss of tissue and organ function over time. Oxidative stress is believed
to be closely related to the aging process because age-associated functional losses are caused by the
accumulation of oxidative damage to macromolecules. Although the exact mechanism of oxidative
stress-induced aging is unclear, increased free radical production obviously leads to cellular senescence,
decreased cell proliferation, and increased inflammatory cytokine production [1]. In addition,
several studies have found that with aging, endogenous antioxidant levels, antioxidant enzyme activity,
gene expression, and protein levels decrease. This alteration in the antioxidant defense system worsens
ROS imbalances and contributes to oxidative-stress-induced aging [1–4].
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Oxidative stress and cellular senescence are involved in several acute and chronic pathological
processes such as cardiovascular diseases (CVDs), acute and chronic kidney disease (CKD),
neurodegenerative diseases (NDs), macular degeneration (MD), biliary diseases, and cancer.
Cardiovascular (CV) risk factors are associated with the inflammatory pathway mediated by interleukin
(IL)-1α, IL-6, IL-8, and with increased cellular senescence [5]. The associations between oxidative stress,
inflammation, and aging produce a vicious cycle whereby chronic ROS production and inflammation
feed each other and accelerate aging and age-related morbidity [6]. Thus, modulating oxidative
stress-mediated cellular injury may be a fundamental solution to prevent the progression of lethal
diseases in aged individuals.

Stem cells facilitate tissue repair in vivo, and many, such as bone marrow, adipose-derived,
and umbilical cord blood stem cells are currently being used as novel treatments for various diseases.
The application of mesenchymal stem/stromal cells (MSCs) in regenerative medicine has been intensively
studied in many clinical trials, as these cells represent a promising source of multipotent adult stem
cells for cell therapy and tissue engineering [7–12]. The therapeutic effects of MSCs are generally
mediated by various secreted cytokines, growth factors, extracellular matrix proteins, and factors
involved in matrix remodeling, as well as different types of extracellular vesicles.

Currently, as alternative of bone marrow stem cells, adipose-derived stem cells (ADSCs) are
being applied extensively in the clinic because they can be easily isolated and cause lower donor-site
morbidity [12–14]. Aging, oxidative stress, and/or inflammation can affect tissue-resident cells as
well as circulating cells, which suggests that stem cells may also be influenced by oxidative stress
in vivo. Considering that the aged population is the main population to be treated by stem cell therapy,
the restoration of the cellular function of stem cells injured by oxidative stress is likely important.

Substance-P (SP) is an endogenous neuropeptide that interacts with neurokinin receptor 1 (NK-1R).
SP has been reported to stimulate cell proliferation and prevent apoptosis under inflammatory or
oxidative stress by activating the extracellular signal-regulated kinases 1/2 (ERK 1/2) or Akt and by
translocating β-catenin to cell nuclei [15–18]. SP could suppress inflammation to promote tissue repair
in severe diseases by modulating the immune cell profile in circulation-associated and lymphoid
organs [19–22]. Moreover, SP can recover the cellular activity of senescent stem cells [23,24] and
stimulate stem cell mobilization from the bone marrow to the peripheral blood [17].

Considering these functions of SP, we hypothesized that SP would be able to restore stem cells
from oxidative stress-induced injury. To explore the potential recovery role of SP in injured stem
cells due to oxidative stress, ADSCs were exposed to H2O2 at various concentrations. Subsequently,
SP was added to the damaged ADSCs and the effect of SP was assessed by evaluating cell viability,
cell proliferation, paracrine factors, and early signaling molecules.

2. Materials and Methods

2.1. Materials

SP and phenylmethylsulfonyl fluoride (PMSF) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Penicillin/streptomycin, 0.25% trypsin-EDTA solution, and phosphate-buffered
saline (PBS) were provided by Welgene (Daegu, Korea). Fetal bovine serum and alpha-MEM were
purchased from Gibco (Grand Island, NY, USA). An anti-GAPDH antibody (Abcam, Cambridge,
MA, USA), and anti-WST-1 antibody (Roche; Indianapolis, IN, USA) were used in this study. Cell lysis
buffer, anti-Akt antibody, anti-phospho-Akt antibody, anti-GSK-3β antibody, and anti-phospho-GSK-3β
antibody were purchased from Cell Signaling Technology (Danvers, MA, USA).

2.2. Cell Culture

Healthy adipose tissues were provided by the Kyung Hee University Hospital Institutional Review
Board (eight donors, M6/F2; Seoul, Korea; (IRB# 2016-12-022)). All consents were informed. Fat tissue
(two fat tissues (1 × 1 cm) from one donor; total 16 tissues) washed twice with PBS, and treated with
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collagenase (GMP grade, Vivagen, Los Angeles, CA, USA) for 1 h at 37 ◦C. Red blood cells and debris
were removed using a cell strainer (SPL Life, Pocheon, Korea). The vascular fraction was seeded in
α-MEM supplemented with 10% FBS at 37 ◦C with 5% CO2. ADSCs were characterized by analyzing
the expression of CD29, CD73, CD105, and CD90 using a fluorescence-activated cell sorting (FACS)
Calibur flow cytometer and CELLQuest software (Becton Dickinson, San Jose, CA, USA) (Figure S1).

2.3. Hydrogen Peroxide Exposure Procedure and SP Treatment

Cells were seeded in a 96-well plate at a density of 1 × 104 cells/well or in a 6-well plate
with a density of 3 × 104 cells/well. These cells were allowed to adhere to the bottom of the well.
Twenty-four hours later, different concentrations of H2O2 (50, 100, 200, 300, and 400 µM) were added
to the wells for 2 h and then removed by changing the culture media. After 24 h, SP was added to each
well at a final concentration of 100 nM, and this was repeated 24 h later.

2.4. Wst-1 Assay

Ten microliters of water-soluble tetrazolium salt (WST-1; Roche) solution was added to each well
at 10% the total volume of the medium, and the 96-well-plate was incubated for 1 h at 37 ◦C in 5% CO2.
After incubation, the optical density values were measured at a wavelength of 450 nm using an Enzyme
Linked Immunosorbent Assay (ELISA) microplate reader (Molecular Devices, Sunnyvale, CA, USA).

2.5. Enzyme Linked Immunosorbent Assay (ELISA)

The total TGF-β1 and VEGF levels in the supernatants were quantified using ELISA kits, according
to the manufacturer’s instructions. In brief, standards and samples were added to the wells of
anti-TGF-β1 or anti-VEGF antibody-coated 96-well plates and incubated for 2 h at room temperature.
After discarding the supernatant, a horseradish peroxidase-conjugated secondary antibody was added
to each well and incubated again for 2 h at room temperature. After rinsing with washing solution
three times, 100 µL of substrate solution was added, followed by the addition of 100 µL of stop solution.
The optical density was measured at 450 nm using an ELISA microplate reader (Molecular Devices,
Sunnyvale, CA, USA).

2.6. Preparation of Cell Extracts and Western Blot Analysis

Cells were rapidly washed with chilled 1× PBS and lysed with 1× lysis buffer/1 mM
phenylmethylsulfonyl fluoride (PMSF) solution. Cells were then scraped and supernatants
were collected by centrifugation (Rotor radius: 70 mm) at 12,000 rpm for 10 min at 4 ◦C.
Protein concentrations of lysates were determined using the bicinchoninic acid (BCA) assay
(Thermo Fisher, Rockford, IL, USA). Ten micrograms of lysates were denatured and electrophoresed
using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to
a nitrocellulose membrane. After blocking with 5% skim milk, membranes were incubated with
primary anti-Akt, anti phospho-Akt, anti-GSK-3β, anti-phospho-GSK-3β, or anti-GAPDH antibodies,
followed by an anti-IgG horseradish peroxidase-conjugated secondary antibody. The blots were
processed using enhanced chemiluminescence (GE Healthcare, Buckinghamshire, UK).

2.7. Statistical Analysis

All data are presented as the mean ± standard deviation (SD) of more than three independent
experiments. p values of less than 0.05 were considered statistically significant. Statistical analysis of
the data was carried out using an unpaired, two-tailed Student’s t-test.
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3. Results

3.1. H2O2 Impairs the Viability and Morphology of ADSCs

Previous reports have induced oxidative stress in vitro by treating cells with H2O2 for 24 h [25,26].
However, ADSCs appear to be particularly susceptible to H2O2-dependent oxidative stress, with 1
or 2 h of exposure being sufficient to impair ADSC activity [27,28]. Thus, in this study, we induced
oxidative stress in ADSCs by exposing these cells to different concentrations of H2O2 for 2 h (Figure 1A).
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became confluent at 72 h, H2O2-treated ADSCs displayed suppressed cell proliferation. Notably, a 
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Figure 1. H2O2 treatment impairs cellular activity of adipose derived stem cells (ADSCs).
(A,C) Experimental scheme for oxidative stress induction in ADSCs. (B) Alterations in ADSC cellular
morphology depending on the concentration of H2O2. (D–E) The viability of ADSCs treated with H2O2

at 24 h (D) and 48 h (E) after the removal of H2O2. The untreated control was set as 100%, and cell
viability was expressed as the percentage relative to the activity of the control group. Values of p < 0.05
were interpreted as statistically significant (* p < 0.05, *** p < 0.001). The data are expressed as the
mean ± SD of three independent experiments.

The transient treatment of ADSCs with H2O2 primarily affected cell proliferation and morphology
(Figure 1B). At 24 h after the removal of H2O2, cell density was significantly different between nontreated
and H2O2-treated conditions. While nontreated cells started to proliferate and became confluent at 72 h,
H2O2-treated ADSCs displayed suppressed cell proliferation. Notably, a distinct difference in cellular
density and shape was observed at H2O2 concentrations above 100 µM. High concentrations of H2O2

(i.e., 200, 300, and 400 µM) severely impaired the cellular activity of ADSCs, significantly reducing
density at 72 h. H2O2 at 50 µM seemed to damage ADSCs, but these cells appeared to recover as
time passed. To compare cellular impairment quantitatively, we determined cell viability at 24 and
48 h after oxidative stress (Figure 1C). H2O2 treatment decreased cell viability in a dose-dependent
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manner (Figure 1D,E). Consistent with our results on cell shape and density, ADSCs treated with
50 µM H2O2 spontaneously restored their activity within 48 h (Figure 1E). However, concentrations
above 100 µM H2O2 reduced cell viability and this did not return to normal levels. Based on these
data, we determined that 100 µM H2O2 induced substantial oxidative damage in ADSCs in vitro.
This indicates that transient H2O2 treatment impairs the cellular viability of ADSCs, which might affect
cell survival and the function of ADSCs.

3.2. Substance-P Restores Cell Viability of ADSCs Injured by Oxidative Stress

In order to determine the effect of SP on damaged ADSCs, cells were treated with 100 µM H2O2

for 2 h and then provided with fresh media. After 24 h, SP was added to the damaged ADSCs at a
concentration of 100 nM (Figure 2A). This dose of SP was determined based on previous reports [15–17].
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Figure 2. Substance-P improves the viability of ADSCs damaged by oxidative stress. (A) Experimental
scheme for inducing oxidative stress in ADSCs and the subsequent SP treatment. (B,C) Cell viability
was measured by WST assay at 24 (B) and 48 h (C) after SP treatment. The untreated control was set as
100%, and cell viability was expressed as the percentage relative to the activity of the control group.
(D) The representative image of cellular morphology. (E) Final cell yield was measured by counting
total cell number. Values of p < 0.05 were interpreted as statistically significant (* p < 0.05, *** p < 0.001).
The data are expressed as the mean ± SD of three independent experiments.

Substance-P treatment started to improve ADSC viability within 24 h (Figure 2B; H2O2 treated:
67.47± 1.29%, H2O2 + SP-treated: 70.4± 1.4%, p < 0.05) and fully restored cell viability at 48 h (Figure 2C;
H2O2 treated: 73.16 ± 1.83%, H2O2 + SP-treated: 84.7 ± 3.6%, p < 0.001). Cell viability is directly related
to cell repopulation. Therefore, we examined the cell yield by counting the total number of cells and
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comparing it with that of the control. The analysis of cell yield confirmed the restorative effect of SP on
damaged ADSCs (Figure 2E, H2O2 treated: 58.79 ± 1.96%, H2O2 + SP-treated: 72.97 ± 4.9%, p < 0.001,
relative to control). SP treatment did not influence cell morphology, but enhanced cell proliferation
(Figure 2D).

This revealed that SP treatment enhances the viability of ADSCs impaired by oxidative stress.
This effect of SP finally led to the reduced cellular senescence of ADSCs (Figure S2).

3.3. Effect of SP on Paracrine Potential of ADSCs Exposed to Oxidative Stress

Oxidative stress is well known to decrease cell viability and negatively affect cell function.
Stem cells exert their function via paracrine factors, and thus, it is critical to evaluate ADSC cytokine
production when investigating the effects of oxidative stress (Figure 3A). VEGF and TGF-β are
constitutively produced from MSCs, and their levels are typically reduced by aging or cellular
damage [29]. Therefore, VEGF and TGF-β were selected as surrogate markers to represent the
paracrine action of ADSCs in this experiment.
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Figure 3. Substance-P recovers the paracrine potential of oxidatively damaged ADSCs. (A) Experimental
scheme for ADSC with oxidative stress and SP treatment. (B–E) VEGF in the conditioned medium of
ADSCs was quantified using ELISA at 24 (B,C) and 48 h (D,E) after the first SP treatment. The absolute
concentration of VEGF (B,D) and secreted amount per 1× 105 ADSCs (C,E) were evaluated. (F–I) TGF-β
in the conditioned medium of ADSCs was quantified by ELISA at 24 h (F,G) and 48 h (H,I) after the first
SP treatment. The absolute concentration of TGF-β (F,H) and the secreted amount per 1 × 105 ADSCs
(G,I) were evaluated. Values of p < 0.05 were interpreted as statistically significant (** p < 0.01,
*** p < 0.001). The data are expressed as the mean ± SD of three independent experiments.

VEGF levels from ADSCs significantly decreased after oxidative stress (Figure 3B, 48 h after
oxidative stress, Control: 651.8 ± 8.7 pg/mL, H2O2 treated: 251.4 ± 4.7 pg/mL), and this
reduction was sustained by 72 h after oxidative stress (Figure 3D; 72 h after oxidative stress,
Control: 721.8 ± 12.9 pg/mL, H2O2 treated: 321.74 ± 9.77 pg/mL). This indicates that VEGF secretion
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did not increase significantly between 48 and 72 h, and that impairment of cytokine secretion occurred
early. However, SP treatment elevated VEGF production in ADSCs (Figure 3B; 48 h after oxidative
stress, H2O2 + SP-treated: 312.6 ± 8.1 pg/mL; Figure 3D; 72 h after oxidative stress, H2O2 + SP-treated:
477 ± 5.4 pg/mL).

In this experiment, oxidative stress decreased the total cell number (Figure 2), and thus, it could
be inferred that the reduction in cytokine secretion was due to the low cell number. To clarify this,
the amount of cytokines was assessed per cell. It was found that oxidative stress disabled the paracrine
function of ADSCs (Figure 3C,E). Interestingly, SP treatment increased the concentration of VEGF in
the conditioned medium of ADSCs, which might be attributed to their improved ability to produce
VEGF as well as the increased cell number. This phenomenon was also observed for TGF-β secretion
(Figure 3F,H), with TGF-β levels decreasing following oxidative stress and then recovering after SP
treatment (Figure 3G,I).

This suggests that SP is able to improve the paracrine action of ADSCs under oxidative stress,
and that repeated SP treatment can intensify the restorative function of SP in damaged ADSCs.

3.4. SP Activates Akt Signaling in ADSCs Injured by Oxidative Stress

Typically, when cells are under oxidative stress, signaling associated with cell survival is activated,
allowing the cells to survive. The phosphoinositide 3-kinase (PI3K)-Akt pathway is a pro-survival
pathway regulated by ROS. When oxidative stress is exerted on cells, Akt is phosphorylated in
a PI3K-dependent manner, which induces the phosphorylation and subsequent inactivation of
pro-apoptotic factors, including glycogen synthase kinase (GSK)-3 [30,31]. To examine whether the
increase in ADSCs viability by SP was accompanied by the activation of Akt signaling, we determined
the phosphorylation state of Akt and GSK-3β following ADSCs treatment with H2O2 and then with
SP for 20 min (Figure 4A). ADSCs treated with H2O2 failed to maintain phosphorylated Akt levels,
whereas SP treatment promoted Akt phosphorylation (Figure 4B). Additionally, GSK-3β, a downstream
effector of Akt signaling and a pro-apoptotic molecule [14], was phosphorylated and inactivated
following SP treatment. The expression levels of phospho-Akt and phospho-GSK-3β were quantified
relative to the levels of total Akt and GSK-3β (Figure 4B). Taken together, these results demonstrate
that SP can activate Akt/GSK-3β signaling, which contributes to the SP-induced recovery of oxidatively
damaged ADSCs.
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Figure 4. (A) Experimental scheme for ADSC oxidative stress and SP treatment. (B) Level of
phospho-Akt (B) and phospho-GSK-3β as detected by Western blotting. Phospho-Akt and
phospho-GSK-3β protein expression levels relative to total Akt and GSK-3β were quantified using the
Image J program. Expression levels were represented relative to that of the untreated control. The data
are expressed as the mean ± SD of three independent experiments.
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4. Discussion

Aging and oxidative stress are highly associated with inflammation and the development of
mortal diseases [1,21]. To combat oxidative stress-related diseases, antioxidants are typically applied
from natural compounds or various medicines; however, their effects were equivocal, and are often
accompanied by unwanted side effects. Therefore, additional treatment options with increased efficacy
are urgently needed.

Most studies deal with oxidative stress to study retinal disease [6,16]. Stem cell therapies have
emerged as an exciting option in the treatment of a variety of diseases including those that are related
to oxidative stress. ADSCs are among the most popular stem cells to be used in novel therapies [12,32],
as they have a high repopulation potential and their tissue of origin (adipose) is easily accessible. Ideally,
therapies involving ADSCs would involve their autologous transplantation; however, ADSCs from
diseased or aged patients may not be fully functional given the heightened levels of free radicals
and inflammation in the individual. Indeed, we found that ADSCs from diseased animals have low
repopulation rates and decreased cytokine secretion with a lack of differentiation potential even in
early passages [33]. Moreover, a recent study corroborated the impairment of ADSCs by oxidative
stress. Several studies have also indicated that, compared to other cells, stem cells are more susceptible
to damage due to free radicals [27]. Thus, the effect of oxidative stress on stem cells should be taken
into consideration for the application of stem cell therapy and endogenous regeneration.

In this study, oxidative stress was induced by treating ADSCs with H2O2 for 2 h. We found
that this transient exposure to H2O2 was sufficient to affect ADSC activity and function, but was not
completely detrimental to the ADSC population. H2O2 treatment altered cell morphology, reduced cell
viability, inhibited the proliferation of ADSCs, and decreased their paracrine potential. This impairment
could not be restored by removing the oxidant, which might lead to cellular senescence and death.

In an attempt to rescue ADSCs from oxidative stress, SP was employed. SP treatment of injured
ADSCs enhanced cell viability and restored the paracrine potential of ADSCs. Moreover, at an early
time point, SP activated the Akt/Gsk-3β pathway, which was downregulated by oxidative stress,
and might contribute to the improvement of cell survival. Differentiation potential was also improved
by SP but its effect was so slight, comparing to that of cell viability and cytokine secretion. Therefore,
it was inferred that SP can augment cell survival and secretome production (rather than stemness),
which might contribute to enhanced differentiation potential, to some extent. Notably, paracrine factors
including VEGF and TGF-beta are deeply involved in osteogenesis [34–36]. SP could restore VEGF
and TGF-beta production from ADSC with H2O2. This might suggest the possibility for the correlation
between paracrine potential and osteogenesis (Figure S3)

In conclusion, this study demonstrated that SP could stimulate the recovery of ADSCs under
oxidative stress, possibly by promoting cell proliferation through the activation of Akt/GSK-3β
signaling. SP is anticipated to enhance the activity of ADSCs from aged or diseased individuals.
Constant treatment of SP is anticipated to further augment the restoration of impaired stem cells.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3921/9/10/978/s1,
Figure S1: The analysis for marker expression of ADSC; Figure S2: Beta-galatoxidase staining of ADSC with H2O2
and SP; Figure S3: The differentiation ability of ADSC with H2O2 and SP.
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Abstract: Aging is characterized by reduced immune responses, a process known as
immunosenescence. Shortly after their generation, antigen-experienced adaptive immune cells,
such as CD8+ and CD4+ T cells, migrate into the bone marrow (BM), in which they can be maintained
for long periods of time within survival niches. Interestingly, we recently observed how oxidative
stress may negatively support the maintenance of immunological memory in the BM in old age.
To assess whether the generation and maintenance of immunological memory could be improved
by scavenging oxygen radicals, we vaccinated 18-months (old) and 3-weeks (young) mice with
alum-OVA, in the presence/absence of antioxidants vitamin C (Vc) and/or N-acetylcysteine (NAC).
To monitor the phenotype of the immune cell population, blood was withdrawn at several time-points,
and BM and spleen were harvested 91 days after the first alum-OVA dose. Only in old mice,
memory T cell commitment was boosted with some antioxidant treatments. In addition, oxidative
stress and the expression of pro-inflammatory molecules decreased in old mice. Finally, changes in
the phenotype of dendritic cells, important regulators of T cell activation, were additionally observed.
Taken together, our data show that the generation and maintenance of memory T cells in old age may
be improved by targeting oxidative stress.

Keywords: antioxidants; vitamin C; NAC; immunosenescence; T cells; vaccination; aging

1. Introduction

One of the most dramatic changes in the aging immune system is the involution of the thymus,
which leads to a consistent decline in the generation of new naïve T cells [1,2]. As the amounts of
naïve T cells are reduced in old age, adaptive immunity is mainly supported by antigen-experienced
cells, the maintenance of which is fundamental to fight infections [3]. One typical hallmark of
immunosenescence is the accumulation of highly differentiated T cells, known to be detrimental for
elderly persons as they are associated with oxidative stress, inflammation, and senescence, which overall
supports an increased risk of age-related diseases and mortality [4,5].

Several studies described that the bone marrow (BM) plays an important role in the long-term
survival of effector/memory CD8+ and CD4+ T cells, as well as long-lived plasma cells [6,7].
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After clearance of antigens, some newly generated adaptive cells migrate to the BM, where they
can be maintained for long periods of time within survival niches [6,8]. In particular, while all
antigen-experienced T cells require the cytokine IL-15 for their survival, both memory CD8+ and
CD4+ T cells are maintained by IL-7 [9,10]. Specifically, the survival of terminally differentiated,
senescent-like T cells is almost totally based on IL-15, as this subset show high levels of IL-2/IL-15Rβ and
low expression of IL-7Rα. In addition, pro-inflammatory cytokine IL-6 is required for the maintenance
of highly differentiated T cells.

Recently, we documented that the expression of IL-15 increases, while IL-7 decreases in the human
BM in old age, which overall suggests that the survival of bona fide memory T cells may be impaired in
the elderly [11,12]. Interestingly, oxidative stress and age-related inflammation (“inflammaging”) were
shown to be involved in these changes. In addition, highly differentiated CD8+ T cells increased in
the aged BM and supported the over-production of oxygen radicals and pro-inflammatory molecules,
leading to impaired maintenance of immunological memory as a result [11,13].

In the current study, we investigated whether the phenotype of adaptive immune cells and
dendritic cells (DCs), an important regulator of T cell activation, may change in an environment with
reduced oxidative stress, using antioxidants N-acetylcysteine (NAC) and vitamin C (Vc). Furthermore,
we assessed whether inflammatory parameters in the BM and in the spleen, organ regulating
the maintenance and the generation of immunological memory, respectively, may change after
administering antioxidants. To achieve this aim, we took advantage of a vaccination protocol using
the alum-ovalbumin (OVA) vaccination model, optimal for studying both CD4+ and CD8+ T cell
responses [14]. Young and old mice were vaccinated with three doses of alum-OVA and treated with
NAC and Vc, alone or in combination. Only in old mice and in certain conditions, effector/senescent-like
CD8+ T cells decreased, while memory and memory precursors CD8+ T cells increased with antioxidant
treatments, in all peripheral blood (PB), BM, and spleen. In addition, oxidative stress in both BM and
spleen, and the expression of pro-inflammatory cytokine IL-6 in the spleen decreased in old mice after
the treatments. Finally, changes in the phenotype of DCs in the spleen were additionally observed
after antioxidant administration.

Taken together, our results show for the first time that the generation and maintenance of memory
T cells in old age may be improved after the administration of antioxidants. This may help in planning
novel strategies to counteract immunosenescence in the elderly.

2. Materials and Methods

2.1. Mice

Three-week- and 18-month-old female mice on a C57BL/6J genetic background were maintained
under specific pathogen-free conditions at the Institute for Biomedical Aging Research, University of
Innsbruck, Austria.

Information about vaccination protocol, antioxidant treatment, bleedings, and organ harvesting
are reported in Figure 1. Mice were intraperitoneally (i.p.) injected with Endofit OVA (Invivogen,
San Diego, CA, USA; 10 µg/mouse) dissolved in a 1:1 solution of alhydrogel adjuvant 2% (Invivogen)
and PBS. Three doses of vaccine were administered to the mice (days 0, 14, and 77). From day−7 (7 days
before the administration of the first alum-OVA dose) until day 21, NAC was administered in the
drinking water at a concentration of 1 g/L (as reported by Lehmann and coworkers [15]). Vc was i.p.
injected, once per day, from day −7 until day 21. Optimal Vc concentration to use in the treatments
was chosen after a preliminary experiment (Supplementary Materials Figure S1). In this titration
experiment, the vaccination protocol was performed using a small group of old mice, and the lowest
concentration significantly reducing ROS levels in the spleen (10 mg/kg) was chosen.
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Figure 1. Vaccination protocol (see Materials and Methods). Mice were intraperitoneally (i.p.) injected
with three doses of alum-OVA on days 0, 14, and 77. From day −7 until day 21, NAC was administered in
the drinking water, and Vc and PBS (control group) were i.p. injected once per day. Blood was withdrawn
from each mouse on days 7, 14, 21, 28, 42, and 84, and BM and spleen were harvested on day 91.

PB was withdrawn from each mouse on days 7, 14, 21, 28, 42, and 84, and BM and spleen were
harvested on day 91. The following experimental groups were included in the experiments, each for
3-week-old and 18-month-old mice: PBS i.p. (control group), NAC, Vc, and NAC+Vc. To ensure
reproducibility, the vaccination protocol was repeated twice, in both young and old mice. In both
independent experiments, three mice were included in each group, and results from both experiments
were pooled, and statistical analysis was performed. One mouse from the groups PBS old (included in
experiment 2) and NAC old (experiment 1), and two mice from the group Vc old (one from experiment 1
and one from experiment 2) died before the end of the experiment. No signs of lymphoma or other
age-related malignancies were found in the mice reaching the end of the vaccination protocol.

2.2. Material Processing and Cell Culture

200 µL blood was harvested from the facial vein and collected in a heparinized tube. Erythrocytes
were lysed, incubating the blood with 10 mL lysis buffer (155 mM NH4CL, 10 mM KHCO3, 0.1 mM EDTA
pH 7.4; all Merck KGaA) for 5 min in at RT. After the lysis, blood cells were washed once with RPMI 1640
(Sigma-Aldrich, St. Louis, MO, USA) and resuspended in complete medium (RPMI 1640 supplemented
with 10% FCS, 100 U/mL penicillin, and 100 µg/mL streptomycin; Sigma-Aldrich and Invitrogen,
Carlsbad, CA, USA, respectively). BM cells were obtained from mice by flushing the femur and tibia
with PBS. Spleen cells were digested with Liberase™ Research Grade (Roche, Basel, Switzerland) and
DNAse I (Roche) for 30 min, smashed through a Falcon 70 µm cell strainer (Corning, Corning, NY,
USA), and washed with complete medium. Isolated cells from the spleen underwent erythrocyte lysis
by incubating them with lysis buffer. After the isolation, both BM and spleen cells were washed once
with RPMI and resuspended in complete medium.

2.3. Flow Cytometry

Immunofluorescence surface staining was performed by adding a panel of directly conjugated
antibodies to freshly prepared blood, BM, and spleen cells. To analyze the expression of IL-6,
cells were incubated with 10 mg/mL brefeldin A (BFA) for 15 h at 37 ◦C. To assess the expression
of IFNγ, TNF, and IL-2, cells were incubated with 30 ng/mL PMA and 500 ng/mL ionomycin in the
presence of 10 mg/mL BFA for 4 h at 37 ◦C. After surface staining, cells were permeabilized using
the Cytofix/Cytoperm kit (BD Biosciences, San Jose, CA, USA), and incubated with the intracellular
antibody. Dead cells were excluded from the analysis using 7-AAD or fixable viability dye (FVD)
BV421 (both BD Biosciences). Labeled cells were measured using a Fluorescence activated cell sorter
(FACS) Canto II (BD Biosciences). Data were analyzed using Flowjo software. The antibodies used in
the experiments are shown in Table 1.
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Table 1. Antibodies used in the FACS stainings.

Antigen Fluorocrome Company Clone

KLRG-1 BV421 Biolegend 2F1/KLRG1
CD44 FITC Biolegend IM7

IL-7Rα PE Biolegend A7R34
CD8 PeCy7 Biolegend 53-6.7
CD8 PerCp Biolegend 53-6.7

CD62L APC Biolegend MEL-14
CD4 BV510 Biolegend GK1.5
CD4 Pecy7 Biolegend GK1.5
CD3 APC-Vio770 Miltenyi REA641
PD-1 PE Biolegend 29F.1A12
IL-6 APC Biolegend MP5-20F3
IFNg PE Biolegend XMG1.2
TNF FITC Biolegend MP6-XT22
IL-2 APC Biolegend JES6-5H4
CD3 BV510 Biolegend 17A2

CD11c BV510 Biolegend N418
MHC II FITC Biolegend M5/114.15.2
CD40 PE Biolegend 3/23

NKp46 PerCp Biolegend 29A1.4
CD19 PerCp Biolegend 6D5
CD3 PerCp Biolegend 145-2C11

CD80 APC Biolegend 16-10A1
CD11b APC-Cy7 Miltenyi M1/70.15.11.5

2.4. ROS Measurement

ROS levels were measured after incubation of BM and spleen cells with the fluorescent dye
dihydroethidium (Sigma-Aldrich) at a concentration of 1:250 in complete medium for 20 min at 37 ◦C.

2.5. Statistical Analysis

Statistical significance was assessed after two-way ANOVA and Tuckey post-hoc test, as indicated
in the figure legends. A p value less than 0.05 was considered significant.

2.6. Study Approval

Animal protocols were approved by the Federal Ministry of Science, Research, and Economy of
Austria, and carried out in accordance with the Austrian law for animal protection and the institutional
guidelines at the University of Innsbruck.

3. Results

3.1. Effector/Memory T Cell Subsets Change in the Peripheral Blood (PB) after Treatment with Antioxidants

Using the markers IL-7Rα and KLRG-1, the populations IL-7Rα−KLRG-1+ short-living effector
cells (SLEC), and IL-7Rα+KLRG-1− memory progenitor effector cells (MPEC) can be identified within
CD8+ T cells [16,17]. While the first subset may either die soon after the resolution of infections
or alternatively accumulate as senescent-like cells, MPEC differentiate into long-living memory
CD8+ T cells. We investigated the levels of SLEC in the peripheral blood (PB) of untreated and
NAC, vitamin C (Vc), and NAC+Vc treated old mice 7, 14, 21, 28, 42, and 84 days after the first
alum-OVA injection (Figure 2A). A significant reduction in the frequency of SLEC was observed
in Vc treated mice already on day 7, although trends were present also for the other treatments.
These differences were stable over the following time-points, and they were significant for all NAC, Vc,
and NAC+Vc treatments on day 84. Despite this, no differences between the different treatments were
observed. Complete gating strategy is reported in . Representative FACS plots are shown in Figure 2C.
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No differences could be observed between treated and untreated young mice in the levels of SLEC in
the PB (Figure S3A).
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We next assessed whether the treatments may additionally change the frequency of MPEC in
the PB of old mice (Figure 2B). Only when Vc alone was administered to the mice, a significant
increase of MPEC levels was found on days 42 and 84. Again, no differences were identified in
young mice (Figure S3B). In addition, the frequency of CD44hiCD62L− effector memory (EM) CD8+

T cells decreased in the PB of old mice (Figure 2D). Specifically, while NAC treatment reduced EM
CD8+ T cell levels only on day 84, the treatments with Vc and NAC+Vc were effective in inducing a
significant downregulation in the levels of this subset already from day 14. On day 84, NAC and Vc
administered alone, but not in combination, induced a consistent reduction in the frequency of EM
CD8+ T cells. No differences between the treated and untreated groups were observed for EM cells
within CD4+ T cells in old mice and for EM CD8+ T cells in young mice (Figure S3C,D). In addition,
the frequency of CD44hiCD62L+ central memory (CM) CD8+ T cells increased in the PB of old mice
treated with Vc on day 28, and in mice treated with NAC+Vc on day 84, in comparison with the
untreated control (Figure 2D). Increased levels of CM CD4+ T cells were additionally found on day
28 in the PB of old mice treated with NAC (Figure S3E). No differences were found in young mice,
neither for CM CD8+ T cells (Figure S3F) nor for CM CD4+ T cells (data not shown).

Taken together, these results indicate that antioxidant treatments affect the levels of effector/memory
T cell subsets in the PB of old mice, particularly within CD8+ T cells.

3.2. Effector/Memory T Cell Subsets Change in the BM and in the Spleen after Treatment with Antioxidants

We next assessed whether the levels of effector/memory T cell subsets may additionally change in
the BM and in the spleen after treatments with NAC, Vc, or NAC+Vc, in comparison with untreated
control mice (Figure 3). Similar to the situation in the periphery, the frequency of SLEC in the BM
decreased in old mice treated with Vc and NAC+Vc, in comparison with the controls (Figure 3A).
While no differences between young and old mice were present in the control groups, the levels of
SLEC were significantly lower in the old Vc group, in comparison to young mice treated with Vc.
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In young mice, no differences were observed after any of the treatments. A similar situation was
found in the spleen (Figure 3B). In this case, the levels of SLEC were always higher in old compared to
young mice. Again, only in old mice, treatment with Vc and NAC+Vc like in the BM, but also with
NAC alone, could significantly reduce the frequency of SLEC. In addition, MPEC increased in old
mice treated with NAC and NAC+Vc (both BM and spleen) or Vc alone (only spleen), in comparison
with the untreated controls (Figure 3C,D). Interestingly, levels of MPEC in untreated old mice were
lower than their younger counterparts. After any of the three treatments, the frequency of this subset
was similar between young and old mice. These results indicate that antioxidants may boost MPEC
commitment in old mice.
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Figure 3. Effector/memory CD8+ T cell subsets in the BM and in the spleen. Frequency of (A) SLEC in
the BM, (B) SLEC in the spleen, (C) MPEC in the BM, (D) MPEC in the spleen, (E) EM CD8+ T cells in
the BM, (F) EM CD8+ T cells in the spleen, (G) CM CD8+ T cells in the BM, (H) CM CD8+ T cells in the
spleen, (I) PD-1+CM CD8+ T cells in the BM, (J) PD-1+CM CD8+ T cells in the spleen of young (white
columns) and old (black columns) mice treated with PBS, NAC, Vc, or NAC+Vc. Data are shown as
mean ± SEM. Two-way ANOVA, Tukey post-hoc test. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

When the frequency of EM CD8+ T cells was assessed in the BM, no significant differences were
found between all the groups, neither in young nor in old mice (Figure 3E). As reported for SLEC,
EM CD8+ T cells in the spleen were higher in old compared to young mice and were reduced after
NAC, Vc, and NAC+Vc treatments. While no differences were observed for EM CD4+ T cells in the BM,
this subset was more present in the spleen of old mice, in comparison with any groups of young mice
(Figure S4A,B). Despite this, no differences between the treatments were identified. In both BM and
spleen, the frequency of CM CD8+ T cells was similar in untreated young and old mice (Figure 3G,H).
Only in old mice, treatments with NAC or Vc alone (BM), and NAC alone or NAC+Vc (spleen) could
increase the levels of this subset, in relationship to untreated controls. Again, no differences were
found in young mice. In addition, similar frequencies of CM CD4+ T cells were found in all the groups,
in both BM and spleen (Figure S4C,D). The expression of activation/exhaustion marker PD-1 was
quite low within BM CM CD8+ T cells (Figure 3I). Despite this, higher PD-1 levels were found in old
compared to young untreated mice, in both BM and spleen (Figure 3I,J). After treatments with NAC
and Vc alone, the frequency of PD-1+ CM CD8+ T cells in old mice was significantly reduced. This was
particularly evident in the spleen of old mice treated with Vc, which showed similar PD-1 levels when
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compared with young-Vc treated mice. No differences were found for co-inhibitory molecules CTLA-4
and TIM-3 (data not shown).

In summary, our data indicate that antioxidants may change the frequency of effector/memory
T cell subsets in the BM and in the spleen of old mice.

3.3. Antioxidant Treatments Affect ROS Levels and Pro-Inflammatory Molecules in the BM and Spleen

We next investigated whether antioxidant treatments may change the levels of oxygen radicals
and pro-inflammatory molecule IL-6 in the BM and in the spleen. As expected, in the untreated
groups, ROS levels were higher in old in comparison with young mice, in both BM and spleen
(Figure 4A,B). In old mice, after the treatment with NAC alone and NAC+Vc (BM + spleen) and
additionally with Vc alone (BM only), oxygen radicals were reduced in comparison with the untreated
control group. After any treatments, in both BM and spleen, ROS levels were similar between old
and young mice, although no differences were found between treated and untreated young mice.
In addition, the expression of IL-6 in the BM was similar between young and old mice, and it did
not change after the treatments (Figure 4C, Figure S5A). In all experimental groups, IL-6 levels in the
spleen were higher in old compared to young mice (Figure 4D, Figure S5B). Despite this, treatment
with NAC could reduce IL-6 expression in old mice, in relationship to the untreated group.
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Figure 4. ROS levels and pro-inflammatory molecules in the BM and spleen. (A) ROS levels (=DHE
Mean Fluorescence Intensity, MFI) in the BM, (B) ROS levels in the spleen, (C) IL-6 MFI in the BM,
(D) IL-6 MFI in the spleen, (E) IFNγ+CD8+ T cells in the BM, (F) TNF+CD8+ T cells in the BM, (G) IL-2+

CD8+ T cells in the BM, (H) IFNγ+CD8+ T cells in the spleen, (I) TNF+CD8+ T cells in the spleen,
(J) IL-2+ CD8+ T cells in the BM of young (white columns) and old (black columns) mice treated with
PBS, NAC, Vc, or NAC+Vc. Data are shown as mean ± SEM. Two-way ANOVA, Tukey post-hoc test.
* p < 0.05; ** p < 0.01; **** p < 0.0001.

We then measured the production of IFNγ and TNF, two additional pro-inflammatory and T cell
effector molecules, in the BM and in the spleen (Figure 4E–J, Figure S6). In the BM of untreated old mice,
more CD8+ T cells produced IFNγ in comparison with young mice (Figure 4E). After treatments with
NAC, Vc and NAC+Vc, no differences could be found between young and old mice. No age-related
differences and no significant differences between the treatments were observed for TNF and IL-2
production in CD8+ T cells within the BM (Figure 4F,G). In parallel, more IFNγ, TNF, and IL-2 was
produced by BM CD4+ T cells from old compared with young mice (Figure S6A–C). Although the
treatments did not significantly change the production of IFNγ and TNF, more IL-2+CD4+ T cells were
present in old mice injected with Vc, in comparison with old control mice (Figure S6C).
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Similar to the situation in the BM, the frequency of IFNγ+CD8+ T cells in the spleen was higher
in old mice, particularly in the groups treated with NAC and Vc alone (Figure 4H). Despite this,
no changes were induced by the treatments. When we assessed the production of IFNγ in CD4+ T cells
from the spleen, higher levels were present in the old group (Figure S6D). After Vc treatment, IFNγ

production was similar between old and young mice. No differences were observed for the expression
of TNF within CD8+ T cells (Figure 4I) and CD4+ T cells (Figure S6E). Reduced IL-2 production was
found in the spleen of untreated old mice, in comparison to the young control group. After any of
the three treatments, no differences were present between old and young mice. No differences in the
expression of IL-2 were present in CD4+ T cells from the spleen (Figure S6F). Representative FACS plots
of IFNγ, TNF, and IL-2 expression within CD8+ T cells from BM and spleen are shown in Figure S7.

In summary, our results suggest that, in some conditions, but only in old mice, treatment with
NAC and/or Vc could reduce the levels of ROS and affect the production of several T cell cytokines,
in the BM and in the spleen.

3.4. Dendritic Cell Subsets Change in the Spleen after Antioxidant Treatments

Dendritic cells (DC) are antigen-presenting cells fundamental for the activation of adaptive
immune responses. Thus, we investigated whether OVA vaccination in the presence of antioxidants
NAC and/or Vc could affect the frequency of certain DC subsets and the phenotype of these cells
(Figure 5). The gating strategy reporting the subsets considered in this part of the study is shown in
Figure 5A. Classical DC (cDC) are known to express both MHC class II (MHC II) and CD11c, and can
additionally be divided into the CD11b− (cDC1) and CD11b+ (cDC2) subsets [18].

Antioxidants 2020, 9, x FOR PEER REVIEW 8 of 14 

Similar to the situation in the BM, the frequency of IFNγ+CD8+ T cells in the spleen was higher 

in old mice, particularly in the groups treated with NAC and Vc alone (Figure 4H). Despite this, no 

changes were induced by the treatments. When we assessed the production of IFNγ in CD4+ T cells 

from the spleen, higher levels were present in the old group (Figure S6D). After Vc treatment, IFNγ 

production was similar between old and young mice. No differences were observed for the 

expression of TNF within CD8+ T cells (Figure 4I) and CD4+ T cells (Figure S6E). Reduced IL-2 

production was found in the spleen of untreated old mice, in comparison to the young control group. 

After any of the three treatments, no differences were present between old and young mice. No 

differences in the expression of IL-2 were present in CD4+ T cells from the spleen (Figure S6F). 

Representative FACS plots of IFNγ, TNF, and IL-2 expression within CD8+ T cells from BM and 

spleen are shown in Figure S7. 

In summary, our results suggest that, in some conditions, but only in old mice, treatment with 

NAC and/or Vc could reduce the levels of ROS and affect the production of several T cell cytokines, 

in the BM and in the spleen. 

3.4. Dendritic Cell Subsets Change in the Spleen after Antioxidant Treatments 

Dendritic cells (DC) are antigen-presenting cells fundamental for the activation of adaptive 

immune responses. Thus, we investigated whether OVA vaccination in the presence of antioxidants 

NAC and/or Vc could affect the frequency of certain DC subsets and the phenotype of these cells 

(Figure 5). The gating strategy reporting the subsets considered in this part of the study is shown in 

Figure 5A. Classical DC (cDC) are known to express both MHC class II (MHC II) and CD11c, and can 

additionally be divided into the CD11b- (cDC1) and CD11b+ (cDC2) subsets [18]. 

 

Figure 5. Dendritic cell subsets in the spleen. (A) Gating strategy for DC subsets. After excluding dead cells 

using the FVD Zombie Violet, lineage negative (lin-) CD3-NKp46-CD19- cells were considered. FACS plots 

showing the gating for CD11c+MHC II+ DCs, CD11c+MHC II+CD11b- classical DCs (cDC1) and CD11c+MHC 

II+CD11b+ DCs (cDC2) are reported. Frequency of (B) CD11c+MHC II+ DCs, (C) cDC1, (D) cDC2, and MFI 

of (E) CD80 in cDC1, (F) CD80 in cDC2, (G) CD40 in cDC1, and (H) CD40 in cDC2 in the spleen of young 

(white columns) and old (black columns) mice treated with PBS, NAC, Vc, or NAC+Vc. Data are shown as 

mean ± SEM. Two-way ANOVA, Tukey post-hoc test. * p < 0.05; ** p < 0.01; ***p < 0.0001. 

When we measured all CD11c+MHC II+ cDCs in the spleen, the frequency was lower in old 

untreated mice in comparison to the young control group (Figure 5B). NAC+Vc lead to a significant 

Figure 5. Dendritic cell subsets in the spleen. (A) Gating strategy for DC subsets. After excluding dead
cells using the FVD Zombie Violet, lineage negative (lin-) CD3−NKp46−CD19− cells were considered.
FACS plots showing the gating for CD11c+MHC II+ DCs, CD11c+MHC II+CD11b− classical DCs
(cDC1) and CD11c+MHC II+CD11b+ DCs (cDC2) are reported. Frequency of (B) CD11c+MHC II+ DCs,
(C) cDC1, (D) cDC2, and MFI of (E) CD80 in cDC1, (F) CD80 in cDC2, (G) CD40 in cDC1, and (H) CD40
in cDC2 in the spleen of young (white columns) and old (black columns) mice treated with PBS, NAC,
Vc, or NAC+Vc. Data are shown as mean ± SEM. Two-way ANOVA, Tukey post-hoc test. * p < 0.05;
** p < 0.01; ***p < 0.0001.

When we measured all CD11c+MHC II+ cDCs in the spleen, the frequency was lower in old
untreated mice in comparison to the young control group (Figure 5B). NAC+Vc lead to a significant
increase in cDC frequency in old mice, and thus, no age-related differences were present after the
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treatment. In addition, cDC1 cells were higher in young mice in all experimental group, but no significant
differences were found after administering the antioxidants (Figure 5C). Furthermore, all NAC, VC,
and NAC+Vc treatments lead to an increased frequency of the cDC2 subset, in comparison with old
and young untreated groups. Again, no effects were observed when young mice were treated.

Costimulatory molecule CD80 is known to bind its ligands CD28 and CTLA-4 expressed by T cells
and regulate the activation of these cells [19]. In cDC1 cells, similar CD80 levels were found in young
and old mice, and no differences were present after the treatments (Figure 5E and Figure S8A). Only in
cDC2 the administration of NAC and Vc, alone or in combination, increased CD80 expression in old
mice, in comparison to the untreated group (Figure 5F and Figure S8B). Furthermore, the levels of
CD40, a costimulatory protein necessary for DC activation [20], were higher in old mice in both cDC1
and cDC2 subsets, particularly in the groups treated with NAC and Vc alone for cDC1 and in all
groups for cDC2 (Figure 5G,H and Figure S8C,D). Despite this, no significant changes were induced by
the treatments.

Overall, antioxidant treatments may increase the frequency and the activation of cDC subsets in
old mice, which may therefore be more efficient in antigen presentation and in activating T cells.

4. Discussion

Aging negatively affects the quality of the immune system, which leads to increased frequency
and severity of infectious diseases and to a reduced efficiency of vaccinations [21]. Although both
innate and adaptive immunity are impaired in old age, T lymphocytes are most severely affected,
as they lose the organ involved in their maturation, the thymus [1,2]. Although reduced amounts
of antigen-inexperienced, naïve T cells can be observed in the elderly, homeostatic proliferation
mechanisms guarantee the presence of a certain amount of naïve T cells, necessary to fight against
new infections. Despite this, in old age, naïve T cells may preferentially be committed to an effector,
senescent-like T cells, with reduced capability to differentiate into memory cells [22]. In addition,
chronic infections, such as cytomegalovirus (CMV), support the accumulation of senescent-like
T cells [23]. These cells may accumulate in the BM, therefore reducing the space otherwise available
for “true” memory T cells [13,24]. For this reason, finding strategies is helpful—not only to improve
the generation, but also the maintenance of memory cells in the BM is fundamental to counteract
immunosenescence, and boost immunity against infections in old age.

We recently observed how oxidative stress may impair the long-term maintenance of memory
T cells and long-lived plasma cells in the BM [11,13]. In particular, we showed that accumulation
of ROS in the BM leads to increased expression of IFNγ and TNF, which induce the production of
IL-15 and IL-6, a survival factor for senescent-like T cells. In addition, a negative relationship between
Diphtheria antibody concentration in the PB and ROS levels in the BM was identified [24]. Thus,
oxidative stress may represent an important feature to target, to test novel strategies aiming at boosting
immunological memory.

In our approach, we took advantage of NAC and Vc, well-known antioxidants, already available
on the market, and with rare side effects. NAC is known to boost endogenous glutathione levels,
as it is a source of amino acid cysteine, which is the rate-limiting step of glutathione synthesis [25,26].
In addition, NAC has shown glutathione-independent antioxidant properties [27]. Vc and glutathione
can support each other in the neutralization of ROS. Indeed, reduced Vc (dehidroascorbate, DHA)
can rapidly neutralize oxidants, and after this step, it is converted into its oxidized form (ascorbate).
Reduced glutathione (GSH) can convert ascorbate into DHA, and thus, after this step Vc is able
to react again against ROS. At moderate/high doses, less than 50% of orally administered Vc can
reach the bloodstream, while the rest is excreted in the urine [28]. For this reason, we decided to
administer this antioxidant i.p. to the mice. To counteract this problem, liposomal Vc formulation
has recently been developed, which shows increased absorption rates in comparison to water-soluble
Vc [29]. This situation does not happen for NAC, which is very well absorbed when administered
orally. Although NAC and Vc were shown to improve immune function in several experimental
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settings [30–32], no studies reported how these molecules affect the phenotype of subsets of immune
cells during a vaccination protocol.

We, therefore, established a vaccination schedule in which mice were pre-treated with antioxidants
for 7 days, before administering the first alum-OVA dose. In this way, ROS levels may already be lower
at the beginning of the vaccination. The treatments with NAC and Vc were stopped on day 21, as mice
received two doses of vaccine, and therefore, the generation of memory T cells already started. Finally,
a third alum-OVA dose was administered on day 77. This choice has two specific aims: (1) Studying the
generation of memory T cells and the phenotype of DC in the spleen two weeks after; (2) investigating
the phenotype of T cells migrated into the BM during the first part of the experiment; as memory T
cells require 3–8 weeks for the migration to the BM [33], adaptive immune cells generated after the
third dose of vaccine can preferentially be found in the spleen. In this way, both the generation and
maintenance of immunological memory can be studied with one protocol.

We first assessed the levels of effector/memory T cell subsets in the PB after the injection of
alum-OVA. In particular, we investigated whether antioxidants may affect the commitment of naïve
T cells into SLEC/EM CD8+ T cells, which include short-living cells and/or senescent-like T cells,
and MPEC/CM, subsets of memory T cell precursors/memory T cells [16,34].

While the expression of CCR7 and CD62L on CM cells facilitate the homing to secondary lymphoid
organs, EM cells preferentially migrate to tissues, are more cytolytic, and express receptors necessary
for localization to areas of inflammation [35]. Thus, while SLEC and EM cells show rapid effector
functions, and thus, are fundamental when pathogens are present in tissues, MPEC and CM differentiate
into long-living memory T cells, and therefore, represent the primary aim of a vaccination in which
immunological memory must be triggered. Interestingly, a reduction in the frequency of SLEC/EM and
an increased in MPEC/CM CD8+ T cells was observed in the PB of old mice treated with antioxidants.
While the reduction of SLEC and EM was evident from day 7, the upregulation of MPEC/CM was
present only at later time-points. On day 28, an increased frequency of CM CD8+ T cells was present in
every experimental group. This may be due to administering the second alum-OVA dose, which triggers
the generation of new CM cells. In addition, an overall increase of MPEC cells was observed on day 42.
CM CD4+ T cells additionally increased after NAC treatment, but no differences were observed for EM
CD4+ T cells. The treatments did not lead to any differences in young mice, which overall showed
reduced levels of SLEC and EM CD8+ T cells in comparison to untreated old mice. After administering
NAC and Vc, similar amounts of circulating SLEC and EM CD8+ T cells were found in old and young
mice, indicating that the treatment rescued the differences between the two groups. In the spleen of
old mice, a consistent decline in both subsets could be observed.

In parallel, MPEC and CM CD8+ T cells showed a strong increase. Thus, while without the
treatments, old mice produced many more effector cells and less memory CD8+ T cell precursors in
comparison to young mice, a partial rescue was observed in the treated groups. We can, therefore,
speculate that oxidative stress may affect CD8+ T cell commitment to memory in old mice. Similar trends
were obtained in the BM, in which the differences were less significant in comparison to the spleen.
This may be attributable to the fact that effector/memory T cells present in the BM were generated
after two doses of vaccine and not after three doses like the ones present in the spleen, and therefore,
differences may be attenuated. In addition, the expression of inhibitory receptor PD-1 [36] on CM
CD8+ T cells, higher in old untreated mice in comparison to young mice, was reduced at the level of
young animals after the treatments, in both BM and spleen. This indicates that, in old mice, CM CD8+

T cells may be more “ready to react” after NAC and Vc administration.
A key question is whether antioxidant treatment may affect oxidative stress and pro-inflammatory

parameters in the BM and in the spleen. In both organs, ROS levels were higher in old untreated
mice, which for the BM is in accordance with our data in humans [11]. Interestingly, all antioxidant
treatments (BM) and Vc administration (spleen) could rescue this condition, as no differences were
present between old and young mice after the treatments. According to the mechanism of action
of NAC and Vc, the effects of NAC and Vc together may be additive. Despite this, in our settings,
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we saw that administering a single antioxidant (either NAC or Vc) may be enough to significantly
reduce ROS. Furthermore, we can speculate that the effects of antioxidants may be more stable in the
BM in comparison to the spleen, as in this organ, they are still present 70 days after interrupting the
treatments. Despite this, we believe that NAC and Vc may act on the spleen environment from the
very beginning of their administration, and thus, in the PB, differences can be observed already from
day 7. In the spleen, decreased ROS levels were paralleled by a reduction of IL-6 expression. As this
cytokine is not only a T cell survival molecule, but also a pro-inflammatory cytokine, we expect that
inflammatory processes may be reduced in the spleen of treated mice. No relationship between ROS
and IL-6 levels was found in the BM. This is different from the situation in humans and in a small
group of SOD1−/− and WT mice, in which a strong correlation between ROS levels and IL-6 MFI in the
BM was observed [11].

Furthermore, in the BM, the differences in the expression of IFNγ in CD8+ and CD4+ T cells
between young and old mice disappeared after some of the antioxidant treatments. Thus, we can
speculate that inflammation within the BM environment, known to be detrimental for the maintenance
of immunological memory in old age [11,13], may partially be attenuated by NAC and/or Vc. Although
not completely “rescued” age-related inflammation, commonly known as “inflammaging” and known
to support the onset and the severity of age-related diseases, among which immunosenescence [37],
may be reduced after antioxidant treatment.

As the last step, we assessed whether the phenotype of DC subsets may be affected by ROS.
Overall, in NAC and Vc treated old mice, MHC II+ CD11c+ cDCs, fundamental for delivering antigens
to T cells and regulating the activation of these cells, increased in old mice after antioxidant treatment.
In addition, in these mice, administering NAC and Vc lead to increased frequency of cDC2, a subset of
migratory DC known to induce potent T follicular helper (Tfh) responses [38]. After the treatment,
cDC2 in old mice expressed higher levels of CD80, a costimulatory molecule necessary for the complete
activation of T cells. Thus, these results indicate that antioxidants may improve cDC2 functions,
which may therefore be more efficient in activating T cells in lymph nodes. Furthermore, activation
molecule CD40 was higher in old mice in both cDC1 and cDC2 subsets. Thus, it is important to
underline that in old mice, after NAC and Vc administration, the expression of both CD80 and CD40
are higher in comparison to young mice. Overall, this suggests that the capability of priming T cells by
DCs may be boosted, reducing oxidative stress in the elderly.

5. Conclusions

In summary, our work showed for the first time that commitment of naïve T cells to long-living
memory T cells may be boosted by targeting oxidative stress. In addition, the maintenance of
immunological memory in the BM may be supported. To achieve this aim, administering one
antioxidant (either NAC or Vc) is generally sufficient. Indeed, a certain amount of ROS is required for
immune functions [39]. In addition, it is important to underline that, in some conditions, an excessive
administration of antioxidants may be even detrimental [40]. Furthermore, our results suggest that the
effects of antioxidants are very stable in old mice, as 28 days of treatment led to sustained shifts in T cell
subsets and in the production of pro-inflammatory molecules two months later. The administration of
NAC and Vc did not lead to any changes in young mice. As these animals showed lower ROS levels in
comparison to old mice, antioxidant treatments may be totally ineffective at this age. An optimal age
should be identified, to start the treatments to target ROS and boost the functionality of the immune
system. Thus, ROS scavengers administered at the right timepoint may represent an optimal tool to
support not only the generation of new memory T cells, but also the maintenance of adaptive immune
cells generated years before and maintained in the BM niches.

As NAC and Vc seem to boost immune responses in old age, future studies must assess the impact
of antioxidants on a vaccination protocol performed using an antigen from a pathogen relevant for
aging, such as a mouse-adapted influenza virus strain. Indeed, it is known that the efficacy of influenza
vaccination is reduced in the elderly [41], and therefore, it will be important to understand whether
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antioxidants may be effective also in this context. The results obtained in our study using alum-OVA
will certainly help to define optimal settings for future vaccination protocols.

In addition, the effects of NAC and Vc on levels of pro-inflammatory cytokines in the plasma
will be analyzed in future studies. Furthermore, it must be assessed whether the long-term exposure
to antioxidants may change molecular pathways controlling T cell differentiation, such as JAK/STAT,
MAPK signaling, and HIF1α stabilization.

Finally, nutritional intervention, including natural antioxidants and/or nutraceutical compounds,
must be tested to assess whether a healthy lifestyle may additionally boost the generation and
maintenance of immunological memory in the elderly.
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Abstract: Cigarette smoke exposure has been shown to be associated with chronic rhinosinusitis
and tissue remodeling. The present study aimed to investigate the effects of cigarette smoke
extract (CSE) on matrix metalloproteinase (MMP) and tissue inhibitor of metalloproteinase (TIMP)
production in nasal fibroblasts and to determine the underlying molecular mechanisms. Primary
nasal fibroblasts from six patients were isolated and cultured. After the exposure of fibroblasts to
CSE, the expression levels of MMP-2, MMP-9, TIMP-1, and TIMP-2 were measured by real-time
PCR, ELISA, and immunofluorescence staining. The enzymatic activities of MMP-2 and MMP-9
were measured by gelatin zymography. Reactive oxygen species (ROS) production was analyzed
using dichloro-dihydro-fluorescein diacetate and Amplex Red assays. PI3K/Akt phosphorylation
and NF-κB activation were determined by Western blotting and luciferase assay. CSE significantly
increased MMP-2 expression and inhibited TIMP-2 expression but did not affect MMP-9 and TIMP-1
expression. Furthermore, CSE significantly induced ROS production. However, treatment with
ROS scavengers, specific PI3K/Akt inhibitors, NF-κB inhibitor, and glucocorticosteroids significantly
decreased MMP-2 expression and increased TIMP-2 expression. Our results suggest that steroids
inhibit CSE-regulated MMP-2 and TIMP-2 production and activation through the ROS/ PI3K, Akt,
and NF-κB signaling pathways in nasal fibroblasts. CSE may contribute to the pathogenesis of chronic
rhinosinusitis by regulating MMP-2 and TIMP-2 expression.

Keywords: cigarette smoke extract; nasal fibroblasts; tissue inhibitor of metalloproteinases; matrix
metalloproteinase; steroids

1. Introduction

Chronic rhinosinusitis (CRS) is a nasal inflammatory disease with symptoms of nasal
discharge/postnasal drip, nasal congestion, sinus pain/pressure, and anosmia/hyposmia lasting for
at least 12 weeks. CRS is one of the most frequent chronic diseases in humans and consequently has
an important socio-economic impact. Its influence on patient quality of life is even more detrimental
than that of congestive heart failure, chronic obstructive pulmonary disease, and back pain [1]. CRS is
a multifactorial disorder, and its pathogenesis involves interactions between environmental insults,
infectious loading, and genetic predisposition. Among environmental factors, inhaled pollutants,
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including cigarette smoke, may play a significant role in CRS, which is a characteristic of chronic
inflammatory upper airway disease [2].

Tissue remodeling is an energetic process that results in both production and degradation of the
extracellular matrix (ECM) and is an important aspect in the pathogenesis of chronic inflammatory
diseases in many organs. In airways, tissue remodeling is characterized by loss of epithelial integrity,
goblet cell metaplasia, excessive ECM deposition, hyperplasia of mucosal cells, and basement membrane
thickening. The differentiation of fibroblasts to myofibroblast is a key event in physiological and
pathological tissue remodeling. Myofibroblasts are a source of matrix metalloproteinases (MMPs)
and tissue inhibitors of MMPs (TIMPs) [3]. Like other chronic inflammatory diseases of the airway,
tissue remodeling is present in CRS, and obvious remodeling features differentiate the various CRS
subgroups [4]. Several factors, such as MMPs, ECM, and TGF-β, are related with remodeling.
Specifically, MMP-2 and MMP-9 have been associated with airway inflammatory diseases [5]. MMPs
are a large family of enzymes with zinc-binding catalytic domains and are involved in the degradation
of ECM components. Their extracellular activities are regulated by TIMPs. MMPs play a crucial role in
various physiological processes, including tissue remodeling [6]. MMP-2 (gelatinase A) and MMP-9
(gelatinase B) are involved in ECM remodeling, which is associated with upper airway remodeling [7].
MMP-2 and MMP-9 are the principal fibroblast-derived proteinases capable of degrading substrates,
including collagen, gelatin, elastin, and fibronectin.

Chronic exposure to cigarette smoke is known to be the cause of several inflammatory diseases
including asthma, chronic obstructive pulmonary disease, and CRS. Cigarette smoke extract (CSE)
exerts harmful effects on processes, including cell viability, adhesion, migration, and myofibroblast
differentiation, in the airway. Tissue remodeling is a pathologic process believed to be related with
cigarette smoke. It was previously shown that smoke can directly induce remodeling without any
need for exogenous inflammatory cells in the airway [8].

CSE contains many toxic and carcinogenic chemicals, as well as unsuitable free radical that
enhance reactive oxygen species (ROS) production leading to oxidative stress. ROS is known to be
higher expressed in patients with CRS was higher than in control subject [9]. It damages proteins, lipids,
and DNA that plays an important roles in cellular process involved in the generation and development
processes of nasal polyps [10]. Airway inflammation, airway hyper-responsiveness, tissue injury,
and remodeling can be induced by excessive ROS production in epithelial cells, fibroblasts and severer
inflammatory cells [11,12]. Increased ROS can mediate activation of AKT and NF-κB [13]. PI3K and Akt
proteins in CRS were higher than those in the control subjects [14]. The PI3K/Akt signaling pathway is
an important cellular signaling that is involved in cell growth, proliferation, apoptosis, metabolism,
angiogenesis, metastasis and the cellular defiance against inflammatory stimuli. Akt cascade is known
to mediate ECM proteolysis [15]. NF-κB is a transcriptional factor which plays a central role in diverse
cellular processes, including inflammation and immune response in airway diseases. CSE modulates
variety molecular mechanisms such as ROS, PI3K/AKT and NF-κB. However, the precise mechanisms
by which cigarette smoke affects airway structure and function are still under investigation.

We hypothesized that CSE-induced tissue remodeling in the upper airway is related with an
imbalance between MMPs and TIMPs from nasal fibroblasts. In the present study, we aimed to
determine the effects of CSE on the expression of MMPs and TIMPS and the underlying molecular
mechanisms in nasal fibroblasts. We also examined the involvement of ROS, AKT, and NF-κB signaling
pathways, which are known to be closely related with CSE-induced inflammation in several diseases,
in these mechanisms. Additionally, we aimed to determine the effect of glucocorticoids, the first line of
treatment for CRS, on the CSE-induced imbalance between MMPs/TIMPs in nasal fibroblasts.
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2. Materials and Methods

2.1. Preparation of CSE

CSE was obtained from 3R4F research cigarettes (University of Kentucky, Lexington, KY, USA),
with each cigarette containing 0.60 mg of nicotine and 8.0 mg of tar, for use in all experiments. CSE
was prepared by bubbling smoke from cigarettes into 15 mL of serum-free Dulbecco’s modified Eagle’s
medium (DMEM; Invitrogen, Grand Island, NY, USA) at a rate of 1 cigarette/min using a modification
of the method developed by Carp and Janoff [16]. The CSE solution is defined as 100% CSE and diluted
with DMEM in the following experiments. CSE was standardized by measuring of the absorbance at
320 nm confirmed that the prepared CSE was reproducible, and various CSE preparations showed few
differences. Freshly prepared CSE was used immediately in all the experiments.

2.2. Patients and Tissue Collection

Sinus tissue explants were collected during surgery from patients with blowout fracture (n = 6) at
the Department of Otorhinolaryngology at Korea University Guro Hospital, Korea. All patients had
no history of smoking, allergies, asthma, or aspirin sensitivity, and they were not treated with any
antibiotics or oral or topical steroids for at least 4 weeks before surgery. Written consent was obtained
from all patients, and the study was approved by the Ethics Committee of the Faculty of Medicine,
Korea University, Korea.

2.3. Nasal Fibroblast Cultures

To obtain nasal fibroblasts, cells were cultured in DMEM with 10% heat-inactivated fetal bovine
serum (FBS), 1% (v/v) 10,000 U/mL penicillin, and 10,000 µg/mL streptomycin (Invitrogen) in a
humidified incubator under 5% CO2 at 37 ◦C. Experiments were performed using cells at 80%
confluence. Before treatment of agents, the cells were starved in serum-free media for 12 h. The purity
of obtained human nasal fibroblasts was confirmed microscopically based on the characteristic
spindle-like cell phenotype. Approximately 95% of cells in cultured nasal fibroblasts were positive for
vimentin and Thy-1, which were used as fibroblast markers, and negative for E-cadherin, which was
used as an epithelial cell marker. The nasal fibroblasts were cultured for four passages [17].

2.4. Real-Time PCR

The nasal fibroblasts were incubated with CSE for 12 h after pre-treatment of ROS scavengers
(NAC, ebselen and DPI) PI3K/Akt inhibitor (LY294002) and NF-κB inhibitor (BAY11-7082) for 1 h.
RNAs were extracted from nasal fibroblasts using TRIzol reagent (Invitrogen, Carlsbad, CA, USA).
The total amount of RNA was determined using NanoDrop 2000 (Thermo Fisher Scientific Inc.,
Wilmington, DE, USA). Synthesis of cDNA was performed with 1 µg of total RNA using the Maxime
RT PreMix cDNA Kit (iNtRON Biotechnology, Sungnam, Korea). The expression levels of mRNAs
were analyzed using Quantstudio3 (Applied Biosystems, Foster City, CA, USA) and Power SYBR
Green PCR Master Mix (Applied Biosystems). Real-time PCR analysis was performed to evaluate the
expression levels of MMP-2, MMP-9, TIMP-1, and TMIP-2 and that of GAPDH, which was used as
a housekeeping gene. The primer sequences are shown in Table 1. The results were normalized by
GAPDH mRNA expression and are shown as the fold ratio over the expression of the control group.
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Table 1. Sequences of real-time PCR oligonucleotide primers.

Primer Sequence

MMP-2 Forward 5’- AGA TCT TCT TCT TCA AGG AAC CGT T -3’
Reverse 5’- GGC TGG TCA GTG GCT TGG GGT A -3’

MMP-9 Forward 5’- GCG GAG ATT GGG AAC CAG CTG TA -3’
Reverse 5’- GAC GCG CCT GTG TAC ACC CAC A -3’

TIMP-1 Forward 5’- ACC ACC TTA TAC CAG CGT TAT GA -3’
Reverse 5’- GGT GTA GAC GAA CCG GAT GTC -3’

TIMP-2 Forward 5’- GCT GCG AGT GCA AGA TCA C -3’
Reverse 5’- TGG TGC CCG TTG ATG TTC TTC

TLR4 Forward 5’- TGA GCA GTC GTG CTG GTA TC -3’
Reverse 5’- CAG GGC TTT TCT GAG TCG TC -3’

2.5. Gelatin Zymography

Nasal fibroblasts were exposed to CSE for 72 h after pretreatment with ROS scavengers, PI3K/Akt
inhibitor and NF-κB inhibitor for 1 h. Aliquots of fibroblast-conditioned medium (10 µL) were analyzed
using gelatin zymography for MMP-2 and MMP-9 in 1 mg/mL gelatin-10% polyacrylamide gels.
Following electrophoresis, the gels were washed twice with 2.5% Triton X-100 for 30 min while shaking
to remove sodium dodecyl sulfate and renature MMP-2 and MMP-9 in the gels. Renatured gels were
incubated in developing buffer containing 50 mM Tris-HCl (pH 7.5), 200 mM NaCl, 5 mM CaCl2,
and 0.02% Brij-35 overnight at 37 ◦C. Gels were stained with 0.25% Coomassie brilliant blue G-250
(50% methanol, 10% acetic acid) and destained using destaining solution (50% methanol, 10% acetic
acid). Proteinase activity was observed as cleared (unstained) regions on the gels. Finally, the gels
were dried for 2 h using a gel dryer (Bio-Rad, Hercules, CA, USA).

2.6. Enzyme-Linked Immunosorbent Assay (ELISA)

MMP-2, MMP-9, TIMP-1, and TMIP-2 concentrations in the culture media were determined using
ELISA (R&D systems, Minneapolis, MN, USA). Nasal fibroblasts were exposed to CSE for 72 h after
pretreatment with ROS scavengers, PI3K/Akt inhibitor and NF-κB inhibitor for 1 h. Standards and
samples were added and incubated at room temperature for 2 h. After 3 washes, MMP-2, MMP-9,
TIMP-1, or TMIP-2 conjugate was added to the wells for 2 h at room temperature. The reaction
was stopped with a stop solution, and the product was quantified at 450 nm using a microplate
reader (Bio-Rad).

2.7. Western Blotting Analysis

Nasal fibroblasts were treated with CSE for 72 h. A total of 5 × 105 fibroblasts were lysed in
PRO-PREPTM protein extraction solution (iNtRON Biotechnology) and stored overnight at −20 ◦C.
Cell debris was removed from the lysates by centrifugation at 13,000× g for 30 min at 4 ◦C.
Total protein concentration was determined using the Bradford assay (Bio-Rad). An equal quantity of
protein from samples (30 µg) were separated using 12% sodium dodecyl sulfate polyacrylamide gel
electrophoresis, transferred to 0.45 µm polyvinyl difluoride membranes, (Millipore Inc., Billerica, MA,
USA), and analyzed separately. Membranes were blocked with 5% skim milk at room temperature
for 60 min, rinsed three times with Tris-buffered saline containing Tween-20, and treated with the
following primary antibodies: polyclonal p-PI3K (1:1000, #4228, Cell Signaling Technology, Danvers,
MA, USA), total-PI3K (1:1000, #4292, Cell Signaling Technology), p-Akt (1:1000, #9271, Cell Signaling
Technology), total-Akt (1:1000, #9272, Cell Signaling Technology), p-p65 (1:1000, sc-136548, Santa
Cruz Biotechnology Inc., Santa Cruz, CA, USA), total-p65 (1:1000, sc-8008, Santa Cruz Biotechnology
Inc.) and β-actin (1:10000, sc-47778, Santa Cruz Biotechnology Inc.). Bands were visualized using
horseradish peroxidase-conjugated secondary antibodies and an enhanced chemiluminescence system
(Pierce, Rockford, IL, USA).

332



Antioxidants 2020, 9, 739

2.8. Immunofluorescent Staining

Nasal fibroblasts were placed onto coverslips and treated with CSE for 72 h. Fibroblasts were fixed
with 4% paraformaldehyde and then permeated with 0.2% Triton X-100 in 1% FBS for 10 min at room
temperature. After treating coverslips with 5% BSA to block for 1 h at room temperature, fibroblasts
were incubated overnight at 4 ◦C with anti-MMP-2, anti-MMP-9, anti-TIMP-1, or anti-TIMP-2 antibodies
(Santa Cruz Biotechnology, Inc. CA, USA). Goat anti-mouse Alexa 488 (Invitrogen) secondary antibody
was also added to fibroblasts and incubated. Lastly, 4′-6-diamidino-2-phenylindole (DAPI) was applied
for counterstaining. The stained normal fibroblasts were subsequently maintained on a confocal laser
scanning microscope (LSM700, Zeiss, Oberkochen, Germany).

2.9. Measurement of ROS Produced

Intracellular ROS production was determined using a fluorescent probe, 2,
7-dichlorodihydrofluorescein diacetate (Molecular Probes, Inc., Eugene, OR, USA). Cells were
pretreated with N-acetyl-L-cysteine (NAC, 5 mM), ebselen (10 µM), or diphenyleneiodonium (DPI,
2 µM) for 1 h and then stimulated with CSE for 12 h. After that, CSE-stimulated cells were suspended
in serum-free culture medium with H2DCF-DA (10 µM) for 30 min. Cellular fluorescence was
measured using fluorescence microscopy (IX71; Olympus, Life Science Solutions, Tokyo, Japan) to
observe ROS production. The H2O2 production was measured using an Amplex Red Hydrogen
Peroxide/Peroxidase Assay Kit (Thermo Fisher Scientific Inc.), according to the manufacturer’s
instructions. Nasal fibroblasts were pretreated with NAC, ebselen, or DPI. Prior to CSE stimulation,
the cell lysate (50 µL) was treated with a working solution of 100 µM Amplex Red reagent (Thermo
Fisher Scientific Inc.) and 0.2 U/mL horseradish peroxidase. After incubation for 30 min at 37 ◦C,
fluorescence was measured at 560 nm on a microplate reader (Bio-Rad).

2.10. Statistical Data Analysis

For all outcomes, data were obtained in triplicate from at least three separate experiments.
Data are shown as mean ± SEM of three different experiments in triplicate. All significant differences
between controls and examined samples were analyzed by one-way analysis of variance followed by
Tukey’s test (GraphPad Prism version 5; GraphPad Software, San Diego, CA, USA). Significance was
considered at a 95% confidence level. P-values below 0.05 were considered statistically significant.

3. Results

3.1. Effects of CSE on MMP and TIMP Production in Nasal Fibroblasts

To determine whether CSE regulates the production of MMPs and TIMPs, we treated fibroblasts
with CSE at various concentrations (0–5%). CSE increased MMP-2 expression dose-dependently but
did not affect the expression of MMP-9 mRNA and protein (Figure 1A,B). Gelatin zymography, used
to evaluate enzymatic activity, showed that only MMP-2 activity was increased by CSE treatment
(Figure 1C). The stimulatory effect of CSE on MMP-2 protein was also confirmed by immunofluorescence
staining (Figure 1D). CSE decreased TIMP-2 expression but did not affect the expression of TIMP-1
(Figure 1E,F). These results indicate that CSE induced MMP-2 production and decreased TIMP-2
production in nasal fibroblasts.
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Figure 1. Effect of CSE on MMP and TIMP expression in nasal fibroblasts. After treatment of nasal
fibroblasts with 5% CSE, the mRNA levels of MMPs and TIMPs were measured using real-time PCR (A,E),
and MMP and TIMP protein expression levels were determined using ELISA (B,F). The enzymatic
activities of MMP-2 and MMP-9 were measured by gelatin zymography (C). The expression and
localization of MMP-2 protein (green) were observed using immunofluorescence staining (D). * p < 0.05
vs. control. Scale bar = 100 µm.

3.2. Role of ROS in MMP and TIMP Production in CSE-Stimulated Nasal Fibroblasts

To investigate the role of ROS in MMP-2 and TIMP-2 production, nasal fibroblasts were pretreated
with ROS scavengers 1 h before CSE treatment. In DCFH-DA and Amplex Red staining assays,
CSE treatment induced the production of ROS and hydrogen peroxide; however, such production was
blocked by the addition of NAC, ebselen, or DPI (Figure 2A,B). Next, the effects of ROS scavengers on
mRNA and protein expression were measured using real-time PCR and western blotting. Pretreatment
with ROS scavengers blocked the stimulatory effects of CSE on MMP-2 expression (Figure 2C,D).
This result was also observed through gelatin zymography (Figure 2E). Inversely, pretreatment with
antioxidants blocked the inhibitory effect of CSE on TIMP-2 expression (Figure 2F,G). MMP-9 and
TIMP-1 production was not affected by ROS scavengers in nasal fibroblasts.
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Figure 2. Effects of ROS on CSE-regulated MMP and TIMP expression in nasal fibroblasts. Total ROS
and mitochondrial superoxides were quantified using the 2,7-dichlorofluorescein diacetate assay and
Amplex Red assay (A,B). Fibroblasts were pretreated with NAC (1 mM), ebselen (10 µM), and DPI
(2 µM) before being treated with CSE (5%). The expression levels of MMP and TIMP mRNAs were
determined by real-time PCR (C,F). MMP and TIMP protein levels were determined using ELISA (D,G).
The enzymatic activities of MMP-2 and MMP-9 were measured by gelatin zymography (E). * p < 0.05
vs. control; † p < 0.05 vs. CSE only. Scale bar = 50 µm.

3.3. Involvement of the PI3K/Akt Cascade in MMP and TIMP Production in CSE-Stimulated Nasal Fibroblasts

The fibroblasts were treated with CSE and a PI3K/Akt inhibitor to confirm whether a PI3K/Akt
pathway is involved in the expression of MMP-2 and TIMP-2. CSE induced PI3K/Akt phosphorylation,
which was inhibited by the PI3K/Akt inhibitor (LY294002) (Figure 3A). Next, we confirmed that
the PI3K/Akt inhibitor suppressed MMP-2 mRNA and protein expression and enzymatic activation,
which are induced by CSE in nasal fibroblasts (Figure 3B–D). On the contrary, TIMP-2 mRNA and protein
expression was significantly increased by treatment with the PI3K/Akt inhibitor in CSE-stimulated nasal
fibroblasts (Figure 3E,F). Additionally, we confirmed that ROS inhibition suppressed the activation
of PI3K/AKT in nasal fibroblasts (data not shown). Therefore, we could assume that the signaling
pathway associated with fibroblast activation under oxidative stress is attributable in part to the
activation of the PI3K and AKT signaling pathways.
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Figure 3. Regulation of PI3K/Akt signaling pathways with CSE regulated MMP and TIMP expression.
Nasal fibroblasts were pretreated with LY294002 (PI3K/Akt inhibitor) before treatment with 5%
CSE. Levels of phosphorylated (p)-PI3K and p-Akt were determined using western blotting (A).
The expression levels of MMP and TIMP mRNAs were determined by real-time PCR (B,E). MMP and
TIMP protein levels were determined using ELISA (C,F). The enzymatic activities of MMP-2 and
MMP-9 were measured by gelatin zymography (D). * p < 0.05 vs. control; † p < 0.05 vs. CSE only.

3.4. Effect of CSE on NF-κB Activation for MMP and TIMP Production

The activated NF-κB enhanced MMP-2 expression in airway. To determine whether NF-κB
activation is involved in MMP-2 and TIMP-2 expression, fibroblasts were pretreated with an NF-κB
inhibitor (BAY11-7082) and then stimulated with CSE. Phosphorylated p65, a subunit of NF-κB, was
induced by CSE treatment and inhibited by treatment with the NF-κB inhibitor (Figure 4A). NF-κB
transcriptional activity, assessed by a luciferase reporter, was increased by CSE and then inhibited
by the NF-κB inhibitor (Figure 4B). Immunocytochemical staining showed that CSE induced the
translocation of p-p65 to the nucleus and that this was blocked by the NF-κB inhibitor (Figure 4C,D).
Treatment with the NF-κB inhibitor inhibited MMP-2 mRNA and protein expression and activation of
enzymatic capacity, which were stimulated by CSE (Figure 4E–G), and reversed the change in TIMP-2
mRNA and protein expression that had been inhibited by CSE treatment (Figure 4H,I). MMP-9 and
TIMP-1 production was not affected by the NF-κB inhibitor in nasal fibroblasts.
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measured by gelatin zymography (G). *p < 0.05 vs. control; †p < 0.05 vs. CSE only. Each experiment 
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3.5. Effect of Steroids on CSE-Regulated MMP and TIMP Production 

Dexamethasone (Dex) and fluticasone propionate (FP) are potent synthetic corticosteroids that 
are widely used as anti-inflammatory agents to treat respiratory diseases [18]. To assess whether 
steroids inhibited CSE-regulated MMP and TIMP production, fibroblasts were pretreated with 
dexamethasone or fluticasone propionate and then stimulated with CSE. MMP-2 expression was 

Figure 4. Effects of NF-κB activation on CSE-regulated MMP and TIMP levels in nasal fibroblasts.
Nasal fibroblasts were pretreated with an NF-κB inhibitor (BAY 11-7082) before treatment with 5%
CSE. Phospho (p)-p65 was measured using western blotting to determine NF-κB activation (A). NF-κB
transcriptional activation was measured using the luciferase assay (B). After stimulation with CSE,
the translocation of p-p65 protein (red) was observed by immunofluorescent staining. Magnification,
×400 (C,D). Nuclei were stained using DAPI (blue). The expression levels of MMP and TIMP mRNAs
were determined by real-time PCR (E,F). The secretion levels of MMP and TIMP proteins were
determined using ELISA (H,I). The enzymatic activities of MMP-2 and MMP-9 were measured by
gelatin zymography (G). * p < 0.05 vs. control; † p < 0.05 vs. CSE only. Each experiment was performed
three biological replicates. Scale bar = 100 µm.

3.5. Effect of Steroids on CSE-Regulated MMP and TIMP Production

Dexamethasone (Dex) and fluticasone propionate (FP) are potent synthetic corticosteroids that are
widely used as anti-inflammatory agents to treat respiratory diseases [18]. To assess whether steroids
inhibited CSE-regulated MMP and TIMP production, fibroblasts were pretreated with dexamethasone
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or fluticasone propionate and then stimulated with CSE. MMP-2 expression was increased by CSE
treatment and suppressed by steroids, whereas the opposite pattern was observed for TIMP-2 mRNA
(Figure 5A,D) and protein levels (Figure 5B,E). Gelatin zymography showed similar patterns for MMP-2
(Figure 5C). Steroids did not affect MMP-9 and TIMP1 expression. Steroids significantly decreased
ROS production, PI3K/Akt phosphorylation, and NF-κB activation in CSE-stimulated nasal fibroblasts
(Figure 5F–H). These results suggested that steroids could regulate MMP-2 and TIMP-2 expression by
blocking the ROS/PI3K/Akt and NF-κB signaling pathways in fibroblasts.
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Figure 5. Effects of steroids on CSE-regulated MMP and TIMP levels in nasal fibroblasts.
Nasal fibroblasts were pretreated with or without dexamethasone (Dexa, 2.5 µM) and fluticasone
propionate (FP, 2.5 µM) before treatment with 5% CSE. The expression levels of MMP and TIMP
mRNAs were determined by real-time PCR (A,D). MMP and TIMP protein secretion levels were
determined using ELISA (B,E). The enzymatic activities of MMP-2 and MMP-9 were measured by
gelatin zymography (C). Total ROS production and mitochondrial superoxides were quantified using
the 2,7-dichlorofluorescein diacetate assay and Amplex Red assay (F,G). Levels of phosphorylated
p-PI3K, p-Akt, and p-p65 were determined using western blotting (H). * p < 0.05 vs. control; † p < 0.05
vs. CSE only. Scale bar = 50 µm.
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4. Discussion

The present study showed that CSE induced MMP-2 expression and decreased TIMP-2 expression
but did not affect MMP-9 and TIMP-1 expression in nasal fibroblasts. CSE exposure induced ROS
production. Treatment with ROS scavengers, such as NAC, ebselen, and DPI, suppressed CSE-regulated
MMP-2 and TIMP-2 expression. Additionally, CSE induced PI3K/AKT phosphorylation and NF-κB
activation. When CSE-stimulated nasal fibroblasts were treated with PI3K/AKT and NF-κB inhibitors,
the CSE-mediated regulation of MMP-2 and TIMP-2 expression was suppressed in nasal fibroblasts.
These data indicated that CSE induces MMP-2 expression and inhibits TIMP-2 expression via ROS,
PI3K/AKT, and NF-κB signaling pathways in nasal fibroblasts.

Histopathological changes in the nasal mucosa of smokers are reported to differ from those in the
nasal mucosa in nonsmokers [19]. In several studies, CSE exposure in airways increased inflammatory
responses and tissue remodeling to aggravate chronic upper respiratory inflammation and diseases,
such as CRS [2,20,21]. In CRS, histomorphological changes, including epithelial cell hyperplasia,
basement membrane thickening, and ECM accumulation, occur in the respiratory system, leading to
tissue remodeling [22]. An imbalance in MMPs and TIMPs, which are important factors involved
in ECM homeostasis, leads to tissue remodeling [23]. Particularly, gelatinases, MMP-2, and MMP-9
are known to degrade almost all basement membrane components, including collagens, laminins,
and gelatins, in tissue remodeling [24]. Bachert et al. showed that MMP-2 and MMP-9 expression
was significantly enhanced in CRS patients compared to that in healthy controls [25]. We have
previously reported that MMP-2 expression was increased in TGF-β1-stimulated nasal polyp-derived
fibroblasts [26]. The present study demonstrated that CSE induces MMP-2 expression and inhibits
TIMP-2 expression in nasal fibroblasts.

CSE contains high concentrations of oxidants that induce ROS, which play a significant role in
the pathogenesis of diseases, such as CRS [27]. In particular, CSE-induced ROS may promote tissue
remodeling. Fordham et al. showed that ROS were increased in the epithelia of patients with CRS,
and exposure to CSE increased ROS in nasal tissues [27]. Thus, we showed that CSE induced an
imbalance in MMP-2 and TIMP-2 through ROS in nasal fibroblasts. Additionally, ROS scavengers,
including NAC, ebselen, and DPI, inhibited not only the imbalance in MMP-2 and TIMP-2 production,
but also PI3K/Akt phosphorylation and NF-κB activation in CSE-stimulated nasal fibroblasts. PI3K/Akt
phosphorylation and NF-κB activation are known to occur in inflammatory response progression [28].
Previous studies suggested that the PI3K/Akt pathway regulates various signaling pathways that lead
to NF-κB activation [29]. CSE also caused PI3K/Akt phosphorylation and NF-κB activation in these
signaling pathways in lung fibroblasts [30,31]. Intracellular signaling pathways, such as PI3K/Akt and
NF-κB, have been shown to modulate MMP-2 and MMP-9 expression in lung tissues [32]. In our study,
the inhibition of PI3K/Akt and NF-κB significantly suppressed CSE-enhanced MMP-2 expression and
inhibited TIMP-2 expression in nasal fibroblasts, which might be associated with CRS aggravation.
These findings correspond well with those of earlier studies, which indicated that the PI3K/Akt and
NF-κB signaling pathways play a crucial role in MMP-2 and TIMP-2 expression.

Although, steroids have severe side effects, they are still one of the most important drugs that
can treat various diseases with anti-inflammatory and antioxidant properties. Steroids, such as
dexamethasone and fluticasone propionate, have been successfully used in the therapy of various
human inflammatory diseases, such as CRS. Steroids may also reduce mucosal inflammation and edema
in paranasal sinuses and improve symptoms associated with CRS. However, recent evidence showed
that glucocorticoids may affect not only the prevention of inflammation, but also the inhibition of tissue
remodeling in CRS. It was shown that inhaled steroids inhibited TGF-β1-induced MMP expression
in bronchial fibroblasts [33]. Steroids have been known to inhibit inflammation response and tissue
remodeling by inhibiting various signaling pathway such as ROS and AKT signaling pathways [34,35].
Our study demonstrated that steroids down-regulated CSE-induced MMP-2 expression through
inhibiting the ROS/PI3K/Akt and NF-κB signaling pathways. These results suggested that steroids
contributed to the inhibition of MMP-2 expression in nasal fibroblasts.
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Our study has some limitations. CRS is a multifactorial disorder, and its pathogenesis involves
interactions between environmental insults, infectious loading, and genetic predisposition, it is not
possible to directly translate the obtained results into the CRS model. However, indirectly, it may
be thought that the regulation of MMP may influence tissue remodeling and thus contribute to the
development of CRS. In addition to, we did not check the effect of CSE in CRS mouse model. We will
check whether the exposure of CSE can aggravate symptoms of CRS.

5. Conclusions

We have provided here the first evidence that CSE increases MMP-2 production and inhibits
TIMP-2 expression in nasal fibroblasts. However, CSE did not affect MMP-9 and TIMP-1 expression
in nasal fibroblasts. Additionally, our study demonstrated the role of the ROS/PI3K/Akt and NF-κB
signaling pathways in mediating the CSE-regulated MMP-2/TIMP-2 imbalance in nasal fibroblasts,
which might contribute to tissue remodeling in CRS. The present study did not demonstrate the effect
of CSE on MMP and TIMP expression, which was only examined in one type of submerged cell culture.
Additional experiments are needed to clarify the results of the present study.
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Abstract: The olfactory organs of fish have vital functions for chemosensory and defence. Though there
have been some ground-breaking discoveries of their involvement in immunity against pathogens in
recent years, little is known about how they respond to non-infectious agents, such as exogenous
oxidants, which fish encounter regularly. To this end, we employed Atlantic salmon (Salmo salar)
as a model to study the molecular responses at the nasal olfactory mucosa of a teleost fish when
challenged with oxidants. Microarray analysis was employed to unravel the transcriptional changes
at the nasal olfactory mucosa following two types of in vivo exposure to peracetic acid (PAA), a highly
potent oxidative agent commonly used in aquaculture: Trial 1: periodic and low dose (1 ppm, every
3 days over 45 days) to simulate a routine disinfection; and Trial 2: less frequent and high dose
(10 ppm for 30 min, every 15 days, 3 times) to mimic a bath treatment. Furthermore, leukocytes from
the olfactory organ were isolated and exposed to PAA, as well as to hydrogen peroxide (H2O2) and
acetic acid (AA)—the two other components of PAA trade products—to perform targeted cellular
and molecular response profiling. In the first trial, microarrays identified 32 differentially expressed
genes (DEG) after a 45-day oxidant exposure. Erythrocyte-specific genes were overly represented
and substantially upregulated following exogenous oxidant exposure. In Trial 2, in which a higher
dose was administered, 62 DEGs were identified, over 80% of which were significantly upregulated
after exposure. Genes involved in immune response, redox balance and stress, maintenance of
cellular integrity and extracellular matrix were markedly affected by the oxidant. All chemical stimuli
(i.e., PAA, H2O2, AA) significantly affected the proliferation of nasal leukocytes, with indications of
recovery observed in PAA- and H2O2-exposed cells. The migration of nasal leukocytes was promoted
by H2O2, but not much by PAA and AA. The three chemical oxidative stressors triggered oxidative
stress in nasal leukocytes as indicated by an increase in the intracellular reactive oxygen species
level. This resulted in the mobilisation of antioxidant defences in the nasal leukocytes as shown
by the upregulation of crucial genes for this response network. Though qPCR revealed changes
in the expression of selected cytokines and heat shock protein genes following in vitro challenge,
the responses were stochastic. The results from the study advance our understanding of the role that
the nasal olfactory mucosa plays in host defence, particularly towards oxidative chemical stressors.

Keywords: fish; mucosal immunity; nasal immunity; oxidative stress; peroxide
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1. Introduction

Oxidative stress is a physiological state in an organism in which the redox balance is altered,
as characterised by an increase in the levels of reactive oxygen species (ROS) but normal or low
amounts of antioxidants, which may be due to compromised neutralisation property and/or scavenging
potential [1,2]. Fish, like many other organisms, have an extensive repertoire to counteract oxidative
stress [2,3]. The integrated antioxidant systems, which include enzymatic and nonenzymatic
antioxidants, are at the forefront of blocking the harmful effects of ROS [1]. Redox imbalance
associated with oxidative stress promotes genetic instability, changes in gene expression patterns,
alterations in cellular signalling cascades/cell metabolism, and disruption of the cell cycle, leading to
several pathophysiological conditions [4,5].

Oxidants can be endogenously produced or derived from external sources. Endogenous ROS are
produced from molecular oxygen as a result of normal cellular metabolism [1], and ROS are constantly
produced in all living cells in which roughly up to 1% of an animal’s total oxygen consumption may
be attributed to ROS generation and detoxification [6]. Exogenous ROS may come from various
sources, and their impacts on redox status have consequences on cell viability, activation, proliferation,
and organ function. Farmed fish encounter an increased flow of exogenous ROS several times during
a lifetime, as many husbandry practices employ ROS-generating compounds either as a form of
disinfectant or water treatment, or as a chemotherapeutant [7–11]. The antimicrobial activity of ROS
towards opportunistic and pathogenic microorganisms underlines their use in providing fish with
a favourable rearing environment [12]. Nonetheless, our knowledge of the physiological alterations
associated with exogenous ROS, mainly from ROS-generating agents being used in fish farming,
is fragmentary.

Mucosal organs of fish are multifunctional; besides their role in defence, they carry a multitude of
other physiological functions [13,14]. They are often considered the first line of defence because these
structures interact with the water matrix where several biological and chemical challenges present
themselves regularly. In recent years, there has been a dramatic development in the study of the
physiology and immunology of mucosal surfaces in fish, driven mostly by their warranted importance
in maintaining the health of farmed fish [13,15].

The nasal olfactory system plays a role not only in chemoreception but also in immune defence,
as it is considered an ancient component of the mucosal immune system of vertebrates [16]. It is a
highly specialised sensory organ for the detection and identification of minute quantities of chemicals
in the environment [17,18], and because water constantly circulates through the nasal cavities, they are
continuously prompted with environmental challenges [19]. The mucosal regions of the fish olfactory
lamellae have different cellular elements such as goblet cells, sustentacular cells, olfactory sensory
neurons, and, most importantly, a rich assemblage of immune cells [19–21]. Vertebrate olfactory sensory
neurons rapidly sense chemical stimuli in the environment and transduce signals to the central nervous
system [18]. The nasopharynx-associated lymphoid tissue (NALT) protects the teleost olfactory organ
from water-borne pathogens, just as for airborne pathogens in terrestrial animals [16]. Several recently
published studies have demonstrated how viral and bacterial stimulations affect the immunological
repertoire of the nasal mucosa in fish. They reveal a very distinct microenvironment that can mount
a localised immunity and, at the same time, influence distant immune functions [14,16,18–20,22].
Non-infectious agents such as exogenous oxidants are delivered via water and are expected to
pass through the nasal cavity of fish. In mammalian models, oxidative stressors are highly potent
modulators of the nasal epithelium, and the interaction could induce morphological and pathological
alterations [23–25]. However, in fish, the influence of exogenous oxidants on the nasal olfactory mucosa
is barely explored, despite its common use.

This study explored the impacts of oxidative chemical stressors on the nasal olfactory mucosa
of Atlantic salmon (Salmo salar). We employed both in vivo and in vitro strategies to unravel the
molecular changes in the nasal olfactory mucosa when challenged with exogenous oxidants relevant
in fish farming. In this study, we employed peracetic acid (PAA) as the main oxidant, as it is currently
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being developed as a chemotherapeutant (i.e., for amoebic gill disease—AGD) and disinfectant in
recirculating aquaculture systems for salmon [4,26], and the results here are expected to help underline
its potential for use. Both in vivo trials were designed to simulate the prospective use of PAA as either
a routine disinfectant (Trial 1) or a treatment for a parasitic infection (Trial 2). In addition, in vitro trials
were conceived to understand the physiological state of a specific cell type at the mucosa in response
to not only PAA but also hydrogen peroxide (H2O2) and acetic acid (AA). These two compounds are
present in equilibrium with PAA in its trade product.

2. Materials and Methods

2.1. Oxidant Exposure Experiment

All fish handling procedures described in this paper followed the Guidelines of the European
Union (2010/63/EU) and the in vivo exposure trials received approvals from the Norwegian Food
Safety Authority (FOTS, Forsøksdyrforvatningen tilsyns- og søknadssystem IDs 20831, 19321).
All key personnel have a FELASA (Federation of European Laboratory Animal Science Associations)
C certificate to conduct experimentation on live animals. Two independent in vivo trials (Figure 1)
were performed in which the application of the exogenous oxidant was based on its proposed use for
that particular stage of Atlantic salmon production. It was ensured that all fish used in the experiments
(both in vivo and in vitro) did not have a history of oxidant exposure. Peracetic acid is available
under different trade products and two commercially available PAA-based disinfectants were used
in this study. All three major components of PAA trade (i.e., PAA, hydrogen peroxide and acetic
acid) products have disinfection power, though PAA is the most potent contributor to the disinfection
property of PAA-based disinfectants.

Trial 1 was conducted at Nofima Centre for Recirculation in Aquaculture (NCRA; Sunndalsøra,
Norway) and was aimed at evaluating the impacts of periodic low-dose oxidant exposure on the
transcriptome of the nasal olfactory mucosa. This experiment was designed to mimic the use of the
oxidant as a routine water disinfectant in a recirculating aquaculture system [27]. Briefly, each of the
four 3.2 m3 octagonal tanks in a recirculation system was stocked with 735 smolts with an average
weight of around 90 g. After four weeks of acclimatisation, the oxidant in the form of a peracetic
acid-based disinfectant (Perfectoxid, Novadan ApS, Kolding, Denmark) was directly applied to each
tank at a nominal concentration of 1 ppm every 3 days for 45 days, making a total of 15 applications
in the duration of the trial. This mode of application was patterned on a previous PAA experiment
conducted in rainbow trout, a closely related species of salmon [26]. Moreover, the concentration
is within the range safe for use in salmon [4,28]. It was ensured that the application of PAA on
each occasion was between 0900 and 1000 to avoid temporal effects. The following parameters were
maintained during the trial: water flow rate at 100 L min−1, salinity at 11.6 ± 0.5 ‰, temperature at
12.8 ± 0.6 ◦C, pH at 7.5, dissolved oxygen > 90% saturation, photoperiod at 24 L: 0 D, and a continuous
feeding regime (Nutra Olympic 3 mm, Skretting, Averøy, Norway).

Trial 2 was performed at Havbruksstasjonen i Tromsø (HiT; Tromsø, Norway) and was designed
to unravel the changes in the nasal transcriptome after repeated but less frequent exposure to higher
doses of oxidant. PAA is currently being explored as a potential treatment for amoebic gill disease
(AGD), a gill health issue affecting mostly seawater-adapted salmon [4,7]. The trial was designed to
simulate an oxidant exposure as a treatment protocol for AGD [26]. Forty fish with an average weight
of 80–90 g were stocked into a 500 L circular tank in a flow-through system. There were six tanks
in total: three for the control group and three for the oxidant-exposed group. Fish were allowed to
acclimatise for a week before the first oxidant treatment was performed. Fish were fasted for 24 h
prior to each treatment occasion. Oxidant treatment was performed as follows: Water flow in the
tank was stopped. Thereafter, the oxidant (Divosan Forte™, Lilleborg AS, Olso, Norway) was added
to the water column to achieve a final concentration of 10 ppm. This concentration was 2x higher
than the concentration we earlier tested and reported [4]. Aeration was supplied to enable mixing
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and to maintain the oxygen level. After 30 min, the water flow was opened, and over 90% of the
water was replaced within 10 min. Feeding was continued a day after the exposure. This exposure
protocol was performed every 15 days and there were three exposure occasions in the whole trial.
The following parameters were maintained during the trial: water flow rate at 6–7 L min−1, salinity at
35‰, temperature at 12.0 ± 1 ◦C, dissolved oxygen > 90% saturation, photoperiod at 24 L: 0 D, and a
continuous feeding regime (Nutra Olympic 3 mm, Skretting, Averøy, Norway).
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Figure 1. Diagrammatic summary of the in vivo trials. Trial 1 aimed to profile the impacts of periodic
and low dose peracetic acid (PAA) application (1 ppm, every 3 days over 45 days), while Trial 2 was
designed to investigate the nasal responses following less frequent and high dose PAA treatment
(10 ppm for 30 min, every 15 days, 3 times). Details of each trial are described in Section 2.1.

2.2. Olfactory Organ Collection

All fish for sampling were humanely euthanised with an overdose of either Tricaine
methanesulfonate (Trial 1; MS222, PHARMAQ Ltd., Ås, Norway) or Benzocaine (Trial 2; Benzoak®,
ACD Pharmaceuticals AS, Oslo, Norway). Percussive stunning was avoided because it triggered the
influx of blood to the head, including the olfactory epithelium. Olfactory organ was collected by
opening the nostrils to expose the outermost section of the nasal mucosa. The rosette from the left side
was then dissected out, immediately suspended in RNAlater™ (Thermo Fisher Scientific, Sacramento,
CA, USA), kept at room temperature overnight for penetration, and then stored at −70 ◦C until RNA
isolation. In Trial 1, olfactory rosettes (n = 8 per time-point) were collected before and 45 days (i.e., 24 h
after the last PAA application) after the start of periodic oxidant exposure. In Trial 2, the tissue samples
(n = 9, per group) were collected 24 h after the 3rd exposure.

2.3. Isolation of Leukocytes from Olfactory Organ

Leukocytes from olfactory organ were isolated from 15 freshwater-adapted salmon (ca. 80–90 g)
with similar genetic background, following a previously published method [22], with slight
modifications. Briefly, fish were humanely euthanised with an anaesthetic overdose (Aqui-S,
MSD Animal Health, Drammen, Norway). The olfactory organs from both sides were dissected
and immediately placed in a modified L-15 (supplemented with 5% foetal bovine serum, 1% Penstrep,
1% HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) on ice. Rosettes from all fish were
combined, and the tissues were cut into small pieces (0.5–1 cm) and mechanically dissociated by
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incubating the tissue suspension at 4 ◦C for 30 min with constant agitation. The cell supernatant was
collected and temporarily stored at 4 ◦C. The remaining tissue fragments were suspended in modified
L-15 medium and the process of mechanical dissociation was repeated four times. The collected
supernatant from the four recurrences was combined and stored at 4 ◦C. The remaining tissue
fragments were suspended in phosphate-buffered saline (PBS) with EDTA (1 mM) and DTT (0.9 mM)
and incubated at 4 ◦C for 30 min with constant gentle agitation. The PBS supernatant was thereafter
discarded. Enzymatic digestion was carried out by incubating the remaining fragments in collagenase
solution (0.15 mg/mL in L-15, with 1% Penstrep) for 2 h at room temperature (20 ◦C) with agitation.
The supernatants from mechanical dissociations and enzymatic digestion were combined, gently
passed through a 100 µm filter, and spun down at 300× g for 10 min. The cell pellet was washed and
resuspended in modified L-15, laid over a 34%/51% isotonic Percoll® (Sigma-Aldrich, Oslo, Norway)
gradient. The tubes were then centrifuged for 30 min at 400× g at 4 ◦C. The cell layer between the
gradients was carefully transferred to a tube with modified L-15 medium, centrifuged for 10 min
at 400× g at 4 ◦C, and suspended in new modified L-15 medium. Cell viability and number were
determined by CellCountess™ II (Thermo Fisher Scientific, Boston, MA, USA). The cells were seeded
out onto a 12-well plate (Corning® CellBIND® Surface, Sigma-Aldrich, Oslo, Norway) at a density of
2 × 105 cells per well and incubated at 13 ◦C.

2.4. In Vitro Exposure Trial

The cells were allowed to adhere for 48 h before the exposure was performed. The leukocytes
were exposed to three chemical stressors at physiological concentrations—100 µM PAA, 100 µM H2O2,
and 100 µM AA—for 30 min. The concentrations were based on several preliminary in vitro trials and
the concentrations were selected because they were able to trigger significant increase in intracellular
ROS, thereby providing an indication that the internal redox balance had been altered by the tested
oxidants. Each treatment group had four independent wells. Untreated cells served as controls and
were handled similarly to the treatment groups, though no chemical stressor was added. After 30 min,
the media were removed, cells were washed gently with modified L-15, and 300 µL of the same media
was added to each well. After 24 h, the media were removed. The cells were suspended in lysis buffer
(ZYMO Quick-RNA™Microprep kit, Sacramento, CA, USA) and scraped, and the cell suspension was
stored at 70 ◦C until RNA isolation.

2.5. Proliferation and Migration Assays

Nasal leukocytes were isolated from 12 freshwater-adapted salmon (ca. 80–90 g) following the
method described in Section 2.3 and seeded onto a 96-well plate (Corning®, CellBIND® Surface,
Sigma-Aldrich, Oslo, Norway) at a density of 105 cells per well. After the cells were allowed to settle and
adhere for 24 h, they were exposed to PAA, H2O2, and AA at a physiological concentration of 100 µM
for 30 min and washed. New media were added and the exposed cells were allowed to recover in the
incubator. Unexposed cells, serving as controls, were likewise washed, and new media were added.
Cell proliferation (proxy for cytotoxicity) was measured using the CyQUANT Direct Proliferation
Assay (Thermo Fisher Scientific, Boston, MA, USA) 24 and 48 h after the challenge. Each treatment
group, including the unexposed control group, had six replicate wells. Rate of proliferation was
expressed relative to the control group of that time-point.

The effects of the chemical stressors on cellular migration were determined by the CytoSelect™
Cell Migration Assay kit (Cell Biolabs, Inc., Sacramento, CA, USA). Freshly isolated nasal leukocytes
were suspended in modified L-15 medium without serum. The lower receptacle of the migration
chamber was added with L-15 media containing either PAA, H2O2, or AA in a final concentration of
100 µM. Wells with L-15 medium containing 10% FBS served as the positive control for chemotaxis
while L-15 medium alone was designated as a negative control. Each treatment, including the controls,
had been assigned three wells. Thereafter, the cells were added to the upper receptacle of the migration
chamber at a density of 2 × 105 cells. The migration chamber was incubated for 24 h at 13 ◦C before
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the migratory cells were dislodged from the membrane, lysed and labelled with CyQuant® GR dye
solution (Sacramento, CA, USA), and fluorescence was read at 480 nm/520 nm.

2.6. Intracellular ROS Quantification

Nasal leukocytes were isolated, cultured, and treated with the chemical stressors as described in
detail in Sections 2.4 and 2.5. The intracellular level of reactive oxygen species (ROS) in the treated
cells, including untreated control, was quantified using the OxiSelect™ Intracellular ROS Assay Kit
(Cell Biolabs, Inc., San Diego, CA, USA) at 24 and 48 h after challenge. The level of ROS is given as a
proportion of fluorescent dichlorodihydrofluorescein (DCF).

2.7. RNA Isolation, cDNA Synthesis, and Quantitative Real-Time PCR

The RNA from both olfactory tissues and nasal leukocytes were isolated using Quick-RNA™
Microprep kit (Zymo Research, CA, USA). RNA concentration was measured in a NanoDrop 1000
Spectrophotometer (Thermo Fisher Scientific, DE, USA), and the quality of the samples for microarray
was further assessed using an Agilent® 2100 Bioanalyzer™ RNA 6000 Nano kit (Agilent Technology
Inc., Santa Clara, CA, USA). All samples had an RNA Integrity Value higher than 8.8.

A High Capacity RNA-to-cDNA Reverse Transcription kit (Applied Biosystems, Sacramento,
CA, USA) was used to prepare the complementary DNA from the nasal leukocyte samples using 300
ng RNA input following a synthesis protocol of 25 ◦C for 10 min, followed by 37 ◦C for 120 min and
then 5 min at 85 ◦C. The expression of selected antioxidant defence, cytokines, and heat shock protein
genes (Supplementary File 1) was quantified using the PowerUp™ SYBR™ Green master chemistry
(Applied Biosystems, Sacramento, CA, USA) in a QuantStudio5 real-time quantitative PCR system
(Applied Biosystems, Sacramento, CA, USA). The qPCR reaction mixture included 4 µL of diluted
cDNA, 5 µL SYBR™ Green Master (Thermo Fisher Scientific, Boston, MA, USA), and 1 µL of the
forward and reverse primer. All samples were run in duplicate, including minus reverse transcriptase
and no template controls. The thermocycling protocol included pre-incubation at 95 ◦C for 2 min,
amplification with 40 cycles at 95 ◦C for 1 s and at 60 ◦C for 30 s, and a dissociation step series of 95 ◦C
for 15 s, 60 ◦C for 1 min, and 95 ◦C for 15 s. Amplification efficiency was calculated from a five-point
standard curve of 2-fold dilution series of pooled cDNA. The expression of the target genes was
normalised using three reference genes, namely elongation factor 1a (eef1a), acidic ribosomal protein (arp),
and β-actin (actb) [29].

2.8. Microarray Analysis

Olfactory rosettes from Trials 1 and 2 were subjected to microarray analysis using Nofima’s Atlantic
salmon DNA oligonucleotide microarray SIQ-6 (custom design, GPL16555, Sacramento, CA, USA),
which contains 15 K probes for protein-coding genes involved in immunity, tissue structure, integrity
and functions, cell communication and junctions, and extracellular matrix, amongst many others [30].
Agilent Technologies manufactured and supplied the microarrays, reagents, and equipment used in
the analysis. Using 110 ng of total RNA template per reaction, RNA was amplified using a One-Color
Quick Amp Labeling Kit, and thereafter Cy3 was labelled. Subsequently, fragmentation of the labelled
RNA was carried out using a Gene Expression Hybridization Kit and hybridisation followed in an
oven thermostatted at 65 ◦C with a constant rotation speed of 10 rpm for 17 h. The arrays were washed
in sequence with Gene Expression Wash Buffers 1 and 2 and were scanned through an Agilent SureScan
Microarray scanner. Data processing was carried out in Nofima’s bioinformatics package STARS.

2.9. Data Handling and Statistics

The significant difference in the transcript level of the target marker genes between before and after
periodic oxidant exposure in Trial 1 and between the unexposed-control and oxidant-exposed groups
in Trial 2 was determined by Student’s t-test for independent samples; the threshold of differential
expression in microarray analyses was 1.75-fold. The level of significance was set at 5% (p < 0.05).
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A Shapiro–Wilk test was used to evaluate the normal distribution and a Brown–Forsyth test to
check for equal variance of the proliferation assay and gene expression data set. Two-way ANOVA was
then employed to investigate significant differences amongst treatment groups over time. In addition,
the Holm–Sidak test was used to identify pairwise differences. One-way ANOVA was used for
migration assay data. All statistical tests were performed using SigmaPlot 14.0 Statistical Software
(Systat Software Inc., London, UK), with a level of significance set at p < 0.05.

3. Results

3.1. Transcriptomic Changes in the Olfactory Rosettes from Trial 1

After 45 days of periodic low-dose oxidant exposure, microarray analysis identified 32 differentially
regulated genes (DEG) in the nasal olfactory rosette (Table 1, Supplementary File 2). The numbers
of upregulated (16/32) and downregulated genes were equal (16/32). Erythrocyte-specific genes
were the most represented group, with nine transcripts/variants identified as being upregulated in
response to the exogenous oxidant. Genes involved in immune response such as c-c motif chemokine 28,
interleukin 13 receptor alpha-2, defensin beta 4, ig heavy chain, and mannose-specific lectin-like, were all
downregulated after 45 days of oxidant exposure. Two genes encoding cytokeratins were
downregulated. Three out of four genes with metabolic functions were likewise downregulated.

Table 1. Some of the differentially expressed genes in the olfactory rosette of salmon from Trial 1.
Transcripts are annotated for their known or predicted function. Expression data are ratios of means of
45 days after the exposure to pre-exposure.

Annotation Name Fold

Cytoskeleton Keratin, type I cytoskeletal 20 −2.69
Cytoskeleton Keratin, type I cytoskeletal −3.16

DNA replication DNA replication licensing factor MCM6 2.34
Chemokine C-C motif chemokine 28 −4.33

Cytokine receptor Interleukin 13 receptor alpha-2 −1.83
Antibacterial Defensin beta 4 −2.60

B cell Ig heavy chain −3.69
Lectin Mannose-specific lectin-like −2.20

Lipid metabolism Phosphoethanolamine/phosphocholine phosphatase −2.43
Protease Duodenase-1 −2.20
Protease Serine protease 23-like 1.76

Energy metabolism Pyruvate dehydrogenase kinase isozyme 2 −2.12
Tissue ECM mucus Mucin-2 2.14

Erythrocyte Hemoglobin subunit beta-1 2.58
Erythrocyte Hemoglobin subunit alpha (5) 2.80
Erythrocyte Hemoglobin subunit alpha-4-like (2) 5.40
Erythrocyte Hemoglobin subunit beta 1.76

For genes with several variants (number enclosed in parentheses), mean values are presented. NB: The complete list
of differentially expressed genes (DEGs) is given in Supplementary File 2.

3.2. Transcriptomic Changes in the Olfactory Rosettes from Trial 2

Sixty-two DEGs were identified in the olfactory rosettes from fish exposed to an oxidant on three
occasions, 56 of which, accounting for 82% of the DEGs, were upregulated (Table 2, Supplementary File 2).
From this group, genes related to immunity, including cytokines and effectors, were largely represented
with 14 upregulated transcripts. Genes with innate immune functions constitute a considerable number
in the DEG panel. Genes with known involvement in cellular structural integrity such as keratin and
plekstrin were likewise upregulated. A similar effect was observed on genes encoding extracellular
proteins (e.g., fibronectin, mucin5b). Several genes involved in various metabolic pathways were
represented in the DEGs panel, such as those involved in amine, amino acid, calcium, and xenobiotic
metabolism. A total of 3/4 DEGs of lipid metabolism were downregulated following oxidant exposure.
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Exogenous oxidant exposure upregulated the expression of genes with function in cellular processes
such as DNA replication, signalling, and protein folding/modification including the heat shock proteins.
Oxidant-induced changes in cellular redox balance were likewise manifested with two DEGs.

Table 2. Some of the differentially expressed genes in the olfactory rosette of salmon from Trial 2 are
annotated for their known or predicted function. Expression data are ratios of means of the 10 ppm
PAA-treated group to the unexposed/control treated group. Samples were collected 24 h after the
3rd exposure.

Annotation Name Fold

Cytoskeleton Keratin 14 1.83
Cytoskeleton Keratin 4 2.05
Cytoskeleton Keratin cytoskeletal 17 3.48
Cytoskeleton Pleckstrin 2 2.11

DNA replication DNA replication licensing factor MCM6 1.75
Protein folding 14-3-3 protein alpha 1.82
Protein folding Heat shock cognate 70 (2) 3.63
Protein folding Heat shock protein 90, alpha (2) 3.53

Signaling Guanine nucleotide binding protein 2.06
Redox homeostasis Glutathione reductase, mitochondrial 2.26
Redox homeostasis Redox-regulatory protein FAM213A −2.67

Signaling Tyrosine phosphatase type IVA, member 1 (2) 1.97
Cell Surface Vacuole membrane protein 1 2.12

B cell IgH-locus 1.90
Cytokine receptor Interferon-alpha/beta receptor alpha chain 1.93
Cytokine receptor Interleukin 13 receptor alpha-2 1.96
Cytokine receptor Interleukin-1 receptor type II (2) 2.37

Effector Differentially regulated trout protein 1 2.85
Effector Ornithine decarboxylase (3) 2.28
Effector Thrombin-like enzyme cerastocytin 2.85

Lymphocyte T-lymphocite maturation associated protein 2.72
T cell CD276 antigen-like 2.66
TNF TNF decoy receptor 1.90

Effector Spermidine/spermine N1-acetyltransferase 1 4.07
Amino acid metabolism Methionine adenosyltransferase II, alpha b 1.97

Calcium metabolism Protein S100-A1 2.22
Iron metabolism Ferritin, heavy polypeptide 1b (5) 2.34

Lipid metabolism Mid1-interacting protein 1-like −1.93
Lipid metabolism Phospholipid transfer protein −1.92
Lipid metabolism Short-chain dehydrogenase/reductase 3 −2.18

Mitochondria Malic enzyme 3, NADP −1.87
Protease Calpain 9 (2) 2.24

Steroid metabolism Cholesterol 25-hydroxylase-like protein A 1.92
Sugar metabolism Glycogen debranching enzyme −1.90

Xenobiotic metabolism Glutathione S-transferase P-like 2.44
Tissue ECM Fibronection 1.74

Collagen Collagen alpha-2(VI) chain −3.01
Mucus GMP Giant mucus protein 1.85
Mucus Mucin-5B (2) 1.91
Mucus Arylalkylamine N-acetyltransferase −1.92

Epithelium Epithelial membrane protein 2-like 1.75
Secretory Gastrotropin-like 2.83

Lipid metabolism Globoside alpha-1,3-N-acetylgalactosaminyltransferase 1-like 2.62

For genes with several variants (number enclosed in parentheses), mean values are presented. NB: The complete list
of DEGs is given in Supplementary File 2.

3.3. Effects of Oxidative Chemical Stressors on Leukocyte Proliferation and Migration

The proliferation of nasal leukocytes 24 h after the challenge was significantly affected by PAA,
as well as by its two main components, H2O2 and AA (Figure 2A). Cellular proliferation reduced by at
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least 0.5-fold in all treatment groups and no inter-treatment differences were observed. After 48 h,
nasal leukocytes exposed to PAA and H2O2 slightly recovered, and the proliferation rate did not
significantly differ from that of the control group. However, the effect of AA on proliferation was
still persistent after 48 h, when the proliferation index in the group was 0.6-fold lower compared to
control. Moreover, a significant difference was observed between the AA-exposed and two other
treatment groups.

PAA and AA did not significantly affect the migration potential of the nasal leukocytes (Figure 2B).
On the other hand, H2O2 promoted the migration of nasal leukocytes with a significant increase
compared to control. A comparison of treatments revealed that H2O2-induced migration was
significantly different from PAA but not from AA.
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Figure 2. Effects of oxidative chemical stressors on the (A) proliferation and (B) migration of nasal
olfactory leukocytes. For the proliferation assay, cells were isolated and cultured for 2 days before
they were treated with 100 µM of PAA (peracetic acid), hydrogen peroxide (H2O2), and acetic acid
(AA) for 30 min. Proliferation was quantified 24 and 48 h after challenge. Asterisk (*) denotes that
proliferation was significantly affected relative to the unstimulated group. Results are presented as
index of proliferation, where we expressed the proliferation relative to the control, unstimulated group.
Two-way ANOVA followed by the Holm–Sidak test identified statistical difference amongst treatment
groups over time. For migration assay, cells were allowed to migrate to a chamber containing the
chemical stressor at a 100 µM concentration for 24 h. The positive control group has foetal bovine serum
(FBS) as a chemoattractant. One-way ANOVA was used for migration assay data. Different letters a,b
indicate significant difference at p < 0.05. Results are presented as mean ± SD of 5 (proliferation)/3
(migration) wells, with cells from 12 fish.

3.4. Level of ROS in Chemically Stressed Cells

The three chemical stressors significantly increased the intracellular ROS level of nasal olfactory
leukocytes 24 h after challenge (Figure 3). The highest increment was identified in H2O2-exposed cells,
followed by PAA and AA. In addition, the intracellular ROS of PAA- and H2O2-exposed cells were
significantly higher than in the AA-exposed group at this time-point. After 48 h, the ROS level in
PAA and AA-exposed cells displayed no significant difference from the control. The intracellular ROS
in H2O2-exposed cells remained elevated 48 h after challenge. Moreover, the level was significantly
higher compared to the control and AA-exposed cells but not to the PAA-exposed cells. Though not
statistically significant, the level in PAA- and H2O2-exposed cells was apparently lower than the
measured level at 24 h post-challenge.
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Figure 3. Levels of intracellular reactive oxygen species in nasal olfactory leukocytes exposed to
different oxidative chemical stressors. The level was measured at 24 and 48 h after exposure to 100 µM
of PAA (peracetic acid), H2O2, and AA (acetic acid) for 30 min. The control group was handled similarly,
but without any chemical stimulation. Two-way ANOVA followed by the Holm–Sidak test identified
statistical difference amongst the treatment groups over time. Different letters a,b indicate a significant
difference at p < 0.05 between groups within a time-point. There was no time-related difference within
a treatment group. Results are presented as mean ± SD of 5 wells, with cells from 12 fish.

3.5. Changes in the Expression of Antioxidant Defence Genes in the Nasal Olfactory Leukocytes

The expression of six genes with known function in antioxidant defence was differentially affected
by the three chemical stressors (Figure 4). The transcript level of gpx was significantly higher in
PAA- and H2O2-exposed cells compared to control at both time-points (Figure 4A). Such an increase
was only identified in AA-exposed cells 48 h after challenge and the expression was significantly
higher than the level at 24 h post-challenge. Chemically induced stress resulted in quite the opposite
temporal expression profiles for gr and gsta. An elevated level of gr transcripts was observed in
PAA- and H2O2-exposed groups at 24 h post-challenge while gsta expression was significantly altered
after 48 h (Figure 4B,C). In both cases, the expression relative to the other time-point was significantly
higher. The transcription of both genes in AA-exposed cells remained unaltered at both time-points.
Cat expression was significantly upregulated in H2O2-exposed cells at both time-points, whereas for
the PAA-exposed group, a significant increase was observed only 48 h post-challenge (Figure 4D).
There was also a significant difference in cat expression in the PAA-exposed group between the two
time-points. AA did not elicit a significant transcriptional change from cat. Cu/zn sod was significantly
downregulated in the AA-exposed group as compared to control at 24 h, but not at 48 h after challenge.
While cu/zn sod expression was unaltered in the PAA-exposed group at both time-points, a significant
increase was observed in the H2O2-exposed group but only after 48 h. Cu/zn sod expression in
H2O2-exposed cells at 24 h was likewise higher compared to the level at 48 h. The overall expression of
mnsod displayed no significant alterations, except in PAA-exposed cells 48 h after challenge, where the
expression was at least three times higher than the control and other treatment groups.
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Figure 4. Changes in the expression of antioxidant defence genes following exposure to oxidative
chemical stressors (A–F). The transcript level of six selected genes (i.e., gpx, gr, gsta, cat, cu/zn sod, mnsod)
was quantified by RT-qPCR at 24 and 48 h after exposure to 100 µM of PAA, H2O2, and AA for 30 min.
The control group was handled similarly, but without any chemical stimulation. Two-way ANOVA
followed by the Holm–Sidak test identified statistical difference amongst treatment groups over time.
Different letters indicate a significant difference at p < 0.05 amongst the treatment groups within a
time-point. Asterisk (*) denotes that the level in a treatment group differs between the two time-points.
Results are presented as mean ± SD of four wells, with ca. 105 cells from 15 fish.

3.6. Changes in the Gene Expression of Cytokine and Heat Shock Proteins in the Nasal Olfactory Leukocytes

The expression of il1β increased significantly in PAA- and H2O2-exposed groups compared to
controls 24 h after challenge, but such a change was no longer observed at 48 h (Figure 5A). On the
other hand, AA exposure did not alter il1β expression at both time-points. Generally, il10 expression
was not significantly affected by the oxidative chemical stressors, except in AA-exposed cells at 24 h
post-challenge, where a significant downregulation was observed. The transcript level of il13r1a was
significantly lower in PAA- and AA-exposed cells compared to control 24 h after challenge, though the
change did not persist until 48 h (Figure 5C). The expression of ifn was unaltered in most treatment
scenarios at both time-points (Figure 5D).
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Figure 5. Changes in the expression of cytokine genes following exposure to oxidative chemical
stressors (A–D). The transcript level of 4 selected genes (i.e., il1β, il10, il13r1a, ifn) was quantified by
RT-qPCR at 24 and 48 h after exposure to 100 µM of PAA, H2O2, and AA for 30 min. The control group
was handled similarly, but without any chemical stimulation. For the explanation on statistics and
notations, please refer to Figure 4.

The three chemical stressors did not significantly change the expression of hsp70 24 h post-challenge
(Figure 6A). After 48 h, however, hsp70 expression was significantly elevated in all treatment groups
compared to control, and the highest increment was identified in H2O2-exposed cells. Hsp90
expression was not significantly altered in PAA- and H2O2-exposed cells at both time-points (Figure 6B).
A significant downregulation was detected in AA-exposed cells at 24 but not at 48 h post-challenge,
and the expression was higher in the latter than with the former time-point.
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Figure 6. Changes in the expression of gene coding for heat shock proteins following oxidative chemical
challenge (A,B). The transcript level of two selected genes (i.e., hsp70, hsp90) was quantified by RT-qPCR
at 24 and 48 h after exposure to 100 µM of PAA, H2O2, and AA for 30 min. The control group was
handled similarly, but without any chemical stimulation. For the explanation on statistics and notations,
please refer to Figure 4.

4. Discussion

The present study reveals, through in vivo and in vitro exposure trials, how the nasal olfactory
mucosa of Atlantic salmon mobilised its defence repertoires when challenged with oxidative chemical
stressors. To our knowledge, this is the first report that demonstrates the molecular changes initiated
by chemically induced oxidative stress in the nasal mucosa of a teleost fish. Using a nasal leukocyte
model, it was further shown how the constituent oxidants of the tested therapeutics alter the cellular
redox balance and the associated response mounted by a specific group of cells at the nasal olfactory
mucosa to these challenges.

The two in vivo exposure studies uncovered the molecular repertoire of the nasal olfactory
mucosa when challenged with either a periodic-low dose or less frequent-high dose of the oxidative
agent PAA. In the first trial, we addressed the nasal consequences in the application of oxidant as a
routine disinfectant in salmon. No conclusive implications can be drawn as to whether the exogenous
oxidant was a stimulator or an inhibitor of nasal mucosal physiology as the ratios of upregulated and
downregulated genes were equal after 45 days of exposure. However, two groups—haemoglobins
and immune genes—displayed a trend in response to the exogenous oxidant. Haemoglobin (Hb) is
a predominant component in erythrocytes responsible for oxygen transport to the different tissues
in vertebrates [31]. The Hb transcripts were upregulated in the nasal mucosa following periodic
low-dose oxidant exposure, and both α and β subunits were represented. In murine models, it has
been demonstrated that overexpression of Hb affected a network of genes involved in O2 homeostasis,
which subsequently resulted in the suppression of oxidative stress [32,33]. Exposing HepG2 cells
to H2O2 induced the expression of both haemoglobin α and β, and their overexpression likewise
resulted in cellular protection against oxidative stress [34]. The upregulation of several haemoglobin
transcripts in response to periodic low-dose oxidant challenge was probably a protective mechanism
of the nasal mucosa against oxidative stress. Despite the limited number, there was an indication that
intermittent oxidant exposure may negatively regulate nasal immunity. The constitutive presence of
oxidant in the environment may trigger several responses from an organism – continual mounting
of protective action, accommodation, or habituation (i.e., decreasing response through time). It was
reported earlier that periodic application of oxidant (i.e., PAA) in trout—a species closely related to
salmon – somehow resulted in a dampening response, which could be indicative of habituation [27,35].
Such a consequence was likewise implicated in salmon post-smolts [28]. This partly sheds light on
the downregulation of these immune genes after several weeks of exposure. We cannot disregard the
potential oxidant-mediated immunosuppression in the nasal mucosa, as some of these transcripts
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have earlier been implicated in compromised immunity under oxidative stress in higher animal
models [36,37].

Trial 2 provided a relatively clearer picture of how an oxidant administered at a higher dose,
but less frequently, altered the nasal transcriptome as shown with a higher number of DEGs and
a prominent regulatory profile. It was evident that oxidant treatment resulted in dysregulation of
nasal redox balance, and hence triggered mucosal oxidative stress. In earlier publications, we have
demonstrated that antioxidant defences in mucosal tissues (i.e., gills and skin) were remarkably
altered by a similar oxidant though delivered at a much lower concentration [4,7]. The mobilisation
of these antioxidant defences following oxidant exposure highlighted the capability of mucosal
surfaces to muster physiological responses to increased environmental ROS, thereby protecting the
mucosa from eventual oxidative damage, as supported by in vitro cell works demonstrated here as
well. A substantial upregulation in immune-related genes was also observed, which likely offered
insights into the complementarity of the immune and antioxidant defence mechanism at the mucosa
during oxidative stress. There is a tight relationship between oxidative stress and immunity, and
often the co-regulation of these two defence mechanisms provides robust responses during oxidative
challenges [3,38]. One of the immune effector molecules that were markedly regulated was ornithine
decarboxylase, a gene coding for an enzyme responsible for catalysing the conversion of ornithine to
putrescine, the first and rate-limiting step in the synthesis of putrescine and the polyamines spermidine
and spermine [39]. It is important to highlight that spermidine/spermine N1-acetyltransferase 1, a key
molecule in amine metabolism, and with a counteractive function against oxidative stress, was
significantly upregulated too. Increased expression of ornithine decarboxylase had been demonstrated in
human hepatoma HUH7 cells subjected to chemically induced oxidative stress [40]. The upregulation
observed in the present study is indicative of a similar function for protection against oxidative damage.
Heat shock proteins play a role in several cellular processes that occur during and after exposure to
oxidative stress [41]. There are indications, both in this trial as well as from previous studies using
this oxidant, that it can induce transient oxidative stress [4,7,27,28]. The upregulation of both hsps
in the nasal mucosa following oxidant exposure suggests intervention in oxidative stress-triggered
changes by correction of conformation or selecting and directing aberrant proteins to the proteasome
or lysosomes for degradation, in which these molecules are known to be key regulators. Besides the
activation of several effector molecules that provide an interconnected response to oxidant-triggered
oxidative stress, it is compelling to observe that several genes for molecules for cytostructural and
extracellular matrix were represented in the list of upregulated genes. Previous studies using this
oxidant found histostructural changes, though minimal, in the gill and skin mucosa [4,27,42]. We can
speculate that the upregulation observed here may play a role in maintaining the structural integrity
and barrier functionality under oxidative challenge. The upregulation of two genes responsible for
extracellular matrix, GMP giant mucus protein and mucin 5b, implies that mucus physiology is affected
by the oxidant and that the changes in these two genes underline their function in providing a layer of
protective defence at the mucosa. Two related genes have been shown to participate in modulating the
mucus layer of the olfactory epithelium in mammalian models [43,44], and they likely exert a similar
function in the nasal mucosa of salmon. However, this must be functionally ascertained in the future.
DEGs with known functions in lipid metabolism were downregulated in the oxidant-challenged nasal
mucosa. Though it is difficult to conclude whether oxidative stress triggered an imbalanced lipid
metabolism in the nasal mucosa because of a limited panel of DEGs under this category, it is interesting
to note that such interaction has been reported in other animals [45,46]. The downregulation observed
in these lipid metabolic mediators indicates that oxidant exposure may interfere with this process,
though the magnitude remains an open question.

We then focused on one specific cell type at the nasal mucosa to investigate how the cells respond
to the oxidant, as well as to the two other constituents of PAA trade products. The proliferation
of nasal olfactory leukocytes was affected by the three chemical stressors 24 h after exposure at an
almost similar rate. However, such an influence was no longer observable 48 h after exposure in
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PAA- and H2O2-exposed cells. This indicates that the effects on cellular proliferation following PAA
and H2O2 stimulation could be transitory, and the cells were able to recover quickly. AA was more
potent in inhibiting cellular proliferation, as the effects persisted until 48 h. Nasal olfactory leukocytes
exhibited migratory potential, as all factors resulted in migration of the cells, though at varying levels.
Cell migration plays an important role in many normal biological and pathophysiological processes,
and oxidants can either promote or inhibit migration [47]. H2O2 administered individually and not in
mixture with PAA and AA modulated the migration of the nasal olfactory leukocytes, suggesting its
potent chemoattractant function, as demonstrated by earlier studies in other animal models [47,48].
The migratory potential of nasal olfactory leukocytes is vital in orchestrating a cellular response when
environmental ROS levels reach a concerning concentration or when pathophysiological response had
been caused by oxidative stress.

We further asked: If the oxidants triggered changes in the cellular phenotypic response (i.e., proliferation
and migration), can they also induce oxidative stress? The oxidant used had been shown to prompt
oxidative stress at the systemic [7] and tissue [4,7] levels, but this has yet to be demonstrated at
the cellular level. Exposure to the three chemical oxidative stressors resulted in an increase in the
intracellular concentration of ROS, which indicates that it induced redox imbalance; hence, oxidative
stress occurred. Both H2O2 and AA have long been identified as inducers of oxidative stress [11,48,49].
Here, we have shown that PAA and H2O2 were far more potent inducers of intracellular ROS production
than AA in nasal leukocytes. Interestingly, for both PAA and AA, induction of intracellular level
was transient because, after an elevated level 24 h after exposure, the concentration returned to the
normal/control level. This was not observed in H2O2-exposed cells; their intracellular ROS was still
at an elevated level 48 h after exposure, though the level was slightly lower compared to that at
24 h. This indicates that cells exposed to PAA and AA have a faster capability to abate an increased
intracellular ROS level than H2O2-exposed cells, which further suggests that H2O2 has a higher and
more persisting impact as an oxidative stressor on the nasal leukocytes. Different oxidants could
trigger different mechanisms of oxidative stress induction [1,50], and somehow the observations in the
present study are in agreement with this differential regulatory impact.

The increased intracellular ROS incited by the three chemical stressors initiated a response from
the antioxidant system of the nasal olfactory leukocytes. The expression of enzymatic antioxidants was
predominantly upregulated, indicating their key role towards the threats of the oxidative stressors.
The overall expression profile of these antioxidant genes shows that PAA and H2O2 were more potent
triggers than AA, which, to some extent, is in agreement with the results in terms of how the oxidative
stressors affected the intracellular ROS level. Antioxidant markers gpx, gr, gsta, and cat were perhaps
the key response molecules, as their expression was significantly elevated in at least one time-point in
PAA- and H2O2-exposed cells. The response profile can be divided into two arbitrary groups based
on their elevated temporal expression – early (i.e., gr) and late (i.e., gsta and cat) oxidant responders.
Glutathione peroxidase metabolises H2O2 to H2O, and the reduced glutathione provides an antioxidant
function by resetting the redox status in tissues [51]. Gpx has been implicated in the responses of fish to
environmental toxicants that can trigger oxidative stress [52], and this mechanism may also be working
in nasal leukocytes. We have previously documented oxidant-induced alteration in gpx expression in
the gills and skin of salmon; hence, the results provide further evidence that it is a vital molecule for the
mucosal antioxidant system in this fish species [7]. It is interesting to note that glutathione reductase gr
was upregulated both in the cells and as one of the DEGs identified in Trial 2. Gr, as an antioxidant,
is responsible for the regeneration of reduced glutathione during detoxification of peroxides and free
radicals formed in mitochondria, thus maintaining the redox potential of the cell [53]. The upregulation
of gr in both instances, as well as in previous oxidant studies in salmon [7,10], provides strong support
for its canonical function in mucosal antioxidant defence, that is likely ubiquitously regulated by
the oxidative chemical stressor. There was no apparent tendency for AA-induced changes in the
antioxidant repertoire in the nasal olfactory leukocytes, though both gpx and cu/zn sod were responsive.
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The overall profile in the expression of cytokine markers and heat shock protein genes could
not be conclusively established, though the stochastic changes provide insights into how oxidative
stressors may likely influence these molecules. The relationship between oxidants and inflammatory
response is well-established in mammalian systems [54], though such interaction is less understood in
fish, especially concerning exogenous oxidative stressors. We have shown that il1b expression was
modulated by PAA and H2O2 24 h after exposure. An earlier publication reported that increased
IL-1β stimulated glutathione production, thereby protecting neurons from oxidative damage [55].
The present data could not decisively ascertain whether such a directional effect was also initiated in
the nasal leukocytes; however, the upregulation of il1b and the two genes of glutathione metabolism
offer a potential link. In Trial 2, we have identified several cytokines genes that were upregulated
following the oxidant challenge. It is possible that this increase in expression facilitated the migration
of inflammatory cells to the epithelial surface where the oxidant was in close contact. One of the areas
that must be explored in the future is the early phase of the inflammatory response, which was not
captured by the current data. Both hsp70 and hsp90 were significantly upregulated in the olfactory
rosette in Trial 2, but a similar change in the cell experiment could not be observed. The mode of
oxidant application may play in part in this apparent difference.

5. Conclusions

Fish encounter environmental oxidants during production, as several husbandry practices rely
on the use of oxidative chemical compounds, such as during water disinfection [27] or disease
treatment [9]. Application frequency may vary, from continuous to periodic, each depending on its
intended use (i.e., disinfectant vs. therapy). PAA is a potent oxidant, though the window of safe dose is
limited [56]. The present study contributes to a better understanding of how the nasal olfactory mucosa
of Atlantic salmon, one of the least explored mucosal tissues with regards to redox physiology, mount
physiological and immunological responses when prompted with exogenously generated oxidative
challenges. Oxidative stress is a physiological imbalance that requires a coordinated response to protect
the organism from oxidative damage and, eventually, facilitate repair and recovery. The nasal mucosa
of salmon can activate different molecules that may likely participate in the adaptive responses to
oxidative stress. Nasal immunology is one of the emerging fields in fish immunology research [20],
and the several oxidant-responsive genes identified in the paper are potential molecules for in-depth
functional characterisation for their role in the nasal microenvironment, mainly towards non-infectious
agents. One area that is interesting for future experiment is on whether exogenous antioxidants (e.g.,
in-feed antioxidants) can mitigate the effects of the chemical oxidative stressors by augmenting the
innate antioxidant system of fish.
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Abstract: The inflammation process represents of a dynamic series of phenomena that manifest
themselves with an intense vascular reaction. Neuroinflammation is a reply from the central nervous
system (CNS) and the peripheral nervous system (PNS) to a changed homeostasis. There are two
cell systems that mediate this process: the glia of the CNS and the lymphocites, monocytes, and
macrophages of the hematopoietic system. In both the peripheral and central nervous systems,
neuroinflammation plays an important role in the pathogenesis of neurodegenerative diseases, such
as Parkinson’s and Alzheimer’s diseases, and in neuropsychiatric illnesses, such as depression
and autism spectrum disorders. The resolution of neuroinflammation is a process that allows for
inflamed tissues to return to homeostasis. In this process the important players are represented
by lipid mediators. Among the naturally occurring lipid signaling molecules, a prominent role
is played by the N-acylethanolamines, namely N-arachidonoylethanolamine and its congener
N-palmitoylethanolamine, which is also named palmitoylethanolamide or PEA. PEA possesses a
powerful neuroprotective and anti-inflammatory power but has no antioxidant effects per se. For this
reason, its co-ultramicronization with the flavonoid luteolin is more efficacious than either molecule
alone. Inhibiting or modulating the enzymatic breakdown of PEA represents a complementary
therapeutic approach to treating neuroinflammation. The aim of this review is to discuss the role
of ultramicronized PEA and co-ultramicronized PEA with luteolin in several neurological diseases
using preclinical and clinical approaches.

Keywords: neuroinflammation; clinical; palmitoylethanolamide; luteolin; co-ultramicronization;
CNS pathology; adaptive immune response; cell homeostasis

1. Introduction

Pain, redness, increased heat, and swelling are the four cardinal signs of an inflammatory response;
loss of function is occasionally added with these four as the fifth mark of an inflammatory response [1].
The “inflammation process” represents the body’s response to different tissue lesions, and as such,
involves the recruitment of immune cells and the release of mediators. Consequently, innate and
adaptive immune cells, as well as vascular cells and neurons initiate a defense process in order to
maintain or restore tissue integrity. Inflammatory events of the central nervous system (CNS) occur at
different levels from those of other tissues and involve several types of cells [2,3].
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In particular, the first difference relies in the absence of resident dendritic cells in the CNS
parenchyma, where perivascular macrophages and vascular pericytes take over the functions of mature
dendritic cells in the CNS [4]. As a second feature, the activation of the innate immune cells of the
CNS parenchyma, such as astrocytes, microglia, and in some regions, mast cells, may be increase in
pathological conditions, such as stroke, trauma, growth of a tumor, or neurodegenerative disease [5–7].
In addition, for the body to respond adequately during an inflammatory event, extravasation of
the immune cells and inflammatory molecules must take place. These events are indispensable for
triggering the immune response and activating the complementary cascade. Nevertheless, in the CNS,
the blood–CNS barrier’ reduces the permeability of microvessels, thus making the whole inflammatory
reaction more difficult. Only activated T cells may penetrate the barrier, but this does not elicit an
efficient reaction to inflammation when compared with that observed in peripheral tissues, where
dendritic cells are responsible for the adaptive immune response [8]. Due to these features, it is
interesting to point out that the CNS reacts to inflammatory events when these exert a direct effect on
the CNS, i.e., in the case of pathogens and tissue damage, and when the inflammatory events are so
severe that infiltrating T cells are involved. These observations lead to the introduction of the term
“neuroinflammation,” which distinguishes the inflammatory reaction in the CNS from inflammation in
different tissues. From this perspective, neuroinflammation is a response of the CNS to a changed
homeostasis. There are two cell systems that are able to mediate this response: glia of the CNS, and
lymphocytes, monocytes, and macrophages of the hematopoietic system [9]. The neuroinflammation
can be triggered by infection, autoimmunity, and toxins, which are defined not just by classical
factors, but also by noxious stimuli or psychological stress, such as neurogenic factors. Consequently,
the actions promoted by the neuroinflammations are classified as: homeostatic (vasodilation and release
of cytokines and neurotrophic factors); maladaptive (release of pro-inflammatory factors); neurotoxic
(release of pro-inflammatory factors and breakdown of blood–CNS barrier); and anti-inflammatory
(release of pro-inflammatory cytokines, neurotrophic factors, neurotransmitters, and cell adhesion
molecules). Neuroinflammation after damage is actively controlled by a complex network of regulatory
mechanisms that restrict the potentially harmful effects of persistent inflammation. In particular,
chronic, uncontrolled inflammation is characterized by the overexpression of cytokines, such as TNF
and IL, reactive oxygen species (ROS), and other inflammatory mediators (such as inducible nitric
oxide synthase). All of these signals are identified during injuries to the CNS and are transferred
to the injury site by attracting and transporting peripheral macrophages and neutrophils. However,
when neuroinflammation is prolonged and macrophage iperactivation is extended, it overwhelms
the limits of physiological regulation and causes deleterious effects, including pro-inflammatory
signaling pathways, elevated oxidative stress, and death of adjacent neurons that relate to chronic pain
pathogenesis, such as neuropathic pain, contributing to neurodegeneration [10,11]. Neuroinflammation
is a common mechanism that influences the severity and progression of neurodegenerative disease;
for this reason, it is an important target for neuroprotective therapies (Table 1).

Table 1. Publications in 2019 about the relationship between neuroinflammation and
neurodegenerative disorders.

Pathology References

Vascular Dementia [12–18]
Depression [19–48]

Alzheimer’s Disease [49–65]
Parkinson’s Disease [53,63,65–82]

Schizophrenia [21,37,72,83–90]
Epilepsy [21,37,72,83–90]
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2. Microglia

Crosstalk between the glia and the neurons, which is necessary for the preservation of homeostasis,
is exemplified by the coordination between the immune system and the central nervous system. The
glia family is composed of three distinct cell types: microglia, astrocytes, and oligodendrocytes [91].

Both microglia and macrophages, located in the brain and spinal cord parenchyma, represent
the key players in the regulation of immunity in the CNS. The production of cytokines and
chemokines, as well as the production of free radicals, such as reactive oxygen species (ROS) and
nitric oxide (NO) known to contribute to neuronal and tissue damage, are implicated in the regulation
of neuroinflammation.

Furthermore, microglia activation, which is important in the development of neurogenesis, plays a
crucial role in both synaptic pruning and damage restoration by removing apoptotic cells and secreting
growth factors [92]. It is then clear that glia cells are not just cells that fill “the space not occupied
by neurons,” as Virchow suggested in the late nineteenth century, but dynamically play a role in
neuronal support and dysfunction [93]. Microglia comprise only 10% of the total cell population of the
brain, but represent the major resident immune cells that survey the microenvironment looking for
cellular debris and pathogens, and produce factors, such as cytokines, that influence the surrounding
astrocytes and neurons. Meanwhile, microglia cells are classified as good players because remove
cellular debris via phagocytosis, release neurotrophic factors and anti-inflammatory cytokines, prevent
neuronal injury, restore tissue integrity in the injured brain, maintain the plasticity in the neuronal
circuits, and encourage the protection and remodeling of synapses [94,95]. Structurally, microglia show
a dynamic and active phenotype with ongoing retraction and extension of processes in the brain’s
structure [96]. Following insults that are not due to pathogenic agents, tissue damage, or exposure
to neurotoxic substances, microglia are activated by stimulating the inflammatory response, which
further involves the immune system.

Microglia can act via specialized pro-resolving lipid mediators (SPMs) receptors, cannabinoid
receptors 2 (CB2), and aryl hydrocarbon receptors (AHR) in response to their ligands, such as SPMs;
cannabinoids; and gut-derived metabolites, such as tryptophan (TRP). Activation of these microglial
receptors enhances the phagocytic activity, reduces the expression of pro-inflammatory mediators,
and increases the production of anti-inflammatory mediators and SPMs, thus promoting the resolution
of neuroinflammation and pathological pain [11].

Following this activation, pro- and anti-inflammatory cytokines are released in the cerebral
parenchyma. There are two phenotypes that describe this dichotomy at the level of the microglial
phenotype: M1 and M2. The microglial phenotype changes in relation to the insult, the extent of the
damage, and the post-injury recovery [97,98].

For example, lipopolysaccharide (LPS) and the pro-inflammatory cytokine interferon γ (IFNγ)
promote a “classically activated” M1 phenotype, which produces high levels of pro-inflammatory
cytokines and oxidative metabolites that are essential for host defense and phagocytic activity, but
that also cause damage to healthy cells and tissue. Conversely, activating microglia in the presence
of cytokines, such as IL-4 or IL-13, promote an “alternatively activated” M2 phenotype [99,100].
Although there is limited data on resident M2 microglia in the brain, it is thought that much like the
M2 macrophages, these cells can promote angiogenesis, wound healing and tissue repair, extracellular
matrix remodeling, and suppress destructive immune responses [101]. M2 microglia express specific
antigens, such as arginase 1 (Arg1); mannose receptor (MRC), found in the inflammatory zone 1
(FIZZ1); and chitinase 3-like 3 (Ym1), among others. Furthermore, cultured microglia exposed to IL-4
or IL-13 develop the M2 phenotype, which can result in extensive neurite elongation and outgrowth
across inhibitory surfaces in in vitro co-culture systems [99,102–104].

In the human brain, microglial activation and neuroinflammation have been associated with viral
or bacterial infection, autoimmune diseases, head trauma, vascular system damage, neuropsychiatric
disorders, and neurodegenerative illness.

365



Antioxidants 2020, 9, 216

3. Astroglia

Astrocytes are classified as immunocompetent cells that are good regulators of brain inflammation
and can be divided into two major groups: protoplasmic astrocytes (gray matter, type-1) and fibrous
astrocytes (white matter, type-2). Protoplasmic astrocytes, which are widely distributed in gray matter,
have a larger size (≈50 µm) and more organelles than fibrous astrocytes, and at least one process contacts
blood vessels through perivascular endfeet, as well as forming multiple contacts with neurons. These
astrocytes regulate local blood flow and neuronal homeostasis [105,106]. Fibrous astrocytes originate
from radial glial cells that are capable of differentiating neurons, astrocytes, and oligodendrocytes
during brain development, and these astrocytes highly express glial fibrillary acidic protein (GFAP),
nestin, and vimentin [107,108]. Although the specific function remains to be characterized, fibrous
astrocytes also contact vessel capillaries like the protoplasmic astrocytes [109]. Generally, elevated
GFAP is a common feature of the activation state of astrocytes.

Like microglia, astrocytes can become activated through a process known as astrogliosis. This
process is characterized by altered gene expression, hypertrophy, and proliferation [110]. Because of
their structure, astrocytes are defined as “territorial cells” with an essential role in the encouraging
of cells to provide neurons for homeostasis [111]. Astrocytes strictly cooperate with the surrounding
structures in the nervous system and provide the regulation of their functions. One of the most vital
roles of astrocytes at the synapse is the clearance of neurotransmitters. For example, the astrocytic
processes associated with excitatory synapses are enclosed with glutamate transporters, which maintain
a low ambient glutamate level in the CNS and allow for glutamate receptor activation at synapses [112].
Nonetheless, astrocytes form the glia limitans around blood vessels, preventing the entry of immune
cells via the blood–brain barrier (BBB) into the CNS parenchyma. They are characterized by the
augmented expression of glial fibrillary acidic protein (GFAP) and signs of functional deficiency [113].
Astrocytes are able to release interleukins, NO, cytokines, and other cytotoxic molecules that are
able to exert either neuroprotective or neurotoxic effects [114]. In particular, recent studies have
shown two different reactive astroglia populations in the adult CNS: A1 and A2. A1 astrocytes can
aggravate disease pathogenesis and destroy both neurons and oligodendrocytes. In fact, in several
neurodegenerative diseases, A1 astroglia are indeed present in mouse and human, particularly around
areas of disease pathology. Vice versa, A2 astrocytes seem to upregulate neurotrophic genes that
encourage neuronal survival. Additionally, activation of both A1 and A2 astroglia is a result of crosstalk
between activated microglia and astroglia in diseases [115–117]. It is very likely that the astrocyte
immune activation is the result of a very complex interaction between the pro- and anti-inflammatory
process, and the neurotoxic and neurotrophic processes. The two main characteristics of astrocytes are
their elaborated intracellular calcium signaling, also termed calcium waves, and their high degree of
intercellular communication, which is mediated by gap junctional channels (GJCs) [118,119]. Connexins
(Cx) are the molecular constituent of GJC, where Cx43 is the major astrocytic connexin identified.
However, this does not exclude the possibility that other astrocytic connexins could be expressed,
either in specific brain regions or in pathological situations [118,119].

4. Oligodendroglia

In the central nervous system, myelin is made up of cells called oligodendrocytes. Such cells are
important in propagating action potentials along axons; an important duck function they perform
is the support they give to neurons by producing neurotrophic factors. However, these cells are
very vulnerable to both oxidative stress and the toxicity caused by an excess of glutamate. The
oligodendroglia cells are characterized by the presence of a large pool of iron, but despite this, they have
a low capacity for anti-oxidative mechanisms, which render the cells especially sensitive to oxidative
stress [120]. The crosstalk between microglia and oligodendrocytes regulates cerebral homeostasis.
After being activated at the microglia, it produces the pro-inflammatory mediators [121]; they are
essential for killing pathogens, but on the other hand, these mediators can damage both the glia and
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adjacent neurons. Under these conditions, oligodendrocytes are particularly susceptible to microglial
factors due to their high metabolic activity and their energy needs.

Its response is represented by the production of poor-quality myelin, which may stimulate the
pathology detected in many neurological diseases. Oligodendrocytes, in particular oligodendrocyte
progenitor cells (OPCs), express receptors for fibroblast growth factor (FGF), epidermal growth factor
(EGF), platelet-derived growth factor (PDGF), insulin-like growth factor 1 (IGF-1), and vascular
endothelial growth factor (VEGF). Recent studies demonstrate that VEGF plays a key role in the
remyelination process by promoting the migration of OPCs, despite being considered one of the most
important factors in the regulation of angiogenesis [122]. Moreover, oligodendrocytes cell surfaces have
receptors for a wide-ranging of mediators, such as IL-4, IL-6, IL-7, IL-10, IL-11, IL-12, and IL-18 [123].
Recent evidence also demonstrates that oligodendrocyte also express antigen-presenting molecules and
co-stimulatory molecules, complement and complement receptor molecules, complement regulatory
molecules, tetraspanins, neuroimmune regulatory proteins, extracellular matrix proteins, and many
others [124]. Necrosis and apoptosis are events that can activate oligodendrocytes in various ways
in the central nervous system. In relation to the activated path, oligodendrocytes can also release
factors that stimulate microglia; it is still possible that stressed cells can trigger the protective pro-repair
responses of microglia.

5. Mast Cells

Mast cells, also called effector cells, are first responders that are able to intervene as catalysts and
recruiters in initiating, amplifying, and prolonging all the immune and nervous responses that arise
from their activation. They originate from a hematopoietic lineage and are involved in a number of
normal physiologic functions, such as immunity [125], angiogenesis, and tissue remodeling, as well
as being implicated in multiple pathologic conditions [126]. Their purpose is to produce various
mediators, such as cytokines, lipid metabolites, enzymes, biogenic amines, growth factors, NO, ATP,
heparin, and neuropeptides [127]. It is important to consider that the release of the mediator through
the degranulation process is very rapid, whereas the activation is more long lasting, allowing the
release of newly formed mediators [128]. Under basal conditions, without disease, trauma, or stressful
events, the number of mast cells is lower than that of neurons, microglia, and other cells residing
in the brain. Even if in a limited number of the activated mast cells are able to influence the BBB,
neurons, astrocytes, and microglia, there is a considerable increase in mast cell degranulation after
stroke in the immature brain, as well as after a transient global ischemia in adult rats, or even after
the deprivation of in vitro oxygen glucose; all these events imply that mast cells really play a role
in determining neuronal damage [129–131]. There are numerous molecular mechanisms that have
been identified as determining the potential interactions between mast cells and microglia [5]. It has
been shown that the activation of P2 receptors on microglia by ATP stimulates the release of IL-33,
which after binding to mast cell receptors, triggers the release of IL-6, IL-13, and chemo-attractive
monocytes 1; in turn, these molecules are able to regulate the activity of the microglia. Likewise, mast
cell tryptide activates microglia-activated receptor 2 (PAR2) receptors, and promotes the release of
pro-inflammatory mediators, such as TNF-α, IL-6, and ROS, which in turn upregulate the expression
of PAR2 receptors on mast cells [132]. Activated mast cells upregulate P2X purinergic receptors,
ligand-ions, PR2X4 microglia receptors, promoting brain-derived neurotrophic factor (BDNF) [133].
Mast cells react dynamically with astrocytes like microglia. Both mast cells and astrocytes are co-located
in both perivascularization and in the thalamus [134]. In vitro studies have shown that mast cells
activate astrocytes through activation of CD40–CD40 ligand interactions, and are stimulated to release
cytokines, leukotrienes, and histamine [134]. Interestingly, astrocytes also have histamine receptors
(H1R and H2R) [135], and cytokines released from astrocytes can induce mast cell degranulation [136].
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6. Mediators during Neuroinflammation: Inflammasome, Cytokines, and Chemokines

Inflammasome, cytokines, and chemokines play an important role in mediating neuroinflammation;
for this reason, they have received a considerable amount of attention as possible therapeutic targets [137,138].
Inflammasomes are cytosolic multiprotein complexes that upon assembly, activate the pro-inflammatory
caspase-1, which is responsible for the maturation and secretion of the inflammatory cytokines IL-1β, IL-18,
and IL-33, as well as the induction of the pyroptosis process [138,139]. These pro-inflammatory cytokines
have been shown to promote a variety of innate immune processes linked to infection, inflammation,
and autoimmunity, and thus play an instrumental role in instigating neuroinflammation during old age
and the eventual occurrence of cognitive impairment, neurodegenerative diseases, and dementia [139].
Everything we know about the inflammasome activation and its role in CNS inflammation is still incomplete
and is principally based on in vitro studies with primary microglia and microglial cell lines, and in vivo
studies with transgenic KO mice that lack the expression of specific inflammasome components throughout
the body [138].

In addition to microglia and astrocytes, cytokines are large proteins (15–25 kDa) that are mainly
released from immune cells, such as monocytes, macrophages, and lymphocytes. Cytokines are
stimulated in circumstances where inflammation, infection, and/or immunological changes occur,
and are specifically involved in tissue repair and homeostasis restoration [140,141]. Cytokines are
an exceptionally large and diverse group of pro- or anti-inflammatory factors that are grouped into
families based upon their structural homology or that of their receptors [137]. Interleukin-1β (IL-1β),
interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α) are among the most widely investigated
pro-inflammatory cytokines, whereas interleukin-4 (IL-4) and interleukin-10 (IL-10) are well-known
anti-inflammatory cytokines.

Chemokines are a category of secreted proteins in the family of cytokines whose basic role is to
cause cell migration [142,143]. These “chemotactic cytokines” include the chemoattraction of leukocytes
and the flow of immune cells to locations throughout the body [137]. The two principal chemokine
ligand superfamiles are named according to the arrangement of the (typically four) cytokines within
them: in the CC family, the first two cysteines near the amino terminus are adjacent, whereas in the
CXC family, there is one amino acid between them [144].

In addition to being essential for the synchronization of immune responses throughout the body,
cytokines and chemokines are implicated in the control of CNS–immune system interactions. They are
produced primarily not only by white blood cells or leukocytes, but also by a variety of other cells as
a response to various stimuli under both pathological and physiological conditions. In the nervous
system, cytokines and chemokines function as neuromodulators and regulate neurodevelopment,
neuroinflammation, and synaptic transmission [137]. Cytokines and chemokines are essential to the
immune function of the brain, helping to maintain immune surveillance, promote leukocyte traffic,
and employ other inflammatory factors [145]. During neuroinflammation, immune cells and cells
of the nervous system can release cytokines and chemokines, as well as respond to them by way of
cytokine and chemokine receptors [146–148].

7. Resolution of Neuroinflammation

Inflammatory states may activate a program of resolution that involves the production of lipid
mediators with the capacity to switch off inflammatory processes [149]. Several studies have shown
that neuroinflammatory processes are noticeably dangerous for the body; as such, numerous studies
have been performed, and others are ongoing, to develop new therapeutic strategies. However,
to do this, it is necessary to know not only about the neuronal and non-neuronal cells, but also their
mechanism of action. The resolution of neuroinflammation is a process that allows for inflamed tissues
to return to homeostasis. In this process the important players are the lipid mediators (LM).

Lipid mediators are widely appreciated for their important roles in initiating the leukocyte
traffic required in the host defense [150]. These include the classic eicosanoids, prostaglandins (PGs),
and leukotrienes (LTs) [151,152] that stimulate blood flow changes, edema, and neutrophil influx
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to tissues [153]. Novel resolution-phase mediators that possess potent proresolving actions were
identified and named resolvins, protectins, and maresins.

Biochemically, lipid mediators represent a diverse family of endogenous bioactive molecules
that are enzymatically derived from fatty acid substrates. Prostaglandins, a family of extensively
studied lipid mediators, are synthesized from arachidonic acid and are elevated after an acquired
neurological injury, such as a traumatic brain injury (TBI). The first LMs synthesized are prostaglandins
and leukotrienes, which are generated to activate and amplify the cardinal signs of inflammation.
In particular, prostaglandins E2 and D2 induce production of mediators (lipoxins [154], resolvins,
and protectins [155]) with both anti-inflammatory and pro-resolution activities. These mediators are
classified as endogenous pro-resolution molecules that are not immunosuppressive. SPMs are able to
stimulate and accelerate resolution via mechanisms that are multi-factorial. On this basis, resolution is
not a passive process, but conversely is an active and dynamic process that is orchestrated by distinct
cellular events and endogenous chemical mediators. In this context, prostaglandins are considered LMs
that can promote the neuroinflammation process. In an acute inflammatory response, prostaglandins
regulate local changes in blood flow and pain sensitization.

On the other hand, SPMs also show beneficial effects in different neuroinflammation models,
including stroke, Alzheimer’s disease (AD), spinal cord injury, and neuropathic pain [156–160].
In order to neutralize the chronic inflammatory processes, a resolution program based on the
production of lipid mediators is necessary and therefore able to block inflammation. In the presence
of chronic inflammatory conditions, several mechanisms of resolution are triggered, and among
these, the production of lipid mediators is known to extinguish inflammation [161]. The existence
of molecules involved in endogenous protective mechanisms that are activated in the body due to
severe tissue damage or the stimulation of inflammatory responses and nociceptive fibers is well
recognized. In this context, we believe the N-acylethanolamines, a class of naturally occurring lipidic
mediators, are constituted of a fatty acid and ethanolamine, namely the fatty acid ethanolamines
(FAEs). The main FAE family members include the endocannabinoid N-arachidonoylethanolamine
(anandamide or 5Z,8Z,11Z,14Z)-N-(2-hydroxyethyl)icosa-5,8,11,14-tetraenamide), and its congeners
N-stearoylethanolamine (N-(2-hydroxyethyl)stearamide), N-oleoylethanolamine (N-2-hydroxyethyl
-9(Z)-octadecenamide), and palmitoylethanolamide (PEA) (Figure 1).
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α/β-Hydrolase domain containing, DAGL: diacylglycerol lipase, FAAH: fatty acid amide hydrolase, GDE:
glycerophosphodiesterase, MAGL: monoacylglycerol lipase, NAAH: N-Acyl-ethanolamine-hydrolyzing
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PTPN22: tyrosine phosphatase, SHIP1: inositol 5′-phosphatase, sPLA2: secretory phospholipase A2.

369



Antioxidants 2020, 9, 216

8. PEA: Mechanism of Action

N-acylethanolamines are classified as naturally occurring lipid mediator molecules composed of
a fatty acid and ethanolamine, and are collectively identified as “fatty acid ethanolamines” (FAEs).
These are endogenous molecules that have the characteristic of being involved in various mechanisms
of endogenous protection, which are activated in the body by different types of tissue damage or
stimulation of inflammatory responses and nociceptive fibers. The members of the FAE family
are the endocannabinoid N-arachidonoylethanolamine (anandamide, or 5Z,8Z,11Z,14Z)-N-
(2-hydroxyethyl)icosa-5,8,11,14-tetraenamide) and its congeners N-stearoylethanolamine
(N-(2-hydroxyethyl)-stearamide), N-oleoylethanolamine (N-2-hydroxyethyl-9(Z)-octadecenamide),
and PEA.

PEA and its congeners are constituted from N-acylated phosphatidylethanolamine (NAPE)
via different enzymatic pathways [162], the principal one producing a membrane-associated
NAPE-phospholipase D, which further produces the respective NAE and phosphatidic acid. This
enzyme is able to convert N-palmitoyl-phosphatidyl-ethanolamine into PEA. In the mammalian brain,
NAEs are hydrolyzed by (1) fatty acid amide hydrolase in the endoplasmic reticulum, which breaks
down NAEs into the corresponding fatty acid and ethanolamine, and (2) lysosomal NAE-hydrolyzing
acid amidase (NAAA) [163]. NAAA is found mainly in macrophages, as well as in the brain, where
it hydrolyses NAEs with less than 18 carbon atoms, i.e., PEA, but not N-oleoylethanolamine and
N-stearoylethanolamine [16,164].

In contrast, fatty acid amide hydrolase hydrolyses all three NAEs. PEA is abundant in mammals;
there is evidence for the presence of PEA, as well as other FAEs, in marine species and sea urchin
ovaries [165]. The regional distribution in the rat brain of orally administered PEA (≈100 mg·kg−1)
has been investigated through the use of N-[9-3H]-PEA by Artamonov and Gabrielsson [166,167].
The authors found that N-[9,10-3H]-PEA mainly accumulated in the hypothalamus, pituitary, and
adrenal glands 20 min after oral administration [166]. The presence of the labelled PEA in the brain
(≈98 ng·mg−1 of brain tissue) demonstrated the ability of the compound to penetrate, although in small
amounts, through the blood–brain barrier [166].

Mechanistically, PEA may be a ligand for peroxisome proliferator activated receptor α (PPARα),
one of a group of nuclear receptor proteins that function as transcription factors regulating
the expression of genes. In particular, the α- and γ-isoforms of PPAR are associated with
pro-inflammatory effects. Moreover, in PPARα null mice or mice with blocking PPARα antagonists,
the anti-inflammatory, anti-nociceptive/anti-neuropathic, and neuroprotective effect of PEA was
not detected [168]. PEA is produced through an “on-demand” synthesis within the lipid bilayer,
where N-phosphatidylethanolamine-specific phospholipase D (NAPE-PLD) releases it from its
membrane precursor, N-palmitoylphosphatidylethanolamine, but it is also present in “homeostatic”
conditions [169].

An “entourage effect” was also proposed to explain PEA’s pharmacological activities regarding
improving the anti-inflammatory and anti-nociceptive function of other endogenous substances
through potentiating their receptor binding or inhibiting metabolic degradation. Both anandamide and
its congeners, such as PEA, have the type 1 transient vanilloid receptor (TRPV1) in common, whose
function can be stimulated by harmful heat, low pH, and capsaicin. Moreover, anandamide itself is a
TRPV1 receptor agonist, and PEA can enhance anandamide stimulation of the human TRPV1 receptor
in a cannabinoid CB2 receptor antagonist-sensitive fashion, which could be considered as PEA acting
indirectly by potentiating the actions of anandamide. Mast cells and microglia reportedly express
TRPV1 receptors [170].

PEA also has an affinity to cannabinoid-like G-coupled receptors GPR55 and GPR119 [171]. The
GPR55 receptor is widely expressed, and therefore its activity is correlated with multiple physiological
processes. In particular, GPR55 is expressed in the frontal cortex, striatum, hippocampus, hypothalamus,
cerebellum, brainstem, and microglia [172–174]. Balenga and colleagues showed that GPR55 activity
modulates RhoA-dependent neutrophil migration, and it may prevent oxidative damage.
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GPRl19 is expressed mainly in the pancreas and gut, in particular in β cells, where its activity
modulates glucose-dependent insulin secretion, as well as in enteroendocrine L-cells, where it regulates
the secretion of glucagon-like peptide 1 [175,176]. In normal-weight and healthy patients, it was
observed that gut GPR119 expression rapidly increased following acute fat exposure, thus suggesting
a potential involvement of GPR119 in type 2 diabetes, metabolic disorders, and obesity.

The main endogenous ligands of GPR119 are OEA, PEA, and AEA [177–179].

9. PEA: Role in Pathological and Physiological Conditions

Several reports showed a role of PEA in maintaining cellular homeostasis by acting as a mediator
of the resolution of inflammatory processes. PEA is synthesized/metabolized by both microglia and
mast cells. Moreover, it down-modulates mast cell and microglia activation, and very interesting tissue
levels of PEA are augmented in brain regions that are implicated in nociception and in the spinal cord
following the induction of neuropathic pain and other conditions related to strokes (Figure 2).
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neuroinflammation event.

In particular, endogenous levels of PEA are altered in pathological conditions accompanied by
cell damage and inflammatory processes. In inflamed tissues, for example following tissue ischemia,
the levels of PEA increase significantly [180,181]. Increased PEA levels have also been observed
in the brain tissues of animals in a state similar to multiple sclerosis and following a spinal cord
injury [182,183]. At the cutaneous level, increases in PEA levels have been observed in animals affected
by diabetic neuropathy, after exposure to irritants, and in the case of atopic dermatitis [184–186].
In a pain model, PEA inhibits peripheral inflammation and mast cell degranulation, as well as
exerts neuroprotective and antinociceptive effects; these actions are accompanied by a decrease
in NO production, neutrophil influx, and the expression of proinflammatory proteins, such as
iNOS [187]. Moreover, PEA protects endothelial function from oxidative and inflammatory injuries.
PEA administration improves neurological, emotional, and biochemical outcomes following TBI by
ameliorating the secondary injury components of TBI, reducing both the infiltration and activation of
mast cells [188]. It was demonstrated that in mice subjected to a compression model of spinal cord
trauma, PEA administered systemically at 6- and 12-h post-injury considerably diminished the severity
of spinal cord trauma via the reduction both mast cell activation and infiltration [189]. Furthermore,
another study reported that intraperitoneal administration of PEA is able to reduce tissue injury and
spinal cord inflammation, nitrotyrosine formation, neutrophil infiltration, pro-inflammatory cytokine
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expression, nuclear transcription factor kB activation, and inducible nitric oxide synthase expression
and apoptosis, as well as ameliorate the recovery of motor limb function [190]. In several preclinical
studies on intestinal inflammation, it was reported that PEA improves the symptoms of colitis in
mice [191,192]

All these data indicate that the alterations of the levels of PEA in the conditions accompanied
by inflammatory processes suggest that the exogenous contribution of the molecule may favor or
accelerate the process of resolution of inflammation and the restoration of tissue homeostasis (Table 2).

Table 2. Preclinical studies reporting efficacy of PEA.

Model Animals Effects References

Visceral inflammatory
pain Rats Decrease in NO production and neutrophil

influx [187]

Traumatic brain injury Mice Improves neurological, emotional, and
biochemical outcomes [188]

Spinal cord injury Mice Reduce mast cell activation and infiltration [189]
Spinal cord injury Mice Reduce inflammatory markers [190]

Parkinson’s disease Mice Reduce neuroinflammation [193]

Colitis Mice
Normalize the functional

post-inflammatory accelerated intestinal
transit

[192]

Colitis Mice Improve symptoms of colitis [191]
Dermatitis Dogs Reduce pruritus and skin lesions [194]

Contrast-agent-induced
nephropathy Rats Prevent nephropathy in and alteration of

biochemical parameters [195]

Idiopathic pulmonary
fibrosis Mice Reduces lung inflammation [196]

Tibia fracture model Mice
Decrease mast cell density, nerve growth
factor, matrix metalloproteinase 9, and

cytokines expression
[197]

Alzheimer’s disease Mice
Normalize astrocytic function, rebalance
glutamatergic transmission, and restrain

neuroinflammation
[198]

Joint pain Rats Reduce igeminal nerve sensitization [199]

In neurological diseases, increases in PEA levels were observed in the patients liquor with
schizophrenia, chronic migraine, and multiple sclerosis [200–202]. In multiple sclerosis, the levels of
PEA also increased in plasma [203]. Orefice et al. reported a significant increase of PEA, anandamide,
and oleoylethanolamide plasma levels in patients [204].

At the abdomino-pelvic level, PEA levels increase in the duodenum of celiac patients and in the
colon of patients with colitis ulcerative [184,205].

On the other hand, there exist some pathological situations in which the levels of PEA are
dramatically decreased. This happens, for example, in the synovial fluid of patients with arthritis or
rheumatoid arthritis, in which the levels of PEA compared to subjects without joint pathologies are
about a thousand times lower [206].

Also some clinical studies demonstrated the effect of PEA on the pain condition; in particular,
Andresen et al. reported on a ultramicronized PEA that has good safety and tolerability in the treatment
of patients with spinal cord injury [207]. In these studies, PEA represents a promising supplement
to therapeutic management for neuropathic pain, with the potential for good tolerability and a low
susceptibility for side effects [208–214].

10. PEA: Ultramicronization Process

The therapeutic use of PEA is strictly dependent on its lipophilic nature; on this basis, PEA is
insoluble in water and poorly soluble in most other aqueous solvents, with the logarithm of its partition
coefficient (log P) being greater than 5 [215].
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PEA is usually administered via a parenteral route, but in particular in humans, oral treatment
represents the goal standard due to patient compliance, versatility, and ease. Structurally, PEA
is formed using a heterogeneous particle size, and for these reasons, presents some limitations in
bioavailability and solubility. Due to these considerations, the oral absorption of PEA is strongly
limited by the dissolution rate, with the amount absorbed conceivably showing an inverse relation to
particle size [216]. A possible approach to bypass this problem is represented using micronization. The
micronization process is applied both to reduce the particle size and to improve the bioavailability
and effectiveness of particularly low-water-soluble molecules, thereby increasing the dissolution
rate [217–219].

Both micronized and ultramicronized PEA oral administration showed superior pharmacological
action in inflammatory pain induced by carrageenan, in contrast to a non-micronized PEA. Based on
this, several studies were performed with these formulations; in fact, micronized pharmaceutical-grade
formulations of PEA acquired via a jet milling process are now employed in both human and veterinary
medicine to study inflammatory, hyperalgesic, and allergic disorders [220–222].

Similar to naïve PEA (particle size profile ranging between 100 and 700 µm), micronized
and ultramicronized PEA showed a different particle size profile (2–10 µm and 0.8–6 µm at most,
respectively). Micronization and ultramicronization processes yield a different crystalline structure
with a higher energy content and smaller particle size, which result in better diffusion and distribution
of these molecules compared to the naïve form, and thus superior biological efficacy [220,222]. The
pharmacological profile of PEA and the pre-clinical results have inspired a series of clinical studies
that have used PEA in the micronized and ultramicronized forms, where they predominantly focused
on the pathological conditions associated with neuroinflammation and chronic and/or neuropathic
pain [220,223]. In particular, a multicenter, double-blind, randomized study controlled with two doses
of PEA versus placebo showed the analgesic dose-dependent effect of micronized PEA (PEA-m) in
patients affected by lombosciatalgia with a compressive origin [211]. In the same conditions, therapy
with PEA-m allows for a considerable reduction of the use of nonsteroidal anti-inflammatory drugs
NSAIDs, suggesting the possibility of simultaneous use in order to reduce the use of NSAIDs, which if
taken for long periods, can induce significant side effects [210]. The results obtained in patients with
low back pain have also been confirmed on a large number of patients with different chronic pain
pathological conditions, such as radiculopathy, osteoarthritis, joint pain, tibia fracture, spinal surgical
failure, post herpetic neuropathy, diabetic neuropathy, and oncological pain [197,199,209,212,213]
(Table 3).

Table 3. Clinical studies reporting efficacy of PEA.

Pathology Effects References

Lombosciatalgia Analgesic effect [210]
Lombosciatalgia Analgesic effect [211]

Chronic pain Analgesic effect [209]
Temporomandibular joint pain Analgesic effect [212]

Peripheral diabetic neuropathy Reduce pain symptoms characteristic of
diabetic neuropathy [213]

Carpal tunnel syndrome
Improve sleep quality, confirming a

correlation between sleep disorders and
pain intensity

[208]

Moreover, Evangelista et al. reported that in patients affected by carpal tunnel syndrome,
the oral administration of ultramicronized PEA improved sleep quality, verifying a correlation
between sleep disorders and pain intensity [208]. PEA-m, in a preclinical study conducted by
Crupi et al., used for the first time as a pre-treatment, showed a significantly neuroprotection
after 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) intoxication in mice by protecting not
only against loss of TH+ neurons, but also the alterations of the dopamine active transporter
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(DAT), α-synuclein, and β3-tubulin in the substantia nigra. Moreover, pre-treatment with PEA-m
showed an important reduction in the MPTP-induced proinflammatory cytokine expression and
showed a pro-neurogenic effect in the hippocampus. These data support the idea of PEA-m as a
potential therapeutic candidate to prevent dopamine neuronal cell degeneration in the pathogenesis of
Parkinson’s disease [193,224].

The data, obtained with ultramicronized PEA, showed that it was also able to decrease all
the inflammatory pathways that were activated during pulmonary fibrosis, as well as dermatitis,
myocardial ischemia, or contrast-agent-induced nephropathy [194–197]. Furthermore, Scuderi et al.
showed that PEA-um was a novel and effective promising treatment for AD with the potential to
be integrated into a multitargeted treatment strategy in combination with other drugs [198]. Finally,
the association of PEA-um with standard neuropathic pain medications, such as pregabalin and
oxycodone, allowed for highlighting analgesic pharmacological effects with very low doses of these
drugs, suggesting an additive or synergistic effect among neuropathic pain medications acting on
neuronal cells with PEA, which acts predominantly on non-neuronal cells [225,226] (Table 3).

11. Luteolin

Several studies support the association between inflammation; neurodegenerative diseases;
oxidative stress; neuropsychological disorders, such as anxiety and depression; and mild cognitive
disorder [227–230]. Flavonoids have been shown to display many neuroprotective and inflammatory
actions [208,231]. Among the large family of flavonoids, luteolin has a good spectrum of action. Luteolin
(3′,4′,5,7-tetrahydroxyflavone) is a common flavonoid in many fruits, vegetables, and medicinal
herbs [232]. Chemical data show that luteolin has a C6-C3-C6 structure with two benzene rings
and one oxygen-containing ring with a C2-C3 carbon double bond [233,234]. Structure–activity
studies have revealed that the presence of hydroxyl moieties at carbons 5, 7, 3′, and 4′ positions
of the luteolin structure, and the presence of the 2–3 double bond, are responsible for its multiple
pharmacological effects [233]. Luteolin represents one of the most powerful and effective polyphenols,
which has displayed numerous biological properties, such as antioxidant, anticancer, anti-inflammatory,
and neuroprotective properties in in vitro and in vivo models [233,235–241]. It was formerly supposed
that the oral bioavailability of flavonoids was very low. Nevertheless, Zhou et al. studied the
bioavailability of luteolin in peanut hull extracts (PHEs) [242]. In particular, the research reported that
the efficient permeability (Peff) and absorption rate constant (ka) of pure luteolin (5.0 µg/mL) were
not significantly dissimilar in both the duodenum and jejunum, but notably greater in the colon and
ileum. Pharmacokinetics analysis after subsequent oral administration of a single dose of pure luteolin
(14.3 mg/kg) or PHE (containing 14.3 mg/kg of luteolin) in rats displayed that the peak concentration of
luteolin in plasma was 1.97 ± 0.15 µg/mL for luteolin and 8.34 ± 0.98 µg/mL for PHE. Luteolin seems to
be inertly absorbed in the rat intestine [242].

Moreover, luteolin has been revealed to inhibit cytokine expression, nuclear factor kappa B
(NF-kB) signaling, and TLR4 signaling at micromolar concentrations in immune cells, such as mast
cells [243–245]. Additionally, the ability of luteolin to inhibit the Keap1-Nrf2-ARE pathway in PC12
cells was demonstrated [246]. Numerous studies have shown that luteolin can improve the neurotoxic
effect of Aβ fragment 25–35 (Aβ25–35) in murine cortical neurons [247], as well as increase locomotor
and muscular alteration in mice exposed to MPTP [248]. Moreover, luteolin has been used for the
treatment of multiple sclerosis (MS) due to its inhibition of activated peripheral blood leukocytes that
have been isolated from MS patients [249,250].

Luteolin can reduce experimental allergic encephalomyelitis (EAE), which is now employed as a
murine model to analyze MS [251]. Luteolin treatment has also displayed additive effects in regulating
cell proliferation and the production of pro-inflammatory cytokines, as well as the ratio of the cell
migration mediator matrix metallopeptidase-9 (MMP-9) and its inhibitor called tissue inhibitor of
metalloproteinase (TIMP-1) [249]. In this context, this suggests that it is reasonable to consider luteolin
as a valuable adjuvant to IFN-β for the management of MS.
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Another work by Xu et al. showed that treatment with luteolin can decrease secondary brain
injury provoked by traumatic brain injury (TBI), involving brain water content, neuronal apoptosis,
and neurological deficits [252].

A clinical study containing fifty children (4–10 years old; 42 boys and 8 girls) with autism
spectrum disorder (ASD) described that there was an important improvement in adaptive functioning
(as measured using the Vineland Adaptive Behavioral Scales domains) following a combination of
luteolin (100 mg/capsule) and quercetin (70 mg/capsule) for 26 weeks in dietary supplementation [253].
Likewise, a significant reduction was also reported after stratification for age, sex, and history of
allergies in the Aberrant Behaviour Checklist subscale scores.

12. Co-Ultra PEA + Luteolin

The pharmacodynamic properties of PEA and those of luteolin appear complementary, suggesting
that if administered in combination, they can fight the two main conspirators of chronic diseases:
low-grade inflammation and oxidative stress. Confirming this hypothesis, many studies have shown
that joint treatment using PEA plus luteolin has a superior effect compared to the molecules used alone
by stimulating both hippocampal neurogenesis and dendritic spine maturation [254,255]. These studies
have also shown that the pharmacological properties of PEA + luteolin (PEALut) become synergistic
when PEA and luteolin were simultaneously submitted to the micronization process with a jet mill
technique in a mass ratio of 10:1. This is probably due to the fact that PEA is poorly soluble in aqueous
media and is difficult to formulate using traditional approaches; for this reason, the micronized and
ultramicronized forms have a reduced particle size compared to the native molecule, along with a
greater bioavailability. Additionally, it seems that the association with flavones stabilizes the two
molecules and enhances their pharmacological activities [256].

In particular, the association of these two molecules has been evaluated in a lot of different
experimental models, such as in Alzheimer’s and Parkinson’s disease, vascular dementia, anxiety and
depression, brain and spinal cord injury, and arthritis [254–263]. In these studies, it was proved that the
association of PEA with luteolin was able to significantly decrease the neuroinflammatory and apoptotic
pathways, modulating the cytokines release and the activation of astrocytes and microglia, decreasing
the oxidative and nitrosative stress, and was able to enhance the expression of the neurotrophic factors
promoting neuronal regeneration, as well as demonstrate that this association possesses the ability to
modulate the autophagic process [254–263] (Table 4).

Table 4. Preclinical studies reporting the efficacy of PEA + luteolin (PEALut).

Model Animals Effects References

Sci Mice Stimulate hippocampal neurogenesis and
dendritic spine maturation [257]

Paw edema Rats Reduce inflammation and pain [256]

Alzheimer’s disease Cell culture

Reduce inducible nitric oxide synthase and
GFAP expression, restore neuronal NO

synthase and BDNF, and reduce the
apoptosis

[261]

Parkinson’s disease Mice Modulate the neuroinflammatory process
and the autophagic pathway [259]

Anxiety and depression Mice Antidepressant effect [254]

Spinal Cord Injury Mice and cell
culture

Improve motor activity, reduced
cyclooxygenase-2 (cox-2), and inducible

nitric oxide synthase (inos)
[262]

Autism Mice Ameliorate social and nonsocial behaviors [256]
Stroke Rats Reduce neuroinflammation [259]

Spinal Cord Injury Mice Promote neuronal regeneration [257]

Sci: Spinal cord injury.
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The use of co-ultra PEALut was also evaluated in patients with autism disorders and in patients
with stroke undergoing rehabilitation therapy [257,259]. Co-ultra PEALut treatment was tolerated well
by the patients. Evaluation using the Autism Treatment Evaluation Checklist (ATEC) test revealed a
decrease of scores, indicative of an increased behavioral outcome of about 23%. Co-ultra PEALut also
reduced most indices of hyperactivity and improved the ability to understand simple commands and
execute them. Unfortunately, no significant progress in speech profile has been observed yet [256].

In patients with stroke treated with co-ultra PEALut, the observations demonstrated a positive
outcome in cognitive function, as well as in muscle spasticity and in mobility in daily living
activities [258] (Table 5).

Table 5. Clinical studies reporting the efficacy of PEALut.

Pathology Effects References

Autism Reduction in stereotypes [256]
Stroke Improve clinical outcome [258]

13. Future Directions

Neuroinflammatory processes represent an important component in several diseases.
Understanding the mechanisms that relate to systemic inflammation, even at a low-grade level,
regarding neuroinflammation is an interesting area for research. The very early, possibly preclinical,
stages of many pathologies could be the best window for therapeutic approaches or preventive
interventions, which act on modifiable factors, such as systemic inflammation. Several studies have
classified neuroinflammation as one of the driving forces for neurodegeneration. For example, glia
activation, with the consequent release of pro-inflammatory mediators, is an important goal for
diagnostic and therapeutic approaches in research. It would be fascinating to know whether activation
of microglia revealed in the earliest phases of the disease is due to the anti-inflammatory M2 phenotype,
later switching to the M1 phenotype, leading to further neuron damage. Once recognized, a clear
panel of pro-inflammatory mediators could be added to the existing biomarker pool and used in the
diagnostic process.

The influence of systemic inflammation on the CNS has been evident in acute episodes when
the inflammatory status determines sickness behavior. A chronic inflammatory status appears to
be responsible for the activation of glial cells, triggering a more persistent inflammatory status,
leading to neuronal damage and neurodegeneration. Further studies are needed to understand the
communication between the periphery and the CNS better, and to direct diagnostic evaluations,
follow-up programs, and therapeutic and preventative approaches.

The growing understanding that central immune mediators are important in controlling
physiological activities of the CNS has updated the field of neuroimmunology. Both microglia and
cytokines have been connected to the regulation of neurodevelopment, neuronal wiring, and synaptic
plasticity. The functional significance and underlying mechanisms of these non-immunological
functions persist unknown and await additional study. It is well-defined that the reductive conception
of microglia as basically central immune cells is too simplistic. Reasonably, they appear as a different
but heterogeneous cell population of the CNS with a high degree of functional diversity and complexity.
Implying that modifications in microglia activity profiles and/or inflammatory factors with ongoing
neuroinflammation may therefore be too simplistic and could result in misconceptions. In contrast,
changes in neuroimmune systems should be deduced in relation to the functional complexity of
immune cells and molecules in physiological brain processes.

14. Conclusions

As summarized in this review, fitting the endogenous neuroinflammatory regulators may
represent a valid therapeutic strategy against the disorders of the central nervous system by targeting
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non-neuronal cells. In this context, the capacity of PEA to modulate several protective responses in
inflammatory and pain conditions show that endogenously produced PEA may be an element of the
homeostatic system that is able to control the inflammatory process. The findings obtained show that
the treatment of disorders of the nervous system must be based on endogenous control of inflammatory
processes. In this context, the role of the PEA that modulates the activity of both mast cells and glial
cells contributes to the resolution of neuroinflammatory processes.

Clinical studies demonstrate the ability of PEA in micronized and ultramicronized forms to
counter the painful symptoms of the electrophysiological alterations present in different pathologies
that involve the peripheral and/or central nervous system, which are sustained due to excessive
mast cell activation and almost always associated with microglia. Moreover, PEA can improve the
alterations that characterize many neurological diseases. Several studies also confirmed the excellent
tolerability of products containing co-ultra PEALut, PEA-m, and PEA-um, even when administered in
combination with anti-inflammatory and analgesic/anticonvulsant drugs.

These results suggest the use of PEA in micronized and ultramicronized forms as an innovative
therapeutic tool for the treatment of all conditions characterized by the presence of neuroinflammatory
processes and chronic painful states.
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Abstract: Antioxidant effects of statins have been implicated in the reduction in microvascular
permeability and edema formation in experimental and clinical studies. Bradykinin (Bk)-induced
increases in microvascular permeability are potentiated by IL-1β; however, no studies have examined
the protection afforded by statins against microvascular hyperpermeability. We investigated the
effects of simvastatin pretreatment on albumin–fluorescein isothiocyanate conjugate (FITC-albumin)
permeability in post-capillary venules in rat cremaster muscle. Inhibition of nitric oxide synthase with
L-NAME (10µM) increased basal permeability to FITC-albumin, which was abrogated by superoxide
dismutase and catalase. Histamine-induced (1 µM) permeability was blocked by L-NAME but
unaffected by scavenging reactive oxygen species with superoxide dismutase (SOD) and catalase.
In contrast, bradykinin-induced (1–100 nM) permeability increases were unaffected by L-NAME
but abrogated by SOD and catalase. Acute superfusion of the cremaster muscle with IL-1β (30 pM,
10 min) resulted in a leftward shift of the bradykinin concentration–response curve. Potentiation by
IL-1β of bradykinin-induced microvascular permeability was prevented by the nicotinamide adenine
dinucleotide phosphate oxidase (NADPH oxidase) inhibitor apocynin (1 µM). Pretreatment of rats
with simvastatin (5 mg·kg−1, i.p.) 24 h before permeability measurements prevented the potentiation
of bradykinin permeability responses by IL-1β, which was not reversed by inhibition of heme
oxygenase-1 with tin protoporphyrin IX (SnPP). This study highlights a novel mechanism by which
simvastatin prevents the potentiation of bradykinin-induced permeability by IL-1β, possibly by
targeting the assembly of NADPH oxidase subunits. Our findings highlight the therapeutic potential
of statins in the prevention and treatment of patients predisposed to inflammatory diseases.

Keywords: microvascular permeability; bradykinin; interleukin 1β; NADPH oxidase; reactive oxygen
species; simvastatin

1. Introduction

Microvascular endothelial barrier disruption occurs in a large number of disease states, such as
stroke, sepsis, diabetes, hereditary and acquired angioedema, commonly induced by a variety of
endogenous inflammatory mediators such as bradykinin [1–6]. Novel therapeutic approaches to
prevent or reduce microvascular permeability are paramount to avoid tissue edema and to maintain
sufficient blood supply to target organs. In this context, statins have been described to reduce vascular
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permeability and edema formation in different animal and clinical studies [7–10], yet the underlying
mechanisms have not been investigated in an intact muscle microvasculature.

Bradykinin has several pathophysiological functions and activates the B2 receptor, which is
constitutively expressed on the vasculature and increases vascular permeability in post-capillary
venules [11]. Moreover, bradykinin is an important mediator in stroke, sepsis, diabetes, hereditary and
acquired angioedema [1–6]. Bradykinin may also play a key role in the vascular leakage and pulmonary
edema in patients with COVID-19 [12–14]. Angiotensin converting enzyme 2 (ACE2) has been
implicated as the cellular receptor of SARS-CoV-2 virus [15,16], and reduced ACE2 activity may
indirectly activate the kallikrein–bradykinin pathway to increase vascular permeability [17].

In vitro and in vivo studies have shown that the increase in vascular permeability induced by
bradykinin depends on the generation of reactive oxygen species [18,19]. We previously reported that
bradykinin-induced microvascular permeability in the brain pial microvasculature in vivo is directly
associated with the release of reactive oxygen species following bradykinin receptor activation [20].
The pro-inflammatory cytokine IL-1β has been shown potentiate the actions of bradykinin and
to increase microvascular permeability and edema formation after experimental cerebral ischemia
reperfusion injury [19,21,22]. Under ischemic conditions, IL-1β is rapidly released from brain
tissue, leading to NADPH oxidase assembly and activation, which then rapidly potentiates the
permeability response to bradykinin [19]. Notably, potentiation of bradykinin-induced increases
in cerebral microvascular permeability are blocked by the IL-1 receptor antagonist, IL-1ra [19].
Moreover, acute release of IL-1β has been described as a key inflammatory event in patients with
COVID-19 [23–25] that could also potentiate bradykinin-induced vascular permeability.

Clinical and experimental studies indicate several beneficial effects of statins independent of
their cholesterol-lowering action [26–28]. Statins may have the potential to reduce oxidative stress
by modulating Nrf2-regulated antioxidant genes [29,30], such as heme oxygenase 1 (HO-1) known
to afford protection in rodent models of ischemia in vivo [31,32] and in vascular cells in vitro [29,33].
Further evidence suggests that simvastatin may upregulate HO-1 independently of Nrf2 [34].

To date there are no studies focused on the protective actions of statins against IL-1βmediated
potentiation of bradykinin-induced microvascular permeability. In this study, we investigate for
the first time the effects of pretreatment of rats with simvastatin on bradykinin- and IL-1β-induced
microvascular permeability using intravital microscopy in an intact cremaster muscle preparation
that to date has not been reported. Our findings suggest that simvastatin prevents microvascular
hyperpermeability induced by IL-1β and bradykinin via inhibition of NADPH oxidase and inhibition
of reactive oxygen species generation.

2. Materials and Methods

2.1. Animals and Isolation of the Cremaster Skeletal Muscle Preparation

This study conforms with the Guide for the Care and Use of Laboratory Animals published by
the US National Institutes of Health (NIH Publication No. 85–23, revised 1996) and is in accordance
with UK Home Office regulations (Animals Scientific Procedures) Act, 1986. Approved by UK Home
Office Animal Project License (PPL Number: 70/8934).

Male Wistar rats (Charles River, UK), 4–6 weeks old and weighing 80–100 g), were killed by
exposure to a rising concentration of CO2 followed by cervical dislocation. A longitudinal midline
incision (1–2 cm) was made along the abdomen to expose the underlying organs. All the small branches
of the aorta except the common iliac arteries leading branches that did not supply the chosen cremaster
were tied off and the vena cava was then punctured to create an outlet for the blood that was flushed out
of the circulation. The aorta was cannulated orthogradely with a polythene tubing (outside diameter
0.61 mm). The left common iliac and the right femoral and internal iliac arteries were ligated to ensure
that perfusion was directed to the right external iliac artery supplying the cremaster artery and the
cremaster muscle microvasculature. The tissue was perfused with a modified St. Thomas’ cardioplegic
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solution (mM: 10 MgCl2, 110 NaCl, 8 KCl, 1 CaCl2, 10 HEPES) [35] containing heparin (30 U/mL) and
isoproterenol 10 µM buffered to pH 7.0 ± 0.05 for 10 min.

2.2. Superfusion of Cremaster Muscle Preparation

A longitudinal incision was made along the length of the ventral aspect of the scrotum and the
overlying fascia and connective tissue were carefully removed. The cremaster was pulled out with the
testicle using a pair of blunt forceps, and the distal end of the muscle was secured on a SylGard block
using histology pins (Watkins and Doncaster, Kent, England). The intact cremaster preparation was
then transferred to a modified stage of an intravital microscope (ACM, Zeiss, Oberkochen, Germany)
and continuously superfused (2 mL·min−1) with an albumin-free Krebs solution (pH 7.4) gassed with
5% CO2 in air and maintained at 37 ◦C. The superfusate contained the Na+ channel blocker lidocaine
(20 mg·L−1) to block neural activity and to minimize cremaster muscle contractions.

2.3. Measurement of Post-Capillary Venule Permeability to FITC-Albumin

The stabilizing solution perfusing the cremaster vasculature was replaced with Krebs solution
(mM: 118 NaCl; 4.7 KCl; 2.52 CaCl2; 1.18 MgSO4.7H2O; 1.18 KH2PO4; 25 NaHCO3, 5 glucose and
buffered to pH 7.4 ± 0.05) containing bovine albumin (10 mg·mL−1) delivered by a gravity controlled
reservoir at 0.5 mL·min−1. After 30 min, Krebs perfusion of the vasculature was stopped and a
bolus of Krebs solution containing FITC-albumin (5 mg·mL−1) was injected into the perfusion line.
Post-capillary venules were identified by noting the direction of flow, as the microvasculature was filled
with the fluorescent dye, using a 10×water immersion objective (numerical aperture 0.5). Images were
captured using an FITC filter cube (Chroma Technology Bellows Falls, VT, USA) via image-intensified
CCD camera (Photonic Sciences, Robertsbridge, E. Sussex, UK) for subsequent analysis (ImageHopper;
Samsara Research, Dorking, Surrey, UK).

Perfusion pressure was lowered to atmospheric, and pressure differences in the vasculature were
allowed to dissipate over the course of 3 min. In previous studies, we have demonstrated a linear
correlation between the light collected with the dye concentration and as well as with the square of
the diameter of the microvessel up to a 60 µm limit [36]. Permeability measurements were obtained
from an image sequence acquired at 1 s intervals over 100 s. The dye concentration difference across a
vessel was calculated from the difference between the regions of interest positioned on an image stack
(see Figure 1A,B). Permeability was determined from the rate of decrease in that difference, obtained by
fitting an exponential to the data (Figure 1C) such that P = kD/4, where k is the rate constant and r is the
vessel diameter. The lack of axial flow under the experimental conditions was confirmed by viewing
fluorescent microspheres (1 µm diameter) within the vasculature (data not shown). It was possible
to generate a permeability map on a few occasions when the venule was on the exposed surface of
the cremaster preparation, so that there was no overlying tissue and that any escaped dye dissipated
rapidly. Under these circumstances, the rate constants could be calculated on a pixel by pixel basis
during the exponential fall of dye (see Figure 1D) by taking linear regression of the log (V-I), where V
and I are the pixel values within the vessel and the interstitium, respectively.

2.4. Role of Nitric Oxide and Reactive Oxygen Species in Microvascular Permeability

To determine the role of nitric oxide and reactive oxygen species on basal permeability,
the cremaster preparation was superfused for 5 min with a nitric oxide synthase (NOS) inhibitor,
N-ω-nitro-L-arginine methyl ester (L-NAME; 10 µM) and/or the free radical scavengers superoxide
dismutase (SOD, 100 U·mL−1) and catalase (CAT, 100 U·mL−1). Further experiments examined the
effects of the vasoactive mediators histamine (1 µM) and bradykinin (100 nM) on permeability in the
absence or presence of L-NAME or SOD and CAT.
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Figure 1. Basal and agonist stimulated permeability measurements in single venules in a rat cremaster 
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axial flow had ceased, during which time (70–110 s, panel B) either histamine or bradykinin was 
applied topically. (B) Image stack was analyzed by placing regions of interest (ROIs) over the 33 µm 
diameter venule (red) and the neighboring interstitium (green). (C) Difference between these values 
for the two ROI yields the albumin concentration gradient across the microvessel. The rate constant 
(k) for the fitted monoexponential and the diameter gives the permeability value P = kD/4, assuming 
a circular diameter. (D) A few venules, such as the one illustrated in panel A, were on the surface of 
the cremaster, not overlaid with skeletal muscle fibers, which allowed a color-coded permeability 
map to be generated: the scale values are expressed as cm·s−1 × 10−6. The left-hand image was generated 
following application of 10 nM bradykinin and the right-hand image after 100 nM bradykinin. 
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effects of the vasoactive mediators histamine (1 µM) and bradykinin (100 nM) on permeability in the 
absence or presence of L-NAME or SOD and CAT. 

2.5. Bradykinin- and IL-1β-Induced Increases in Microvascular Permeability  

Increasing concentrations of bradykinin (10−9, 10−8 and 10−7 M) were applied abluminally to the 
cremaster muscle to elicit dose dependent increases in FITC-albumin permeability. After a dose–
response curve to bradykinin, the cremaster muscle was rapidly superfused and IL-1β (30 pM) 
applied abluminally for 10 min. The preparation was then superfused to remove IL-1β, and a new 
dose–response curve to bradykinin (10−9, 10−8 and 10−7 M) performed. To reduce variability between 

Figure 1. Basal and agonist stimulated permeability measurements in single venules in a rat cremaster
muscle preparation. (A) Representative fluorescence image of the cremaster microvasculature following
arterial FITC-albumin infusion. A sequence of images was captured at 1 s intervals after all axial
flow had ceased, during which time (70–110 s, panel B) either histamine or bradykinin was applied
topically. (B) Image stack was analyzed by placing regions of interest (ROIs) over the 33 µm diameter
venule (red) and the neighboring interstitium (green). (C) Difference between these values for the
two ROI yields the albumin concentration gradient across the microvessel. The rate constant (k)
for the fitted monoexponential and the diameter gives the permeability value P = kD/4, assuming a
circular diameter. (D) A few venules, such as the one illustrated in panel A, were on the surface of the
cremaster, not overlaid with skeletal muscle fibers, which allowed a color-coded permeability map
to be generated: the scale values are expressed as cm·s−1 × 10−6. The left-hand image was generated
following application of 10 nM bradykinin and the right-hand image after 100 nM bradykinin.

2.5. Bradykinin- and IL-1β-Induced Increases in Microvascular Permeability

Increasing concentrations of bradykinin (10−9, 10−8 and 10−7 M) were applied abluminally to
the cremaster muscle to elicit dose dependent increases in FITC-albumin permeability. After a
dose–response curve to bradykinin, the cremaster muscle was rapidly superfused and IL-1β (30 pM)
applied abluminally for 10 min. The preparation was then superfused to remove IL-1β, and a new
dose–response curve to bradykinin (10−9, 10−8 and 10−7 M) performed. To reduce variability between
drug applications, the same region of the cremaster microvasculature was observed throughout an
entire experiment, paired permeability measurements obtained in single post-capillary venules.

2.6. Inhibition of NADPH Oxidase Assembly

To determine the involvement of NADPH oxidase in the microvascular hyperpermeability induced
by IL-1β and bradykinin, the cremaster preparation was superfused for 10 min with IL-1β (30 pM) in
the presence of apocynin (Apo, 1 µM), a specific inhibitor of NADPH oxidase in control rats as well
as in simvastatin pretreated rats. The preparation was then rapidly superfused to remove IL-1β and
apocynin and bradykinin (100 nM) applied abluminally.
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2.7. Pretreatment of Animals with Simvastatin

Simvastatin (5 mg·kg−1) was administered to rats intraperitoneally 24 h before isolation of the
cremaster muscle preparation.

2.8. Inhibition of Heme Oxygenase-1 with Tin Protophoryrin IX (SnPP)

The HO-1 inhibitor, tin protoporphyrin IX (SnPP) (5 µM), was applied abluminally for 10 min.
The preparation was then superfused to remove the (SnPP), and bradykinin (100 nM) was applied.
The cremaster muscle was then rapidly superfused (washed) and IL-1β (30 pM) was co-applied with
(SnPP) (5 µM) abluminally for 10 min. The preparation was then superfused to remove IL-1β and
(SnPP) and bradykinin (100 nM) applied abluminally.

2.9. Reagents

All chemicals were purchased from Sigma-Aldrich (Dorset, UK).

2.10. Statistical Analysis

Experimental data represent paired permeability measurements in single venules from different
animals or are expressed as mean ± SEM of measurements in single venules from n = 4–10 animals.
Data were analyzed using a paired or unpaired Student’s t-test and ANOVA in GraphPad Prism 6.0
(La Jolla, CA, USA), with p <0.05 considered statistically significant.

3. Results

3.1. Role of NO and Reactive Oxygen Species in Modulating Basal Microvascular Permeability

Application of the nitric oxide synthase inhibitor L-NAME (10 µM) increased permeability
(0.69 ± 0.26 cm·s−1 × 10−6, p < 0.05) above basal levels (0.33 ± 0.23 cm·s−1 × 10−6, Figure 2).
Notably, co-application of superoxide dismutase (SOD, 100 U·mL−1) and catalase (CAT, 100 U·mL−1)
with L-NAME abrogated the permeability increase (0.15± 0.09 cm·s−1 × 10−6 vs. 0.25±0.05 cm·s−1 × 10−6,
Figure 2) evoked by L-NAME.Antioxidants 2020, 9, x FOR PEER REVIEW 6 of 17 
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NAME (−0.1 ± 0.1 cm·s−1 × 10−6) but unaffected by the free radical scavengers superoxide dismutase 
and catalase (Figure 3A). In contrast, as shown in Figure 3B, the permeability increase induced by 
bradykinin (100 nM, 2.2 ± 0.2 cm·s−1 × 10−6) was unaffected by L-NAME (1.6 ± 0.4 cm·s−1 × 10−6) but 
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Figure 2. Constitutive nitric oxide reduces basal post-capillary venule permeability. Inhibiting
constitutive eNOS with L-NAME (10 µM) resulted in a significant permeability increase, while
scavenging reactive oxygen species with a combination superoxide dismutase and catalase (100 U·mL−1

each) reduced basal permeability. When superoxide dismutase and catalase were co-applied with
L-NAME, there was no permeability change. Data from paired measurements in 4 venules from 4
different animals. Data were analyzed using a paired Student’s t-test.
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3.2. Histamine- and Bradykinin-Induced Microvascular Permeability Is Mediated by Different
Signaling Pathways

Histamine-induced (1 µM) permeability increases (3.4 ± 1.0 cm·s−1 × 10−6) were blocked by
L-NAME (−0.1 ± 0.1 cm·s−1 × 10−6) but unaffected by the free radical scavengers superoxide dismutase
and catalase (Figure 3A). In contrast, as shown in Figure 3B, the permeability increase induced by
bradykinin (100 nM, 2.2 ± 0.2 cm·s−1 × 10−6) was unaffected by L-NAME (1.6 ± 0.4 cm·s−1 × 10−6) but
blocked by co-application of superoxide dismutase and catalase (100 U·mL−1; −0.1 ± 0.1 cm·s−1 × 10−6).Antioxidants 2020, 9, x FOR PEER REVIEW 7 of 17 
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3.3. Bradykinin-Induced Microvascular Permeability Is Potentiated by IL-1β 

Bradykinin applied abluminally to the cremaster microcirculation induced a dose-dependent 
increase in permeability to FITC-albumin (Figure 4A,B). Acute treatment with IL-1β (30 pM) for 10 
min, followed by wash-off of IL-1β, resulted in a significant potentiation of bradykinin-induced 
permeability responses (Figure 4B). 

Figure 3. Involvement of reactive oxygen species and nitric oxide in histamine- and bradykinin-induced
permeability. Changes in venular permeability following application of histamine (A) or bradykinin
(B) at 1 µM in the absence or presence of superoxide dismutase (SOD, 100 U·mL−1) and catalase
(CAT, 100 U·mL−1) or L-NAME (10 µM). Data from paired measurements in 4 venules from 4 different
animals. Data were analyzed using a paired Student’s t-test.

3.3. Bradykinin-Induced Microvascular Permeability Is Potentiated by IL-1β

Bradykinin applied abluminally to the cremaster microcirculation induced a dose-dependent
increase in permeability to FITC-albumin (Figure 4A,B). Acute treatment with IL-1β (30 pM) for 10 min,
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followed by wash-off of IL-1β, resulted in a significant potentiation of bradykinin-induced permeability
responses (Figure 4B).
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application of IL-1β (30 pM) for 10 min, followed by wash-off and reapplication of bradykinin 
applications to the same post-capillary venule. The numbers in panel A indicate the time in minutes 
for each phase of the protocol. (B) Bradykinin permeability response curve following IL-1β 
preapplication was significantly greater than all other responses. Data denote mean ± SEM of 
measurements in 8 vessels from 8 different animals, repeated measures, analysis of co-variance. 
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Microvascular Permeability by IL-1β 

Figure 5 summarizes changes in permeability obtained in single post-capillary venules in 
response to bradykinin (100 nM), IL-1β (30 pM), or bradykinin (100 nM) following 10 min treatment 
with IL-1β (30 pM). Apocynin, co-applied with IL-1β, effectively prevented the potentiation of 
bradykinin-induced permeability (Figure 5). Free radical scavenging by a mixture of by superoxide 
dismutase and catalase completely blocked the permeability response to bradykinin following IL-1β.  

Figure 4. Acute treatment with IL-1β potentiates bradykinin-induced microvascular permeability.
(A) Experimental protocol for dose–response curves to bradykinin (Bk) in the presence of kininase
inhibitors. Bradykinin dose–response curves were obtained in the absence of IL-1β and after acute
application of IL-1β (30 pM) for 10 min, followed by wash-off and reapplication of bradykinin
applications to the same post-capillary venule. The numbers in panel A indicate the time in minutes for
each phase of the protocol. (B) Bradykinin permeability response curve following IL-1β preapplication
was significantly greater than all other responses. Data denote mean ± SEM of measurements in
8 vessels from 8 different animals, repeated measures, analysis of co-variance.

3.4. A Role for NADPH Oxidase and Reactive Oxygen Species in the Potentiation of Bradykinin-Induced
Microvascular Permeability by IL-1β

Figure 5 summarizes changes in permeability obtained in single post-capillary venules in response
to bradykinin (100 nM), IL-1β (30 pM), or bradykinin (100 nM) following 10 min treatment with IL-1β
(30 pM). Apocynin, co-applied with IL-1β, effectively prevented the potentiation of bradykinin-induced
permeability (Figure 5). Free radical scavenging by a mixture of by superoxide dismutase and catalase
completely blocked the permeability response to bradykinin following IL-1β.
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with IL-1β (30 pM). Scavenging reactive oxygen species with superoxide dismutase (100 U/mL) and 
catalase (100 U/mL) completely blocked the permeability response to bradykinin. Data denote mean 
± SEM, n = 10 venules from 10 animals. One-way ANOVA with Tukey’s multiple comparison test. 
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bradykinin permeability response was due to an upregulation of HO-1, the cremaster preparation 
was treated with tin protophoryrin IX (SnPP), a known inhibitor of HO-1 [37,38]. Notably, inhibition 
of HO-1 with SnPP could not restore IL-1β mediated potentiation of bradykinin-induced 
permeability (Figure 6C). Apocynin (1 µM), a specific inhibitor of NADPH oxidase, also had no effect 
in simvastatin pretreated animals, suggesting that pretreatment with simvastatin was sufficient to 
prevent the assembly of NADPH oxidase induced by IL-1β (Figure 6D). 

Figure 5. IL-1β potentiates bradykinin-induced microvascular permeability and involves NADPH
oxidase and reactive oxygen species. The potentiated response to bradykinin (100 nM) application,
following application of IL-1β (30 pM, 10 min), was prevented by co-application of apocynin (1 µM)
with IL-1β (30 pM). Scavenging reactive oxygen species with superoxide dismutase (100 U/mL) and
catalase (100 U/mL) completely blocked the permeability response to bradykinin. Data denote mean
± SEM, n = 10 venules from 10 animals. One-way ANOVA with Tukey’s multiple comparison test.

3.5. Pretreatment of Animals with Simvastatin

Figure 6A demonstrates that in non-treated animals, application of IL-1β (30 pM, 10 min) in
the absence of bradykinin resulted in a small permeability increase, which was prevented by the
pretreatment of animals with simvastatin (5 mg·mL−1) 24 h before. In subsequent experiments,
animals were pretreated with simvastatin (5 mg·mL−1) 24 h before an acute application of IL-1β
(30 pM), followed by wash-off of IL-1β and application of bradykinin (100 nM). Pretreatment with
simvastatin did not alter hyperpermeability induced by bradykinin alone (p = 0.411; Figure 6B).
As shown in Figure 6B, pretreatment with simvastatin abolished the potentiation of bradykinin-induced
microvascular permeability by IL-1β, with no significant effect on the permeability response to
bradykinin alone. To examine whether the simvastatin induced loss of IL-1β potentiation of the
bradykinin permeability response was due to an upregulation of HO-1, the cremaster preparation was
treated with tin protophoryrin IX (SnPP), a known inhibitor of HO-1 [37,38]. Notably, inhibition of
HO-1 with SnPP could not restore IL-1βmediated potentiation of bradykinin-induced permeability
(Figure 6C). Apocynin (1 µM), a specific inhibitor of NADPH oxidase, also had no effect in simvastatin
pretreated animals, suggesting that pretreatment with simvastatin was sufficient to prevent the
assembly of NADPH oxidase induced by IL-1β (Figure 6D).
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mg·mL−1) 24 h before. (B) Potentiation of bradykinin-induced (100 nM) permeability by IL-1β (30 pM) 
was compared in cremaster muscle post-capillary venules from control and simvastatin pretreated (5 
mg/kg; i.p.) animals. (C) Inhibition of HO-1 with SnPP (5 µM) did not restore IL-1β potentiation of 
bradykinin-induced permeability in simvastatin pretreated (5 mg/kg; i.p.) animals. Data were 
analyzed using a paired Student’s t-test. (D) Apocynin had no effect on simvastatin-treated animals, 
suggesting that the pretreatment with simvastatin was sufficient to prevent the assembly of NADPH 
oxidase induced by IL-1β. One-way ANOVA with Tukey’s multiple comparison test. Data denote 
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potentiation of bradykinin-induced microvascular permeability, highlighting the importance of 
pleiotropic effects of statins. Importantly, inhibition of Nox2 assembly by apocynin [37] or scavenging 
of reactive oxygen species with superoxide dismutase and catalase abolished the microvascular 
hyperpermeability induced by IL-β and bradykinin, strongly implicating Nox2 mediated free radical 
generation in increased microvascular permeability. 

Our study confirms our previous findings in cerebral microvessels in vivo that acute bradykinin 
application results in a reactive oxygen species mediated increase in microvascular permeability. We 
report here that basal skeletal muscle microvascular permeability is reduced by scavenging reactive 
oxygen species, and that an increased permeability observed following inhibition of nitric oxide 
generation is abrogated by superoxide dismutase and catalase (Figure 2). This finding indicates that 
constitutive NO generation effectively scavenges basal formation of reactive oxygen species. There 

Figure 6. Pretreatment with simvastatin abolishes potentiation of bradykinin-induced microvascular
permeability by IL-1β. (A) IL-1β (30 pM) application itself for 10 min resulted in a small permeability
increase in non-treated rats (control), which was abrogated by the pretreatment with simvastatin
(5 mg·mL−1) 24 h before. (B) Potentiation of bradykinin-induced (100 nM) permeability by IL-1β (30 pM)
was compared in cremaster muscle post-capillary venules from control and simvastatin pretreated
(5 mg/kg; i.p.) animals. (C) Inhibition of HO-1 with SnPP (5 µM) did not restore IL-1β potentiation of
bradykinin-induced permeability in simvastatin pretreated (5 mg/kg; i.p.) animals. Data were analyzed
using a paired Student’s t-test. (D) Apocynin had no effect on simvastatin-treated animals, suggesting
that the pretreatment with simvastatin was sufficient to prevent the assembly of NADPH oxidase
induced by IL-1β. One-way ANOVA with Tukey’s multiple comparison test. Data denote mean ± SEM
of paired measurements in 3–6 venules from 4–6 different animals in each group.

4. Discussion

The present study in an intact skeletal muscle microvasculature provides the first evidence that
simvastatin prevents small permeability increases induced by IL-1β alone, as well as IL-1βmediated
potentiation of bradykinin-induced microvascular permeability, highlighting the importance of
pleiotropic effects of statins. Importantly, inhibition of Nox2 assembly by apocynin [37] or scavenging
of reactive oxygen species with superoxide dismutase and catalase abolished the microvascular
hyperpermeability induced by IL-β and bradykinin, strongly implicating Nox2 mediated free radical
generation in increased microvascular permeability.

Our study confirms our previous findings in cerebral microvessels in vivo that acute bradykinin
application results in a reactive oxygen species mediated increase in microvascular permeability.
We report here that basal skeletal muscle microvascular permeability is reduced by scavenging reactive
oxygen species, and that an increased permeability observed following inhibition of nitric oxide
generation is abrogated by superoxide dismutase and catalase (Figure 2). This finding indicates that
constitutive NO generation effectively scavenges basal formation of reactive oxygen species. There are
numerous indications in the literature that NOS inhibition exacerbates inflammatory conditions,
and this may provide an explanation for this.
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Bradykinin-induced microvascular permeability has been associated with increased NO
production and vasodilation [39,40], and a key role for reactive oxygen species generated following
bradykinin receptor activation has been reported in cultured endothelial cells in vitro [18,41] and in rat
cerebral microvessels in vivo [19]. Further studies in vivo, using scavengers of reactive oxygen species,
confirmed these findings and showed that superoxide generation contributed to the vasodilation [42]
and increased permeability following bradykinin application [19,20]. Similar to these findings, we have
shown that bradykinin-induced permeability in rat cremaster muscle post-capillary venules was
inhibited by superfusion with superoxide dismutase and catalase (Figure 3B). In addition, the fact that
L-NAME did not inhibit bradykinin-induced permeability in cremaster muscle venules argues against
a role for NO and supports findings in rat mesentery [43] and brain [20].

Histamine has been shown to increase cGMP production in endothelial cells via endothelial
derived NO production, with increased vascular permeability and vasodilation mediated via activation
of soluble guanylyl cyclase [44,45]. In this context, treatment of the cremaster muscle preparation with
L-NAME allowed us to establish that histamine-induced permeability increases were NO-dependent
but unaffected by scavenging of reactive oxygen species.

Although intracellular signaling pathways underlying reactive oxygen species mediated
permeability increases were not studied, it is likely that bradykinin may induce permeability changes via
the generation of free radicals during arachidonic acid metabolism leading to Ca2+ entry through areas
of lipid peroxidation, as we previously reported for brain pial microvessels in vivo [20]. The attenuation
of bradykinin-induced permeability responses in the presence of superoxide dismutase and catalase
suggests that bradykinin-induced permeability increases are linked to free radical generation in rat
cremaster muscle. This finding is consistent with previous reports from our laboratory that permeability
responses to bradykinin in the brain microvasculature in vivo involve the generation of reactive oxygen
species [19,20].

Statins have been described to improve endothelial function, reduce vascular permeability
and edema formation in different experimental and clinical studies [9,46–50]. A clinical study
with hypercholesterolemic patients assessed transcapillary albumin escape rate as an index of
macromolecular permeability, and notably simvastatin treatment over 1 month normalized increases
in transvascular albumin leakage independently of lipid levels in these patients [51]. Using an Evans
blue dye exclusion test, simvastatin treatment for 1 month reduced vascular leakage in the aorta of
hyperlipidemic rabbits [52]. Moreover, simvastatin treatment for 5 weeks improves endothelial barrier
permeability changes in the brain, retina and myocardium of streptozotocin-induced diabetes rats [53].

Notably, administration of simvastatin 24 h before and along with intratracheal injection of
lipopolysaccharide (LPS) attenuates vascular leak and inflammation in a murine inflammatory
model of acute lung injury [7]. Simvastatin reduced approximately 50% of albumin levels in the
bronchoalveolar lavage, and leakage of albumin conjugated with Evans blue dye into the pulmonary
parenchyma in a murine inflammatory lung injury model [7]. Additionally, acute oral administration
of simvastatin reduces brain edema formation and blood–brain barrier permeability after traumatic
brain injury in rats [9]. In a model of experimental intracerebral hemorrhage in rats, simvastatin
treatment increases cerebral blood flow in the injured region of the brain and reduces blood-brain
barrier (BBB) permeability and cerebral edema [10]. Simvastatin also acutely protects the neurovascular
unit, reducing blood–brain barrier permeability, when administered subcutaneously 30 min after
transient cerebral ischemia induced by middle cerebral artery occlusion [8]. It is important, however,
to highlight that most of these previous studies evaluated permeability changes using indirect methods,
such as the Evans blue dye test. Our findings establish that simvastatin has the potential to protect
the endothelial barrier and reduce vascular permeability; however, further studies are necessary to
elucidate the mechanisms involved in these processes and measuring permeability coefficients.

It has been reported that lovastatin induces expression of bradykinin type 2 receptors in cultured
human coronary artery endothelial cells [54]. However, in order to confirm these in vitro findings,
additional in vivo studies with statin treatment in humans and in animal models are required.
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Simvastatin was chosen in the present study based on its potency and pharmacokinetic properties.
The potency rank order for HMG-CoA reductase inhibition among the second-generation statins is
simvastatin > pravastatin > lovastatin � mevastatin [55]. Furthermore, lipophilic statins, such as
simvastatin, are considered more likely to enter endothelial cells by passive diffusion in contrast to
hydrophilic statins, such as pravastatin and rosuvastatin, which are primarily targeted to the liver [56].
Hydrophilic statins have been described to exert similar effects on the vasculature to lipophilic statins
suggesting that specific mechanisms may exist for the uptake of the former; however, this may take
longer than the lipophilic statins [57].

Bradykinin has been shown to play a key role in blood–brain barrier disruption and edema
formation in different pathophysiological processes, including stroke [58,59]. IL-1β is rapidly released
from the brain parenchyma after an ischemic event, triggering NADPH activation and thereby
potentiating bradykinin-induced microvascular permeability [60]. Moreover, the release of bradykinin
and IL-1β contribute to reactive oxygen species generation in the early stages of cerebral ischemia and
reperfusion injury [19]. IL-1β application increases superoxide anion release from human endothelial
cells and increases reactive oxygen species generation from mitochondria and NADPH oxidase in
cultured retinal epithelial cells [61]. Additionally, bradykinin may act as a potential mediator of vascular
leakage and pulmonary edema in patients with COVID-19 [12–14]. In this context, IL-1β release has
been proposed as one of the key inflammatory mediators in COVID-19 [23–25] and could potentially
exacerbate bradykinin-induced vascular permeability in these patients. Thus, employing drugs already
in clinical use, such as simvastatin, could offer a therapeutic strategy for decreasing bradykinin- and/or
IL-1β-induced pulmonary edema in patients with COVID-19.

In accordance with previous studies [19,62], we observed that concomitant application of
IL-1β with apocynin, a specific inhibitor of NADPH oxidase, abolished the potentiation of
bradykinin-induced microvascular permeability by IL-1β (Figure 5). Apocynin rapidly prevents
the assembly of NADPH oxidase, by blocking the cytosolic subunit p47phox translocation to
the cell membrane [37]. Furthermore, apocynin had no effect on simvastatin pretreated rats,
suggesting that simvastatin pretreatment was sufficient to prevent the assembly of NADPH oxidase
induced by IL-1β (Figure 6C). Pretreatment with simvastatin was effective in inhibiting IL-1β actions
on bradykinin-induced permeability, suggesting that protection afforded by simvastatin against
microvascular hyperpermeability may in part be due to inhibition of Nox2. Furthermore, it has been
reported that IL-1β alone rapidly (within 10 to 15 min of its application) increases superoxide
release in both cultured endothelial cells [63] and retinal epithelial cells, with the latter study
suggesting that NADPH oxidase activation was involved [61]. Similarly, we have also demonstrated
that IL-1β itself results in a small permeability increase (see Figure 6A), which was abrogated by
simvastatin. These findings strengthen the proposition that simvastatin pretreatment prevents IL-1β
stimulation of ROS generation via Nox2 assembly. Nevertheless, additional studies are necessary
to investigate whether other pro-inflammatory cytokines, such as IL-2 and IL-6, could also increase
bradykinin-induced microvascular permeability and whether statins could modulate the profile of
these cytokines.

By inhibiting reactive oxygen species generation and reducing the NAD+/NADH ratio, statins will
reduce cellular oxidative stress [64–66]. Thus, protective cardiovascular effects of statins may be directly
associated with their cellular antioxidant properties, independent of the cholesterol-lowering effects of
these agents. As statins have been reported to activate the redox sensitive transcription factor Nrf2
and upregulate the cytoprotective antioxidant enzyme HO-1 [29–33], we postulated that loss of IL-1β
potentiation of bradykinin-induced permeability may be a consequence of enhanced HO-1 activity.
Notably, inhibition of HO-1 with SnPP did not restore the IL-1β-induced potentiation (see Figure 6B),
suggesting that simvastatin probably acts via reducing NADPH oxidase activity. Statins have been
reported to reduce NADPH oxidase activity by inhibiting isoprenylation of the protein Rac1 [28,66–68].

Isoprenylated Rac1 is essential for assembly of the NADPH oxidase enzymatic complex on
the cell membrane [69]. In patients with heart failure, statin treatment reduces Rac1 function,

401



Antioxidants 2020, 9, 1269

NADPH oxidase activity and levels of reactive oxygen species [70], a finding consistent with
our observation that simvastatin pretreatment reduces IL-1β/bradykinin mediated microvascular
hyperpermeability. Reactive oxygen species have been reported to negatively regulate cell–cell adhesion
controlled by intercellular adhesion molecules, such as VE-cadherin and β-catenin, which are linked to
transmembrane molecules and the actin cytoskeleton. In addition to a role for reactive oxygen species,
RhoA activation is important for bradykinin-induced permeability [71]. RhoA-GTP activation leads
to actin cytoskeleton contraction, resulting in the breakdown of the endothelial barrier [72]. In this
context, statins protect the endothelial barrier, reduce oxidative stress and inhibit isoprenylation and
activation of RhoA and Rac1 [52,66].

In the present study, protection afforded by simvastatin against increased microvascular
permeability in cremaster muscle venules in response to IL-1β and bradykinin may be associated with
inhibitory effects on the assembly of NADPH oxidase subunit, leading to diminished NADPH oxidase
mediated superoxide release. Although not investigated in the present study, other cytokines such as
such as IL-6, TNF-α and IL17 may similarly potentiate bradykinin-induced microvascular permeability.
It has been reported that simvastatin inhibits IL-6, IL-8 and IL-1β production in vitro [73,74], which may
contribute to its protective role in cardiovascular diseases. We have now demonstrated that a key
anti-inflammatory action of simvastatin is to prevent IL-1βmediated potentiation of bradykinin-induced
permeability in skeletal muscle microvasculature. This study highlights a novel action by which
simvastatin prevents the potentiation of bradykinin-induced permeability by IL-1β, possibly by
targeting the assembly of NADPH oxidase subunits. The approach undertaken in this study was
functional, and future studies focusing on the molecular pathways are needed to elucidate the exact
mechanism by which simvastatin reduces NADPH oxidase assembly.

5. Conclusions

Simvastatin could play an important role in the prevention and/or treatment of patients
with a high predisposition to microvascular hyperpermeability mediated by pro-inflammatory
cytokines potentiating the actions of bradykinin, with implications perhaps for vascular leakage
and pulmonary edema.

Author Contributions: F.F., P.A.F. and G.E.M. designed the experiments and critically discussed and analyzed
experimental data. F.F. and M.S. conducted all experiments. F.F. drafted the manuscript and P.A.F. and G.E.M.
revised the manuscript. F.F., E.T., P.A.F. and G.E.M. read and approved the final manuscript and all authors agree
to accept accountability for all aspects of the work. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported by CNPq, Brazil (205398/2014-6/SWE, to F.F) and British Heart Foundation
(FS/15/6/31298, to G.E.M.).

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

References

1. Nussberger, J.; Cugno, M.; Cicardi, M. Bradykinin-mediated angioedema. N. Engl. J. Med. 2002, 347, 621–622.
[CrossRef]

2. Bas, M.; Adams, V.; Suvorava, T.; Niehues, T.; Hoffmann, T.K.; Kojda, G. Nonallergic angioedema: Role of
bradykinin. Allergy 2007, 62, 842–856. [CrossRef]

3. Obtulowicz, K. Bradykinin-mediated angioedema. Pol. Arch. Med. Wewn. 2016, 126, 76–85. [CrossRef]
4. Zausinger, S.; Lumenta, D.B.; Pruneau, D.; Schmid-Elsaesser, R.; Plesnila, N.; Baethmann, A. Effects of LF

16-0687 Ms, a bradykinin B(2) receptor antagonist, on brain edema formation and tissue damage in a rat
model of temporary focal cerebral ischemia. Brain Res. 2002, 950, 268–278. [CrossRef]

5. Ruiz, S.; Vardon-Bounes, F.; Buleon, M.; Guilbeau-Frugier, C.; Seguelas, M.H.; Conil, J.M.; Girolami, J.P.; Tack, I.;
Minville, V. Kinin B1 receptor: A potential therapeutic target in sepsis-induced vascular hyperpermeability.
J. Transl. Med. 2020, 18, 174. [CrossRef]

402



Antioxidants 2020, 9, 1269

6. Othman, R.; Vaucher, E.; Couture, R. Bradykinin Type 1 Receptor—Inducible Nitric Oxide Synthase: A New
Axis Implicated in Diabetic Retinopathy. Front. Pharmacol. 2019, 10, 300. [CrossRef]

7. Jacobson, J.R.; Barnard, J.W.; Grigoryev, D.N.; Ma, S.F.; Tuder, R.M.; Garcia, J.G. Simvastatin attenuates
vascular leak and inflammation in murine inflammatory lung injury. Am. J. Physiol. Lung Cell. Mol. Physiol.
2005, 288, L1026–L1032. [CrossRef]

8. Nagaraja, T.N.; Knight, R.A.; Croxen, R.L.; Konda, K.P.; Fenstermacher, J.D. Acute neurovascular unit
protection by simvastatin in transient cerebral ischemia. Neurol. Res. 2006, 28, 826–830. [CrossRef]

9. Beziaud, T.; Ru Chen, X.; El Shafey, N.; Frechou, M.; Teng, F.; Palmier, B.; Beray-Berthat, V.; Soustrat, M.;
Margaill, I.; Plotkine, M.; et al. Simvastatin in traumatic brain injury: Effect on brain edema mechanisms.
Crit. Care Med. 2011, 39, 2300–2307. [CrossRef]

10. Yang, D.; Knight, R.A.; Han, Y.; Karki, K.; Zhang, J.; Ding, C.; Chopp, M.; Seyfried, D.M. Vascular recovery
promoted by atorvastatin and simvastatin after experimental intracerebral hemorrhage: Magnetic resonance
imaging and histological study. J. Neurosurg. 2011, 114, 1135–1142. [CrossRef] [PubMed]

11. Regoli, D. Neurohumoral regulation of precapillary vessels: The kallikrein-kinin system. J. Cardiovasc. Pharmacol.
1984, 6, S401–S412. [CrossRef]

12. Teuwen, L.A.; Geldhof, V.; Pasut, A.; Carmeliet, P. COVID-19: The vasculature unleashed. Nat. Rev. Immunol.
2020, 20, 389–391. [CrossRef]

13. Roche, J.A.; Roche, R. A hypothesized role for dysregulated bradykinin signaling in COVID-19 respiratory
complications. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 2020, 34, 7265–7269. [CrossRef]

14. Van de Veerdonk, F.L.; Netea, M.G.; van Deuren, M.; van der Meer, J.W.; de Mast, Q.; Bruggemann, R.J.;
van der Hoeven, H. Kallikrein-kinin blockade in patients with COVID-19 to prevent acute respiratory distress
syndrome. eLife 2020, 9, e57555. [CrossRef]

15. Yan, R.; Zhang, Y.; Li, Y.; Xia, L.; Guo, Y.; Zhou, Q. Structural basis for the recognition of SARS-CoV-2 by
full-length human ACE2. Science 2020, 367, 1444–1448. [CrossRef]

16. Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Kruger, N.; Herrler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.;
Wu, N.H.; Nitsche, A.; et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a
Clinically Proven Protease Inhibitor. Cell 2020, 181, 271–280. [CrossRef]

17. Imai, Y.; Kuba, K.; Penninger, J.M. The discovery of angiotensin-converting enzyme 2 and its role in acute
lung injury in mice. Exp. Physiol. 2008, 93, 543–548. [CrossRef]

18. Shimizu, S.; Ishii, M.; Yamamoto, T.; Kawanishi, T.; Momose, K.; Kuroiwa, Y. Bradykinin induces generation
of reactive oxygen species in bovine aortic endothelial cells. Res. Commun. Chem. Pathol. Pharmacol. 1994,
84, 301–314.

19. Woodfin, A.; Hu, D.E.; Sarker, M.; Kurokawa, T.; Fraser, P. Acute NADPH oxidase activation potentiates
cerebrovascular permeability response to bradykinin in ischemia-reperfusion. Free Radic. Biol. Med. 2011,
50, 518–524. [CrossRef]

20. Sarker, M.H.; Hu, D.E.; Fraser, P.A. Acute effects of bradykinin on cerebral microvascular permeability in the
anaesthetized rat. J. Physiol. 2000, 528, 177–187. [CrossRef]

21. Sobey, C.G. Bradykinin B2 receptor antagonism: A new direction for acute stroke therapy? Br. J. Pharmacol.
2003, 139, 1369–1371. [CrossRef]

22. Touzani, O.; Boutin, H.; Chuquet, J.; Rothwell, N. Potential mechanisms of interleukin-1 involvement in
cerebral ischaemia. J. Neuroimmunol. 1999, 100, 203–215. [CrossRef]

23. Cavalli, G.; De Luca, G.; Campochiaro, C.; Della-Torre, E.; Ripa, M.; Canetti, D.; Oltolini, C.; Castiglioni, B.;
Tassan Din, C.; Boffini, N.; et al. Interleukin-1 blockade with high-dose anakinra in patients with COVID-19,
acute respiratory distress syndrome, and hyperinflammation: A retrospective cohort study. Lancet Rheumatol.
2020, 2, e325–e331. [CrossRef]

24. Ucciferri, C.; Auricchio, A.; Di Nicola, M.; Potere, N.; Abbate, A.; Cipollone, F.; Vecchiet, J.; Falasca, K.
Canakinumab in a subgroup of patients with COVID-19. Lancet Rheumatol. 2020. [CrossRef]

25. Conti, P.; Ronconi, G.; Caraffa, A.; Gallenga, C.; Ross, R.; Frydas, I.; Kritas, S. Induction of
pro-inflammatory cytokines (IL-1 and IL-6) and lung inflammation by Coronavirus-19 (COVI-19 or
SARS-CoV-2): Anti-inflammatory strategies. J. Biol. Regul. Homeost. Agents 2020, 34, 327–331.

26. Stoll, L.L.; McCormick, M.L.; Denning, G.M.; Weintraub, N.L. Antioxidant effects of statins. Timely Top. Med.
Cardiovasc. Dis. 2005, 9, E1. [CrossRef]

403



Antioxidants 2020, 9, 1269

27. Freitas, F.; Estato, V.; Reis, P.; Castro-Faria-Neto, H.C.; Carvalho, V.; Torres, R.; Lessa, M.A.; Tibirica, E. Acute
simvastatin treatment restores cerebral functional capillary density and attenuates angiotensin II-induced
microcirculatory changes in a model of primary hypertension. Microcirculation 2017, 24. [CrossRef]

28. Margaritis, M.; Sanna, F.; Antoniades, C. Statins and oxidative stress in the cardiovascular system.
Curr. Pharm. Des. 2017. [CrossRef]

29. Ali, F.; Zakkar, M.; Karu, K.; Lidington, E.A.; Hamdulay, S.S.; Boyle, J.J.; Zloh, M.; Bauer, A.; Haskard, D.O.;
Evans, P.C.; et al. Induction of the cytoprotective enzyme heme oxygenase-1 by statins is enhanced in
vascular endothelium exposed to laminar shear stress and impaired by disturbed flow. J. Biol. Chem. 2009,
284, 18882–18892. [CrossRef]

30. Chartoumpekis, D.; Ziros, P.G.; Psyrogiannis, A.; Kyriazopoulou, V.; Papavassiliou, A.G.; Habeos, I.G.
Simvastatin lowers reactive oxygen species level by Nrf2 activation via PI3K/Akt pathway. Biochem. Biophys.
Res. Commun. 2010, 396, 463–466. [CrossRef]

31. Gueler, F.; Park, J.K.; Rong, S.; Kirsch, T.; Lindschau, C.; Zheng, W.; Elger, M.; Fiebeler, A.; Fliser, D.;
Luft, F.C.; et al. Statins attenuate ischemia-reperfusion injury by inducing heme oxygenase-1 in infiltrating
macrophages. Am. J. Pathol. 2007, 170, 1192–1199. [CrossRef]

32. Hsu, H.H.; Ko, W.J.; Hsu, J.Y.; Chen, J.S.; Lee, Y.C.; Lai, I.R.; Chen, C.F. Simvastatin ameliorates established
pulmonary hypertension through a heme oxygenase-1 dependent pathway in rats. Respir. Res. 2009, 10, 32.
[CrossRef]

33. Makabe, S.; Takahashi, Y.; Watanabe, H.; Murakami, M.; Ohba, T.; Ito, H. Fluvastatin protects vascular smooth
muscle cells against oxidative stress through the Nrf2-dependent antioxidant pathway. Atherosclerosis 2010,
213, 377–384. [CrossRef]

34. Piechota-Polanczyk, A.; Kopacz, A.; Kloska, D.; Zagrapan, B.; Neumayer, C.; Grochot-Przeczek, A.; Huk, I.;
Brostjan, C.; Dulak, J.; Jozkowicz, A. Simvastatin Treatment Upregulates HO-1 in Patients with Abdominal
Aortic Aneurysm but Independently of Nrf2. Oxidative Med. Cell. Longev. 2018, 2018, 2028936. [CrossRef]

35. Chambers, D.J.; Fallouh, H.B. Cardioplegia and cardiac surgery: Pharmacological arrest and cardioprotection
during global ischemia and reperfusion. Pharmacol. Ther. 2010, 127, 41–52. [CrossRef]

36. Fraser, P.A.; Dallas, A.D.; Davies, S. Measurement of filtration coefficient in single cerebral microvessels of
the frog. J. Physiol. 1990, 423, 343–361. [CrossRef]

37. Ximenes, V.F.; Kanegae, M.P.; Rissato, S.R.; Galhiane, M.S. The oxidation of apocynin catalyzed by
myeloperoxidase: Proposal for NADPH oxidase inhibition. Arch. Biochem. Biophys. 2007, 457, 134–141.
[CrossRef]

38. Kaizu, T.; Tamaki, T.; Tanaka, M.; Uchida, Y.; Tsuchihashi, S.; Kawamura, A.; Kakita, A. Preconditioning
with tin-protoporphyrin IX attenuates ischemia/reperfusion injury in the rat kidney. Kidney Int. 2003,
63, 1393–1403. [CrossRef]

39. Cambridge, H.; Brain, S.D. Mechanism of bradykinin-induced plasma extravasation in the rat knee joint.
Br. J. Pharmacol. 1995, 115, 641–647. [CrossRef]

40. Feletou, M.; Bonnardel, E.; Canet, E. Bradykinin and changes in microvascular permeability in the hamster
cheek pouch: Role of nitric oxide. Br. J. Pharmacol. 1996, 118, 1371–1376. [CrossRef]

41. Holland, J.A.; Pritchard, K.A.; Pappolla, M.A.; Wolin, M.S.; Rogers, N.J.; Stemerman, M.B. Bradykinin
induces superoxide anion release from human endothelial cells. J. Cell. Physiol. 1990, 143, 21–25. [CrossRef]
[PubMed]

42. Wambi-Kiesse, C.O.; Katusic, Z.S. Inhibition of copper/zinc superoxide dismutase impairs NO.-mediated
endothelium-dependent relaxations. Am. J. Physiol. 1999, 276, H1043–H1048. [CrossRef] [PubMed]

43. Shigematsu, S.; Ishida, S.; Gute, D.C.; Korthuis, R.J. Bradykinin-induced proinflammatory signaling
mechanisms. Am. J. Physiol. Heart Circ. Physiol. 2002, 283, H2676–H2686. [CrossRef] [PubMed]

44. Furchgott, R.F.; Vanhoutte, P.M. Endothelium-derived relaxing and contracting factors. FASEB J. 1989,
3, 2007–2018. [CrossRef]

45. Nizamutdinova, I.T.; Maejima, D.; Nagai, T.; Bridenbaugh, E.; Thangaswamy, S.; Chatterjee, V.; Meininger, C.J.;
Gashev, A.A. Involvement of histamine in endothelium-dependent relaxation of mesenteric lymphatic vessels.
Microcirculation 2014, 21, 640–648. [CrossRef]

46. Manitsopoulos, N.; Orfanos, S.E.; Kotanidou, A.; Nikitopoulou, I.; Siempos, I.; Magkou, C.; Dimopoulou, I.;
Zakynthinos, S.G.; Armaganidis, A.; Maniatis, N.A. Inhibition of HMGCoA reductase by simvastatin protects
mice from injurious mechanical ventilation. Respir. Res. 2015, 16, 24. [CrossRef]

404



Antioxidants 2020, 9, 1269

47. Yang, C.H.; Kao, M.C.; Shih, P.C.; Li, K.Y.; Tsai, P.S.; Huang, C.J. Simvastatin attenuates sepsis-induced
blood-brain barrier integrity loss. J. Surg. Res. 2015, 194, 591–598. [CrossRef]

48. Tuuminen, R.; Sahanne, S.; Loukovaara, S. Low intravitreal angiopoietin-2 and VEGF levels in vitrectomized
diabetic patients with simvastatin treatment. Acta Ophthalmol. 2014, 92, 675–681. [CrossRef]

49. Zhang, W.; Yan, H. Simvastatin increases circulating endothelial progenitor cells and reduces the formation
and progression of diabetic retinopathy in rats. Exp. Eye Res. 2012, 105, 1–8. [CrossRef]

50. Caldwell, R.B.; Bartoli, M.; Behzadian, M.A.; El-Remessy, A.E.; Al-Shabrawey, M.; Platt, D.H.; Liou, G.I.;
Caldwell, R.W. Vascular endothelial growth factor and diabetic retinopathy: Role of oxidative stress.
Curr. Drug Targets 2005, 6, 511–524. [CrossRef]

51. Dell’Omo, G.; Bandinelli, S.; Penno, G.; Pedrinelli, R.; Mariani, M. Simvastatin, capillary permeability, and
acetylcholine-mediated vasomotion in atherosclerotic, hypercholesterolemic men. Clin. Pharmacol. Ther.
2000, 68, 427–434. [CrossRef] [PubMed]

52. Van Nieuw Amerongen, G.P.; Vermeer, M.A.; Negre-Aminou, P.; Lankelma, J.; Emeis, J.J.; van Hinsbergh, V.W.
Simvastatin improves disturbed endothelial barrier function. Circulation 2000, 102, 2803–2809. [CrossRef]
[PubMed]

53. Mooradian, A.D.; Haas, M.J.; Batejko, O.; Hovsepyan, M.; Feman, S.S. Statins ameliorate endothelial
barrier permeability changes in the cerebral tissue of streptozotocin-induced diabetic rats. Diabetes 2005,
54, 2977–2982. [CrossRef] [PubMed]

54. Liesmaa, I.; Kokkonen, J.O.; Kovanen, P.T.; Lindstedt, K.A. Lovastatin induces the expression of bradykinin
type 2 receptors in cultured human coronary artery endothelial cells. J. Mol. Cell. Cardiol. 2007, 43, 593–600.
[CrossRef]

55. Blum, C.B. Comparison of properties of four inhibitors of 3-hydroxy-3-methylglutaryl-coenzyme A reductase.
Am. J. Cardiol. 1994, 73, 3d–11d. [CrossRef]

56. Zhou, Q.; Liao, J.K. Pleiotropic effects of statins—Basic research and clinical perspectives. Circ. J. Off. J. Jpn.
Circ. Soc. 2010, 74, 818–826.

57. Schachter, M. Chemical, pharmacokinetic and pharmacodynamic properties of statins: An update.
Fundam. Clin. Pharmacol. 2005, 19, 117–125. [CrossRef]

58. Kunz, M.; Nussberger, J.; Holtmannspötter, M.; Bitterling, H.; Plesnila, N.; Zausinger, S. Bradykinin in
blood and cerebrospinal fluid after acute cerebral lesions: Correlations with cerebral edema and intracranial
pressure. J. Neurotrauma 2013, 30, 1638–1644. [CrossRef]

59. Dobrivojevic, M.; Spiranec, K.; Sindic, A. Involvement of bradykinin in brain edema development after
ischemic stroke. Pflug. Arch. Eur. J. Physiol. 2015, 467, 201–212. [CrossRef]

60. Eder, C. Mechanisms of interleukin-1beta release. Immunobiology 2009, 214, 543–553. [CrossRef]
61. Yang, D.; Elner, S.G.; Bian, Z.M.; Till, G.O.; Petty, H.R.; Elner, V.M. Pro-inflammatory cytokines increase

reactive oxygen species through mitochondria and NADPH oxidase in cultured RPE cells. Exp. Eye Res.
2007, 85, 462–472. [CrossRef] [PubMed]

62. Warboys, C.M.; Toh, H.B.; Fraser, P.A. Role of NADPH oxidase in retinal microvascular permeability increase
by RAGE activation. Investig. Ophthalmol. Vis. Sci. 2009, 50, 1319–1328. [CrossRef] [PubMed]

63. Matsubara, T.; Ziff, M. Increased superoxide anion release from human endothelial cells in response to
cytokines. J. Immunol. 1986, 137, 3295–3298. [PubMed]

64. Wagner, A.H.; Kohler, T.; Ruckschloss, U.; Just, I.; Hecker, M. Improvement of nitric oxide-dependent
vasodilatation by HMG-CoA reductase inhibitors through attenuation of endothelial superoxide anion
formation. Arter. Thromb. Vasc. Biol. 2000, 20, 61–69. [CrossRef]

65. Endres, M.; Laufs, U. Effects of statins on endothelium and signaling mechanisms. Stroke 2004, 35, 2708–2711.
[CrossRef]

66. Chen, W.; Pendyala, S.; Natarajan, V.; Garcia, J.G.; Jacobson, J.R. Endothelial cell barrier protection by
simvastatin: GTPase regulation and NADPH oxidase inhibition. Am. J. Physiol. Lung Cell. Mol. Physiol. 2008,
295, L575–L583. [CrossRef]

67. Wassmann, S.; Laufs, U.; Baumer, A.T.; Muller, K.; Konkol, C.; Sauer, H.; Bohm, M.; Nickenig, G. Inhibition of
geranylgeranylation reduces angiotensin II-mediated free radical production in vascular smooth muscle cells:
Involvement of angiotensin AT1 receptor expression and Rac1 GTPase. Mol. Pharmacol. 2001, 59, 646–654.
[CrossRef]

405



Antioxidants 2020, 9, 1269

68. Delbosc, S.; Morena, M.; Djouad, F.; Ledoucen, C.; Descomps, B.; Cristol, J.P. Statins,
3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors, are able to reduce superoxide anion production
by NADPH oxidase in THP-1-derived monocytes. J. Cardiovasc. Pharmacol. 2002, 40, 611–617. [CrossRef]

69. Hordijk, P.L. Regulation of NADPH oxidases: The role of Rac proteins. Circ. Res. 2006, 98, 453–462.
[CrossRef]

70. Maack, C.; Kartes, T.; Kilter, H.; Schafers, H.J.; Nickenig, G.; Bohm, M.; Laufs, U. Oxygen free radical release
in human failing myocardium is associated with increased activity of rac1-GTPase and represents a target
for statin treatment. Circulation 2003, 108, 1567–1574. [CrossRef]

71. Ma, T.; Xue, Y. RhoA-mediated potential regulation of blood-tumor barrier permeability by bradykinin.
J. Mol. Neurosci. 2010, 42, 67–73. [CrossRef] [PubMed]

72. Wojciak-Stothard, B.; Potempa, S.; Eichholtz, T.; Ridley, A.J. Rho and Rac but not Cdc42 regulate endothelial
cell permeability. J. Cell Sci. 2001, 114, 1343–1355. [PubMed]

73. Boland, A.J.; Gangadharan, N.; Kavanagh, P.; Hemeryck, L.; Kieran, J.; Barry, M.; Walsh, P.T.; Lucitt, M.
Simvastatin Suppresses Interleukin Iβ Release in Human Peripheral Blood Mononuclear Cells Stimulated
With Cholesterol Crystals. J. Cardiovasc. Pharmacol. Ther. 2018, 23, 509–517. [CrossRef] [PubMed]

74. Yokota, K.; Miyazaki, T.; Hirano, M.; Akiyama, Y.; Mimura, T. Simvastatin inhibits production of interleukin
6 (IL-6) and IL-8 and cell proliferation induced by tumor necrosis factor-alpha in fibroblast-like synoviocytes
from patients with rheumatoid arthritis. J. Rheumatol. 2006, 33, 463–471.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

406



antioxidants

Article

Impairment of PGC-1 Alpha Up-Regulation Enhances
Nitrosative Stress in the Liver during Acute Pancreatitis
in Obese Mice

Sergio Rius-Pérez 1,†, Isabel Torres-Cuevas 2,† , María Monsalve 3 , Francisco J. Miranda 1

and Salvador Pérez 1,*
1 Department of Physiology, Faculty of Pharmacy, University of Valencia, Avda. Vicente Andres Estelles s/n,

46100 Burjassot, Spain; sergio.rius@uv.es (S.R.-P.); Francisco.J.Miranda@uv.es (F.J.M.)
2 Neonatal Research Group, Health Research Institute La Fe, 46026 Valencia, Spain; Maria.I.Torres@uv.es
3 Instituto de Investigaciones Biomédicas “Alberto Sols” (CSIC-UAM), Arturo Duperier, 4,

28029 Madrid, Spain; mpmonsalve@iib.uam.es
* Correspondence: salvador.perez-garrido@uv.es; Tel.: +34-963-54-3253
† Sergio Rius-Pérez and Isabel Torres-Cuevas are equal first authors.

Received: 31 July 2020; Accepted: 17 September 2020; Published: 19 September 2020
����������
�������

Abstract: Acute pancreatitis is an inflammatory process of the pancreatic tissue that often leads
to distant organ dysfunction. Although liver injury is uncommon in acute pancreatitis, obesity is
a risk factor for the development of hepatic complications. The aim of this work was to evaluate
the role of PGC-1α in inflammatory response regulation in the liver and its contribution to the
detrimental effect of obesity on the liver during acute pancreatitis. For this purpose, we induced acute
pancreatitis by cerulein in not only wild-type (WT) and PGC-1α knockout (KO) mice, but also in lean
and obese mice. PGC-1α levels were up-regulated in the mice livers with pancreatitis. The increased
PGC-1α levels were bound to p65 to restrain its transcriptional activity toward Nos2. Lack of PGC-1α
favored the assembly of the p65/phospho-STAT3 complex, which promoted Nos2 expression during
acute pancreatitis. The increased transcript Nos2 levels and the pro-oxidant liver status caused by
the down-regulated expression of the PGC-1α-dependent antioxidant genes enhanced nitrosative
stress and decreased energy charge in the livers of the PGC-1α KO mice with pancreatitis. It is
noteworthy that the PGC-1α levels lowered in the obese mice livers, which increased the Nos2
mRNA expression and protein nitration levels and decreased energy charge during pancreatitis.
In conclusion, obesity impairs PGC-1α up-regulation in the liver to cause nitrosative stress during
acute pancreatitis.

Keywords: acute pancreatitis; obesity; nitrosative stress; PGC-1α; liver

1. Introduction

Acute pancreatitis (AP) is an inflammatory disorder of the pancreas that often leads to a systemic
inflammatory response and organ failure [1]. Currently, AP is the main cause of hospital admission
for gastrointestinal problems in the USA [2], with a mortality rate of around 30% in patients who
develop organ failure [3]. Several pieces of evidence suggest that oxidative and nitrosative stresses
play an essential role in AP pathogenesis [4]. Oxidative stress amplifies the inflammatory process that
leads to oxidative damage and contributes to the progression of extrapancreatic complications [5,6].
Nitrosative stress is a well-known feature of AP, with inducible nitric oxide synthase (NOS2) being the
main source of nitric oxide (NO) in the pancreas during the course of this pathology [7–10]. In fact,
Nos2-deficient mice exhibit a low degree of pancreatic inflammation and tissue damage in the pancreas
with AP [10].
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Obesity is a chronic inflammatory condition that increases the appearance of local and systemic
complications and mortality in patients with AP [11–13]. Numerous factors contribute to systemic
injury in obese patients with AP, such as the uncontrolled cytokine response, the release of unsaturated
fatty acids and damage-associated molecular patterns [13]. The pulmonary, cardiovascular, and renal
systems are more frequently affected in AP via these mediators [14]. On the contrary, liver damage
is less common, but interestingly its appearance is used as a prognostic value in human AP and its
failure invariably leads to death [15]. Remarkably, obesity only triggers hepatic injury during AP in
genetically obese fa/fa Zucker rats compared to lean rats [16]. Furthermore, fatty livers can imply much
higher rates for local complications, organ failure and mortality during AP [17].

PPARγ co-activator 1α (PGC-1α) is a transcriptional co-activator that is dysregulated in obesity
and is important for maintenance of balance in the production of reactive oxygen species (ROS) during
inflammatory processes [18]. Indeed, PGC1α modulates the expression of mitochondrial antioxidant
defense genes, including manganese superoxide dismutase (Sod2), peroxiredoxin (Prx) 3, Prx5 and
catalase [19,20]. PGC-1α overexpression is known to suppress the expression of the pro-inflammatory
cytokines triggered by tumor necrosis factor-α (TNF-α) in C2C12 muscle cells [21]. Low PGC-1α levels
in inflamed tissues increase ROS production and contribute to increased inflammatory response [22].

In the present work, we address the role of PGC-1α in inflammatory response regulation in the
liver during acute pancreatitis. Furthermore, we explore the precise contribution of PGC-1α in the
liver to the detrimental effect of obesity on acute pancreatitis.

2. Materials and Methods

2.1. Animals

C57BL/6 J PGC-1α−/− mice were originally provided by Dr. Bruce Spiegelman (Dana–Farber
Cancer Institute, Harvard Medical School, Boston, MA, USA). Subsequently, a colony was established
at the Institute of Biomedical Research “Alberto Sols” (Madrid, Spain) animal facility. The generation
and phenotype of PGC-1α knockout (KO) mice have been described previously [23].

Male C57BL/6 J PGC-1α+/+ (22.4 ± 1.5 g; n = 12) and C57BL/6 J PGC-1α−/− (21.9 ± 1.7 g; n = 12)
mice were used and fed a standard diet. The male C57BL/6 J mice purchased from Jackson Laboratory
(Bar Harbor, ME, USA) were used, and fed either standard chow (TD.08485, Envigo, Barcelona, Spain)
(lean: 22.9 ± 1.0 g; n = 10) or a high-fat diet with 40% calories from fat (TD.88137, Envigo, Barcelona,
Spain) (obese: 29.7 ± 1.8 g; n = 10) for 12 weeks.

All the animals were housed under standard environmental conditions (20–22 ◦C,
50 ± 10% humidity, 12 h light–dark cycle) with food and water ad libitum. Experiments were
conducted in compliance with legislation on the protection of animals used for scientific purposes
in Spain (RD 53/2013) and with EU (Directive 2010/63/EU). Protocols were approved by the Ethics
Committee of Animal Experimentation and Welfare of the University of Valencia (Ethical Protocol Code
A1529666350463, Valencia, Spain). This was approved by the Regional Ministry of Agriculture,
Environment, Climate Change and Rural Development of Generalitat Valenciana with Code
2018/VSC/PEA/0190 type 2.

2.2. Experimental Model of Acute Pancreatitis

Acute pancreatitis was induced in 12-week-old mice by seven intraperitoneal cerulein injections
(Sigma-Aldrich, St. Louis, MO, USA) (50 µg/kg body weight) at 1-h intervals [24]. Physiological saline
(0.9% NaCl) was administered to the control group (sham mice). Animals were sacrificed 1 h after the
seventh cerulein injection. Mice were sacrificed by euthanization under anesthesia with isoflurane
3–5% and were then exsanguinated. The pancreas and liver were immediately removed. Sacrifice was
confirmed by cervical dislocation.
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2.3. RNA Extraction and RT-qPCR Analysis of Gene Expression

Total RNA was isolated using TRIzol reagent (Sigma-Aldrich, St. Louis, MO, USA) following
the manufacturer’s instructions. The RNA concentration was measured in a NanoDrop Lite
spectrophotometer (Thermo Scientific, Waltham, MA, USA), and purity was determined by the
optical density (OD) 260/280 ratio. RNA was reverse transcribed to cDNA with the PrimeScript
RT Reagent Kit (Perfect Real Time) (Takara Bio Inc., Kusatsu, Japan) following the manufacturer’s
instructions. The RNA levels of the genes were performed in a thermal cycler (I-Cycler + IQ Multicolor
Real-Time OCR Detection System, Biorad, Hercules, CA, USA) by using the SYBR Green PCR Master
Mix (Takara Bio Inc., Kusatsu, Japan). The employed specific primers are shown in Table 1.

Table 1. The oligonucleotides used for RT-qPCR.

Target Gene (mm) Direct/Reverse Oligonucleotide

Ppargc1a
(Gene ID: 19017)

F –> TTAAAGTTCATGGGGCAAGC
R –> TAGGAATGGCTGAAGGGATG

Sod2
(Gene ID: 20656)

F –> GGCCAAGGGAGATGTTACAA
R –> GAACCTTGGACTCCCACAGA

Prx3
(Gene ID: 11757)

F –> CAAGAAAGAATGGTGGTTTGG
R –> TGCTTGACGACACCATTAGG

Nos2
(Gene ID: 18126)

F –>GCATCCCAAGTACGAGTGGGT
R –>GAAGTCTCGAACTCCAATC

Tbp
(Gene ID: 21374)

F –>CAGCCTTCCACCTTATGCTC
R –> CCGTAAGGCATCATTGGACT

RT-qPCR was performed by running TaqMan gene expression assays and the TaqMans PCR
Master Mix (Applied Biosystems, Life Technologies Corporation, Carlsbad, CA, USA). A list of the
analyzed genes and TaqMan probes is presented in Table 2.

Table 2. The TaqMan® probe used for RT-qPCR.

Target Gene (mm) Sonda TaqMan

Tnfα
(Gene ID: 21926) Mm00443258_g1

Il6
(Gene ID: 16193) Mm00446190_m1

Tbp
(Gene ID: 21374) Mm01277042_m1

The results were normalized using the TATA binding protein (Tbp) as housekeeping.
The threshold cycle (CT) was determined and the relative gene expression was expressed as follows:
fold change = 2–∆(∆CT), where ∆CT = CT target − CT housekeeping, and ∆(∆CT) = ∆CT treated −
∆CT control.

2.4. Western Blot Analysis

The liver and pancreas tissue samples were frozen at −80 ◦C until homogenization
(Politron Generator FSH-G 5/085 from Thermo Fisher Scientific, Waltham, MA, USA,) in extraction
buffer (100 mg/mL) on ice. Lysis buffer (20 mm Tris–HCl, pH 7.5, 1 mM EDTA, 150 mM NaCl, 0.1% SDS,
1% Igepal, 30 mM sodium pyrophosphate, 50 mM sodium fluoride, 1 mM sodium orthovanadate)
and a protease inhibitor cocktail (Sigma-Aldrich) at a concentration of 4 µL/mL were employed.
Homogenates were centrifuged for 15 min at 15,000 rpm and 4 ◦C. The concentration of the proteins
in each homogenate was measured by the bicinchoninic acid (BCA) protein assay (Thermo Fisher
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Scientific, Waltham, MA, USA). Blots were visualized using a chemiluminescence (ECL) detection kit
Western blotting substrate (Fisher Scientific, Madrid, Spain). Signals were captured by the ChemiDoc
XRS and Imaging System (Bio-rad, Richmond, CA, USA). The density of bands was measured by
version 2.0.1 of the Image Lab Software (Bio-rad, Richmond, CA, USA).

The employed antibodies were: anti-β-tubulin (1:1000, ab6046 from Abcam, Cambridge, UK);
anti-PGC-1α (1:500, sc-518025 from Santa Cruz Biotechnology, Dallas, TX, USA); anti-p65 (1:1000,
#8242 from Cell Signaling Technology, Danvers, MA, USA); anti-phospho-p65 (Ser 536) (1:100,
#3033 from Cell Signaling); anti-Nitro-tyrosine (1:1000, #9691 from Cell Signaling); anti-STAT3
(1:1000, #9132 from Cell Signaling); anti-phospho-STAT3 (Tyr705) (1:1000, #9131 from Cell Signaling);
anti-GAPDH (1:1000, #2118 from Cell Signaling); anti-NOS2 (1:1000, ab178945 from Abcam); anti-IgG
(1:1000, #7076 from Cell Signaling).

2.5. Co-Immunoprecipitation

Protein–protein interactions were analyzed by co-immunoprecipitation experiments. Whole-cell
extracts were prepared and subjected to immunoprecipitation with specific antibodies against PGC-1α
(sc-518025, Santa Cruz, Dallas, TX, USA) and p65 (1:1000, #8242 from Cell Signalling) as previously
described [25]. The presence of both NF-κB and p-STAT3 in immunoprecipitates was evaluated by a
Western blot with their corresponding antibodies (p65 and p-STAT3).

2.6. Redox Pairs and Protein Nitration and Chlorination by UPLC-MS/MS Analysis

Redox pairs, namely, oxidized glutathione (GSSG)/reduced glutathione (GSH), γ-glutamilcystine/

γ-glutamilcysteine and cysteine (Cyss)/cysteine (Cys), were analyzed from the frozen liver samples
homogenized in phosphate buffered saline (PBS) with 10 mM N-ethylmaleimide. Then, perchloric
acid was added to obtain a 4% concentration and centrifuged at 15,000× g for 15 min at 4 ◦C.
The concentration of analytes was determined in the supernatants by Ultra Performance Liquid
Chromatography—mass spectrometry UPLC-MS/MS. This method was performed following the
protocol of Escobar et al. [26]

Protein nitration and chlorination were determined by calculating the ratio 3NO2-Tyrosine/

p-Tyrosine and 3Cl-Tyrosine/p-Tyrosine. The protocol consists of homogenizing frozen liver with
lysis buffer (100 mg/mL). Next proteins were precipitated with trichloroacetic acid (TCA) (10%, v/v),
and pellets were resuspended in sodium acetate (50 mmol/L, Ph 7.2) (Sigma-Aldrich, St. Louis, MO,
USA). Immediately, the protein digestion from tissue extracts was carried out according to Hensley’s
method [27]. To finish pronase activity, TCA was used to precipitate it. Then, samples were centrifuged
(5000 rpm, 4 ◦C, 5 min) and the supernatant from each sample was injected into the chromatographic
system to be quantified by UPLC-MS/MS according to Torres-Cuevas et al. [28].

Data were acquired and processed with the MassLynx 4.1 software and the QuanLynx 4.1 software
(Waters), respectively.

2.7. Energy Charge Determined by UPLC-MS/MS

The energy charge (E.C.) is an index relative to ATP, ADP and AMP concentrations as indicated
by the formula E.C. = ((ATP) + 0.5(ADP))/((ATP) + (ADP) + (AMP)) [29].

The determination has been performed in the liver tissue by means of ultra-high-resolution
liquid chromatography coupled to a mass spectrometry tandem (UPLC-MS/MS). The system used
is Acquity UPLC-Xevo TQD from Waters (Milford, MA, USA). The samples were processed from
frozen liver samples (−80 ◦C), homogenized in water: methanol (1:3) cold at 4 ◦C (100 mg/mL). In this
step, the methanol precipitates the proteins present in the homogenate and, once precipitated, to be
eliminated, the samples were centrifuged for 20 min at 15,000 rpm at 4 ◦C. The supernatant obtained was
analyzed by UPLC-MS/MS according to Jiang Y et al. with slight modifications [30]. The precipitate was
suspended in ammonium acetate buffer pH = 7 to determine the protein concentration in the sample.
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2.8. Biochemical Assays

Lipase, amylase and aspartate aminotransferase (AST) activity were determined in plasma
by the LIPASE-LQ, AMYLASE-LQ and GOT (AST)-LQ, respectively, (Spinreact, Girona, Spain).
The procedures were performed according to the indications of the kit.

Triglycerides and total lipids were determined in liver tissue by the TRIGLYCERIDES-LQ and
TOTAL LIPIDS, respectively (Spinreact, Girona, Spain). The procedures were performed according
to the indications of the kit in liver homogenate in PBS (100 mg/mL). Results were normalized by
protein concentration.

2.9. Histological Analysis

Pieces of pancreas were rapidly removed, fixed in 4% paraformaldehyde for 24 h and embedded
in paraffin, 4 µM sections were prepared using an automatic microtome, and then stained with
hematoxylin and eosin for microscopic analysis. Pancreatic sections were assessed at 20×magnification
over 10 separate fields for severity of pancreatitis by scoring for edema and inflammatory infiltrate
according to Van Laethem et al. [31].

2.10. Statistical Analysis

All the values were expressed as means ± SE. To analyze the significance of the quantitative
variables, the statistical treatment one-way analysis of variance (ANOVA), followed by Tukey’s post-hoc
test, was used. p < 0.05 was the limit to accept statistically significant differences. The results were
managed with the statistical tool of the GraphPad Prism 8 software (GraphPad Software Inc., La Jolla,
CA, USA).

3. Results

3.1. PGC-1α Levels are Up-Regulated in Mice Livers after Inducing Acute Pancreatitis

In order to determine the role of PGC-1α in liver tissue during AP, our first approach was to
measure its transcriptional and protein levels. First, we confirmed the appropriate AP induction by a
histological analysis of the pancreas and determined plasma amylase and lipase activity (see Figure S1
Supplementary Materials).

Interestingly, Ppargc1a mRNA expression was up-regulated in the livers of the mice with AP
(Figure 1A). Then, we set out to verify whether this transcriptional up-regulation would result in a rise
in protein levels. The Western blot analysis showed that PGC-1α protein expression was higher in the
livers of the mice with cerulein-induced pancreatitis than in the control mice (Figure 1B).

3.2. PGC-1α Restrains Nos2 Expression in the Liver after Acute Pancreatitis in Mice

Having determined the induction of PGC-1α in the liver during AP, the inflammatory response of
AP in liver tissue was studied using the PGC-1α deficient mice (Figure 2A).

For this purpose, the hepatic transcriptional expression of cytokines Tnfα and interleukin-6 (Il6),
as well as Nos2, a marker of cellular stress, was analyzed. The Tnfα and Il6 mRNA levels did not vary
after administering cerulein to any experimental group (Figure 2B). Nos2 gene expression remained
unchanged in the wild-type (WT) mice after inducing AP (Figure 2B). However, and unlike the changes
observed in the Tnfα and Il6 gene expressions, a marked increase (around 6-fold) was detected in the
transcription of Nos2 in the livers of the PGC-1α deficient mice with AP (Figure 2B). Western blot also
showed that NOS2 protein expression was higher in the livers of the KO mice with AP (Figure 2C).
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There were six mice per group. Statistical difference is indicated as * p < 0.05 vs. Sham.
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STAT3 activation, AP triggered an increase in its phosphorylated form in both the WT and KO mice 
in liver tissue (Figure 3A). Interestingly, the STAT3 phosphorylation levels were higher in the 
PGC-1α-deficient mice compared to the WT under AP conditions (Figure 3A). 

It has been previously shown that the p65 subunit of NF-κB may complex with p-STAT3 
favoring the expression of Nos2 [33]. Additionally, our research group has shown that PGC-1α forms 
a protein complex with p65 in the pancreas during AP [32]. Based on this background, we decided to 
evaluate the role of PGC1alpha in p65-binding to p-STAT3 in the liver during AP. According to our 
immunoprecipitation studies, the augmented levels of PGC-1α found in the liver after the induction 
of AP bound to p65 (Figure 3B) as we previously reported in pancreatic tissue. However, the lack of 

Figure 2. (A) Representative Western blot of PGC-1α in the livers of PGC-1α+/+ (WT—wild-type)
and PGC-1α-/- (KO—knockout) mice. B-tubulin was used as the loading control. (B) mRNA relative
expression of Tnfa, Il6 and Nos2 versus Tbp (TATA binding protein; housekeeping) in the livers of the
sham PGC-1α+/+ (WT) and PGC-1α-/- (KO) mice and at 1 h after cerulein-induced acute pancreatitis
(AP) (Cerulein). (C) Representative Western blot of NOS2 in the livers of the sham PGC-1α+/+ (WT)
and PGC-1α-/- (KO) mice and at 1 h after cerulein-induced AP (Cerulein). GAPDH was used as the
loading control. (D) mRNA relative levels of Nos2 versus Tbp in the pancreas of the sham PGC-1α+/+ (WT)
and PGC-1α-/- (KO) mice and at 1 h after cerulein-induced AP (Cerulein). (E) Representative Western
blot of NOS2 in the pancreas of the sham PGC-1α+/+ (WT) and PGC-1α-/- (KO) mice and at 1 h after
cerulein-induced AP (Cerulein). B-tubulin was used as the loading control. There were six mice per
group. Statistical difference is indicated as p * < 0.05 vs. Sham.
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We previously reported that Il6 mRNA levels were selectively up-regulated in the pancreas of the
PGC-1α KO mice with AP compared to their WT littermates, conversely to other pro-inflammatory
cytokines [32]. Here, we observed that although Nos2 mRNA expression was up-regulated in the
pancreas upon pancreatitis induction, no significant differences appeared between the PGC-1α KO
mice and the WT mice (Figure 2D). Similarly, the Western blot also showed NOS2 induction during AP,
although there was no change between WT and KO mice with pancreatitis (Figure 2D).

3.3. PGC-1α Avoids the Assembly of the Complex between p65 and Phospho-STAT3 in the Liver during
Experimental Acute Pancreatitis

By taking into account our previous studies, in which the plasma levels of IL-6 increased in the
PGC-1α KO mice with pancreatitis [32], we considered studying whether NF-κB and STAT3 activation
are involved in inducing Nos2 in the liver upon PGC-1α deficiency.

The Western blot analysis showed a dramatic increase in the phosphorylation of the p65 subunit
of NF-κB in the livers of the PGC-1α KO mice after AP induction (Figure 3A). Regarding STAT3
activation, AP triggered an increase in its phosphorylated form in both the WT and KO mice in liver
tissue (Figure 3A). Interestingly, the STAT3 phosphorylation levels were higher in the PGC-1α-deficient
mice compared to the WT under AP conditions (Figure 3A).
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Figure 3. (A) Representative Western blot of p-p65 (Ser536), p65, p-STAT3 (Tyr705) and STAT3 in the
livers of the sham PGC-1α+/+ (WT) and PGC-1α-/- (KO) mice and at 1 h after cerulein-induced AP
(Cerulein). GAPDH was used as the loading control. (B) Representative Western blot of p65 and
PGC-1α in the PGC-1α immunoprecipitate of the livers of the sham PGC-1α+/+ (WT) mice and at
1 h after cerulein-induced AP mice. (C) Representative Western blot of p-STAT3 (Tyr705) and p65 in
the p65 immunoprecipitate of the livers of the PGC-1α+/+ (WT) mice and PGC-1α-/- (KO) mice with
pancreatitis (Cerulein). IgG was used as the loading control. There were six mice per group.

It has been previously shown that the p65 subunit of NF-κB may complex with p-STAT3 favoring
the expression of Nos2 [33]. Additionally, our research group has shown that PGC-1α forms a
protein complex with p65 in the pancreas during AP [32]. Based on this background, we decided to
evaluate the role of PGC1alpha in p65-binding to p-STAT3 in the liver during AP. According to our
immunoprecipitation studies, the augmented levels of PGC-1α found in the liver after the induction
of AP bound to p65 (Figure 3B) as we previously reported in pancreatic tissue. However, the lack of
PGC-1α markedly increased the binding of p65 to p-STAT3 in KO mice with pancreatitis (Figure 3C),
suggesting that the induction of PGC-1α in the liver during AP may inhibit the formation of the
p65/p-STAT3 complex.
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3.4. PGC-1α Deficiency Downregulates Antioxidant Gene Expression and Increases Oxidative Stress in the
Liver with Acute Pancreatitis

Taking into account the role of PGC-1α in the regulation of antioxidant genes, the mRNA
expression of Sod2 and Prdx3 was measured in the liver of the PGC-1α KO and WT mice. As expected,
PGC-1α deficiency triggered the down-regulation of Sod2 and Prdx3 under basal conditions and during
pancreatitis (Figure 4A).Antioxidants 2020, 9, x FOR PEER REVIEW 9 of 18 
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Figure 4. (A) mRNA relative expression of Sod2 and Prx3 versus the Tbp (TATA-binding protein;
housekeeping) in the livers of the sham PGC-1α+/+ (WT) and PGC-1α-/- (KO) mice and at 1 h
after cerulein-induced AP (Cerulein). (B) The GSSG/GSH, g-glutamilcystine/g-glutamilcysteine and
cystine/cysteine ratios in the livers of the sham PGC-1α+/+ (WT) and PGC-1α-/- (KO) mice and at 1 h
after cerulein-induced AP (Cerulein). There were six mice per group. The statistical difference is
indicated as * p < 0.05 and ** p < 0.001.

Additionally, the liver redox status was assessed by measuring disulfide pairs, Cyss/Cys,
γ-glutamyl cystine/γ-glutamyl cysteine and GSSG/GSH. According to the antioxidant genes expression,
the GSSG/GSH, γ-glutamyl cystine/γ-glutamyl cysteine and Cyss/Cys ratios were significantly higher
in the livers of the PGC-1α KO mice than in the WT mice (Figure 4B), which supports the relevance of
PGC-1α for maintaining redox homeostasis in liver during AP.

3.5. PGC-1α Prevents Protein Nitration in the Liver after Inducing Experimental Acute Pancreatitis

In accordance with the Nos2 mRNA levels found in the pancreas and liver of the mice with AP,
we observed that AP produced increased protein nitration in the pancreas, but not in the liver of the WT
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mice (Figure 5A). Remarkably, and consistently with the increased Nos2 mRNA expression observed
in the livers of the PGC-1α KO mice with pancreatitis, we detected higher levels of 3-nitrotyrosine,
a marker of protein nitration measured by mass spectrometry, in the livers of these mice compared to
the other groups (Figure 5B). This increase in 3-nitrotyrosine was confirmed by Western blot in the
livers of the PGC-1α KO mice with cerulein-induced pancreatitis (Figure 5C). However, we did not
observe changes in 3-chlorotyrosine, parameter associated with inflammation (see Figure S2A in the
Supplementary Materials) [34].Antioxidants 2020, 9, x FOR PEER REVIEW 10 of 18 
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Figure 5. (A) Representative Western blot of 3-Nitrotyrosine (NT) in the pancreas and liver of the
control (Sham) and 1 h after cerulein-induced acute pancreatitis (Cerulein) mice. Ponceau was used as
the loading control. (B) Determination of the 3NO2-Tyr/p-Tyr ratio in the livers of the sham PGC-1α+/+

(WT) and PGC-1α-/- (KO) mice and at 1 h after cerulein-induced AP (Cerulein). (C) Representative
Western blot of 3-NT in the liver after inducing acute pancreatitis (Cerulein) in the PGC-1α+/+ (WT)
and PGC-1α-/- (KO) mice. Ponceau was used as the loading control. (D) Energy charge in the livers of
the sham PGC-1α+/+ (WT) and PGC-1α-/- (KO) mice and at 1 h after cerulein-induced AP (Cerulein).
There were six mice per group. The statistical difference is indicated as ** p < 0.001.

Considering that mitochondria are the main source of peroxynitrite and are also highly susceptible
to the effects of nitrosative stress [35], we set out to calculate the energy charge in liver tissue during AP.
The results revealed a significant drop in this parameter in the livers of the KO mice with pancreatitis
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(Figure 5D), although these changes did not alter the serum AST levels in AP (see Figure S2B in the
Supplementary Materials).

3.6. PGC-1α Levels Lower in the Livers of Obese Mice under Basal Conditions and during Pancreatitis

PGC-1α has been previously reported to be dysregulated in obese animals and patients [18].
As we know that obesity increases the risk of systemic complications in AP [36], we decided to measure
the PGC-1α levels in the livers of the lean and obese mice under basal conditions and during AP.
First, we corroborated that high-fat diet induced weight gain, hyperglycemia and fatty liver (Table 3).

Table 3. Parameters of high-fat diet-induced obese mice.

Lean Group Obese Group

Body weight (g) 22.9 ± 1.1 29.7 ± 1.8 **
Blood glucose (mg/dl) 137.8 ± 25.8 201.6 ± 50.3 *

Liver Triglycerides (mg/g protein) 86.4 ± 22.4 138.8 ± 28.4 **
Liver Total Lipids (mg/g protein) 665.8 ± 208.4 1581.7 ± 437.7 **

The statistical difference is indicated as * p < 0.05 and ** p < 0.001.

The Ppargc1a mRNA levels were markedly down-regulated in the livers of the obese mice under
basal conditions (Figure 6A). Interestingly, the obese mice did not exhibit any increased Ppargc1a
expression, which was found in the lean mice after inducing AP (Figure 6A).

After bearing in mind our findings in the PGC-1α KO mice, we decided to study whether the
PGC-1α deficiency detected in the obese mice would impact nitrosative stress in the livers of these mice
during AP. We observed that Nos2 gene expression was up-regulated in the obese mice under basal
conditions (Figure 6B). We stress that this up-regulation was higher in the obese mice with pancreatitis
(Figure 6B). We also observed a marked increase in the binding of p65 to p-STAT3 in the obese mice
with pancreatitis (Figure 6C), which supports the notion that lack of PGC-1α in obese mice livers may
be associated with inducing Nos2 during AP.

The protein nitration levels were higher in the livers of the obese mice than those of the lean mice
with pancreatitis (Figure 6D). Interestingly, the obese mice showed a lower hepatic energy charge
in relation to the lean mice with pancreatitis (Figure 6E). As we observed in the PGC-1α-deficient
mice, this drop in energy charge did not change the AST levels in serum (see Figure S2C in the
Supplementary Materials).
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Figure 6. (A) mRNA relative expression of Ppargc1a versus Tbp (TATA-binding protein; housekeeping)
in the livers of the sham lean and obese mice and 1 h after cerulein-induced acute pancreatitis (Cerulein).
(B) mRNA relative expression of Nos2 versus Tbp in the livers of the sham lean and obese mice and 1 h
after cerulein-induced acute pancreatitis (Cerulein). (C) Representative Western blot of p-STAT3 (Tyr705)
and p65 in p65 immunoprecipitate of the sham lean and obese mice and 1 h after cerulein-induced
acute pancreatitis (Cerulein). IgG was used as the loading control. (D) Representative Western blot of
3-NT in the livers of the sham lean and obese mice and 1 h after cerulein-induced acute pancreatitis
(Cerulein). Ponceau was used as the loading control. (E) Energy charge in the livers of the sham lean
and obese mice and 1 h after cerulein-induced acute pancreatitis (Cerulein). There were five mice per
group. Statistical difference is indicated as * p < 0.05 and ** p < 0.001.

4. Discussion

Of the different systemic complications to occur during AP, the commonest are those that affect
the cardiovascular, renal, and pulmonary systems [14]. Although most of the pancreatic enzymes and
mediators released by an inflamed pancreas pass through the liver before entering systemic circulation,
liver failure is a rare pathophysiological condition in the course of AP with a significant prognostic
value for its severity [15,16]. It is noteworthy that obesity, which is a risk factor for AP development,
decisively contributes to the appearance of systemic complications, including those that affect liver
function [13,16]. The present work highlights the role of PGC-1α in regulating the relation between
obesity and liver injury in the course of AP. We particularly demonstrate that obesity impairs hepatic
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PGC-1α up-regulation and, thus, enhances Nos2 transcriptional expression and causes nitrosative
stress in the liver during AP.

Our results show that AP induction in mice increases transcriptional and protein PGC-1α
expressions in the liver, which is crucial for preventing Nos2 up-regulation. In pancreatic tissue,
our group has recently shown that PGC-1α binds to phospho-p65 to repress Il6 gene expression
during pancreatitis. Consequently, PGC-1α deficiency enhances NF-κB-dependent Il6 transcription in
the pancreas by augmenting circulating IL-6 levels and increasing local and systemic inflammatory
responses [32]. In accordance with these findings, here we found higher levels for both NF-κB and
STAT3 activation in the livers of the PGC-1α KO mice with pancreatitis. PGC-1α deficiency may be
responsible for activating p65, as we have previously reported in pancreatic tissue [32]. It is also
accompanied by STAT3 hyperactivation, probably due to the high IL-6 plasma levels achieved in
PGC-1α KO mice during pancreatitis. Yet despite the activation of both the NF-κB and STAT3 signaling
pathways in the livers of the PGC-1α KO mice, we did not observe any increase in the Tnfα or Il6
expression levels in these mice. Strikingly, and unlike pancreatic tissue, lack of PGC-1α in the liver
specifically induced Nos2 transcription during AP development.

Although Nos2 expression can be induced by different transcription factors (AP-1, C/EBP, CREB,
IRF-1, NF-κB, NF-IL6, Oct-1, SRF, STAT1α) [37], its transcription has also been described to be
specifically regulated by the formation of complexes between p65 and STAT3 in the promoter region of
Nos2 [33]. During pancreatitis, our results revealed that p65 bound to PGC-1α in the liver. The formation
of this complex has been previously reported in both human cardiac cells and the heart, liver and
pancreas of mice [32,38,39]. The present work shows that, as a consequence of PGC-1α deficiency,
p65 bound to p-STAT3 in the liver, which could justify the particular increase in the Nos2 transcription
found in the livers of the PGC-1α KO mice.

The present results confirm the presence of nitrosative stress in the pancreas during AP in
accordance with augmented pancreatic Nos2 expression levels [8,9]. Nevertheless, we did not note
any increase in the protein nitration levels in the liver after inducing pancreatitis, which is consistent
with the PGC-1α-dependent repression of Nos2 in this tissue. It is well-known that nitrosative stress is
implied in the liver pathophysiology [40]. In particular, peroxynitrite accumulation in LPS-treated
mice is one of the commonest causes for acute liver injury [41,42]. In fact, hepatocytes respond to
LPS treatment with IL-6- and TNF-α-mediated NO production, which induces a hepatic acute phase
response [43]. Furthermore, reactive nitrogen species (RNS) production contributes to nitrate critical
amino acid residues, which render hepatocytes more susceptible to oxidative damage [40]. In our work,
lack of PGC-1α in the liver lowered the antioxidant defense gene expression, which triggered increased
oxidative stress. This pro-oxidant environment in the livers of the PGC-1α KO mice, together with
specific Nos2 induction, would explain the more marked nitration pattern observed in the livers of
these mice with pancreatitis. Hence, these results demonstrate that PGC-1α is crucial for preventing
nitrosative stress in the liver during AP development.

The mitochondrion is the organelle most susceptible to the consequences of nitrosative stress [35].
Numerous studies have shown that mitochondrial dysfunction participates both in the progression of
organ failure and in the development of the systemic inflammatory response syndrome (SIRS) [44].
Interestingly, Trumbecakaite et al. showed that AP triggered mitochondrial failure in the pancreas,
kidney, and lung, while the liver preserved mitochondrial function during the development of PA [45].
According to this work, our results reveal that the energy charge was unchanged in the liver of WT
mice with pancreatitis. However, the induction of PA in mice deficient in PGC-1α caused a decrease in
the energy charge in the liver of these mice, confirming the essential role of PGC-1α in the maintenance
of mitochondrial homeostasis during inflammatory processes.

According to our results, Nos2 transcription in the liver during pancreatitis seems to depend
on PGC-1α levels. PGC-1α expression lowers in skeletal muscle in both mice with genetic obesity
(ob/ob) and fat diet-induced obesity [46]. Furthermore, it has been found that a high-fat diet inhibits
PGC-1α expression in mice liver and induces non-alcoholic fatty liver development [39]. Accordingly,
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our research group recently showed a drop in the protein and transcriptional levels of PGC-1α in
the pancreas of obese Zucker rats and in mice with fat diet-induced obesity [32]. Here, we confirm
that a high-fat diet in mice down-regulated Ppargc1a expression in the liver under basal conditions,
and that this decrease was also maintained after inducing AP. Consequently, we observed higher Nos2
gene expression and protein nitration levels and decreased energy charge in the livers of obese mice
compared to the lean mice with pancreatitis.

Obesity is associated with increased Nos2 expression in insulin-sensitive tissue in rodents and
humans [47]. Abdominal obesity increases free fatty acids in the liver, which induces superoxide
anion formation and up-regulates Nos2 gene expression to result in peroxynitrite synthesis and to lead
to both mitochondrial dysfunction and liver injury [48]. After taking into account that high-fat diet
administration aggravates AP-induced hepatic injury via oxidative stress [49], our herein reported
findings provide new insights into the detrimental effect of obesity on liver complications during AP,
which highlights the key role of PGC-1α deficiency in this regard.

5. Conclusions

The present work demonstrates the essential role of PGC-1α in inflammatory response and
nitrosative stress during AP, particularly in liver tissue. First, pancreatitis leads to marked PGC-1α
induction in the liver. Our results also suggest that PGC-1α binds to p65 by acting as a repressor
of NF-κB transcriptional activity and, in turn, prevents the formation of a transcriptional complex
between p65 and p-STAT3. Therefore, PGC-1α deficiency triggers the increase in the Nos2 expression
mediated by the p65/p-STAT3 complex in the liver, and consequently results in higher protein nitration
levels and a decrease in the energy charge. Finally, obesity triggers PGC-1α deficiency in the liver and
enhances nitrosative stress during pancreatitis. Therefore, our results highlight the protective role of
PGC-1α in the liver for preventing nitrosative stress during AP.
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Abstract: A better understanding of the interactions between dietary phenolic compounds and
the epigenetics of inflammation may impact pathological conditions and their treatment. Phenolic
compounds are well-known for their antioxidant, anti-inflammatory, anti-angiogenic, and anti-cancer
properties, with potential benefits in the treatment of various human diseases. Emerging studies
bring evidence that nutrition may play an essential role in immune system modulation also by
altering gene expression. This review discusses epigenetic mechanisms such as DNA methylation,
post-translational histone modification, and non-coding microRNA activity that regulate the gene
expression of molecules involved in inflammatory processes. Special attention is paid to the molecular
basis of NF-κB modulation by dietary phenolic compounds. The regulation of histone acetyltransferase
and histone deacetylase activity, which all influence NF-κB signaling, seems to be a crucial mechanism
of the epigenetic control of inflammation by phenolic compounds. Moreover, chronic inflammatory
processes are reported to be closely connected to the major stages of carcinogenesis and other
non-communicable diseases. Therefore, dietary phenolic compounds-targeted epigenetics is becoming
an attractive approach for disease prevention and intervention.

Keywords: diseases; immune system; inflammation; NF-κB

1. Introduction

Nutritional phenolic compounds and their impact on human health have attracted great interest
in the last three decades. Despite an increasing amount of available data, final conclusions are still
diverse and further studies are necessary. Nowadays, dietary phenolic compounds are also studied
from the point of view of their possible effects on epigenetic mechanisms. Although epigenetic
changes occur in many diseases, only a few studies have reported the effect of natural phenolic
compounds on the prevention and treatment of diseases other than cancer. There are a limited number
of studies that directly describe the connection between dietary phenolic compounds, epigenetic
changes, and inflammatory processes. This review discusses this issue and comments briefly on the
consecutive impacts of phenolic compounds on individual diseases. For this purpose, we performed
a literature search of topics, including polyphenols, epigenetics, and inflammation using the Web
of Science citation indexing service. Studies describing effects of phenolic compounds other than
epigenetic ones were excluded.
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2. Dietary Phenolic Compounds

Phenolic compounds are a class of plant secondary metabolites widely present in fruits and
various plant-derived beverages such as tea or wine [1], though vegetables, legumes, and grains are
also non-negligible sources [2]. They generally contribute to plant defense reactions against pathogens,
herbivores, or oxidative stress. Over 8000 phenolic compounds have already been described in edible
plants [3]. Taken together, phenolic compounds are an important part of the human diet, as they are
the most abundant antioxidants consumed by humans [4].

As mentioned above, phenolic compounds are well-known for their antioxidant properties [5–7];
they may protect cells against oxidative damage and, in this way, reduce the risk of various
diseases associated with oxidative stress [4]. Anti-inflammatory, anti-angiogenic, and anti-cancer
properties have already been described for various phenolic compounds and the positive effects of
certain phenolic compounds have been observed in a wide range of non-communicable diseases
(neurodegenerative diseases, chronic inflammation, cancer, cardiovascular diseases, type 2 diabetes,
and obesity). Some phenolic compounds may support beneficial intestinal microflora, which could
also positively impact chronic disease risk [8].

The use of phenolic compounds as a therapeutic measure can encounter certain problems. Phenolic
compounds can present a potential health risk when consumed in high concentrations—for example,
as food supplements instead as a natural part of the diet. Although phenolic compounds are strong
antioxidants, they can also display pro-oxidative effects under certain conditions, as in the presence of
transition ions. In the human body, phenolic pro-oxidants can be produced in the gastrointestinal tract
when there is an abundance of phenolic compounds and, in high concentrations, could adversely affect
the organism [9]. A different kind of problem is represented by isoflavones, which display estrogenic
effects. It was observed that soy isoflavones may impact growth and pubertal development in children
fed soy-based food in infancy. On the other hand, a potential negative effect of soy isoflavones on
women with or at-risk for estrogen-sensitive breast cancer was not proven [8].

Another problem is phenolic compound bioavailability. It must be taken into consideration
that while the exposure of humans to dietary phenolic compounds is frequent and long lasting,
the fate of dietary phenolic compounds in the body—specifically, their bioavailability and tissue
distribution—is not well understood. In particular, there is still a lack of clinical data on the
effective dosage of individual phenolic compounds, the metabolic fate of phenolic compounds,
their bioavailability and distribution in individual organs, tissues and cell types, the possible synergistic
or antagonistic effects of individual compounds contained in various foods, and the possible interactions
with gut microflora or lipid domains in cell membranes [10].

Structurally, phenolic compounds range from simple molecules to complex compounds. They are
derivatives of phenylalanine or its precursor shikimic acid and are often conjugated with sugar residues,
organic acids, or other phenolic molecules [2,3].

The classification of phenolic compounds is based on their chemical structure, or, more precisely,
on the number of phenol rings and the way these rings bind together [2]. Phenolic compounds are
divided into at least 10 different classes, which include flavonoids, phenolic acids, lignans, stilbenes,
and others [11]. The classification of selected phenolic compounds and their main sources are
summarized in Table 1. The structure of the cited phenolic families is shown in Figure 1.
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Table 1. Phenolic compounds and their epigenetic effects.

Classification Examples of Phenolic
Compounds Main Sources Possible Targets References

Phenolic Acids

Hydroxybenzoic
acids

gallic, protocatechuic,
ellagic acids berries, olive oil, tea HATs, HDACs [12]

Hydroxycinnamic
acids

coumaric, ferulic, sinapic,
caffeic acids

fruits (blueberries,
cherries, apples), grains DNMTs [13]

Flavonoids

Flavonols quercetin, kaempferol, fisetin vegetables (leek,
broccoli), blueberries HATs, HDACs [14,15]

Flavones luteolin, apigenin parsley, celery HATs, HDACs [16]

Flavanones naringenin, hesperetin,
eriodictyol citrus fruits not determined

Isoflavones genistein, daidzein, glycitein legumes (soya) DNMTs, HATs,
SIRT1, miRNA [17–19]

Flavanols

catechin, epicatechin,
gallocatechin,

epigallocatechin,
epigallocatechin-3-gallate

green tea, cocoa DNMTs, HATs.
HDACs, HMTs [20–22]

Anthocyanins cyanidin fruits
(blackcurrants, blackberries) not determined

Lignans secoisolariciresinol,
matairesinol linseed not determined

Stilbenes resveratrol, pterostilbene grapes, red wine,
blueberries

SIRT1,
DNMTs, miRNA [23–26]

Phenolic alcohols tyrosol, hydroxytyrosol virgin olive oil not determined

Curcuminoids curcumin turmeric DNMTs, miRNA,
HATs, HDACs [27–30]

The table summarizes classification of phenolic compounds, their main sources, and possible epigenetic
targets in inflammation. The bold phenolic compounds are discussed in the text in more details. DNMTs:
DNA methyltransferases; HATs: histone acetyltransferases; HDACs: histone deacetylases; HMTs: histone
methyltransferases; miRNA: microRNA; SIRT: sirtuin.
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2.1. Phenolic Acids

Phenolic acids consist of derivatives of benzoic and cinnamic acids [2].
There are a few edible plants with a higher content of hydroxybenzoic acids; these include

certain red fruits (blackberries, raspberries), black radish, onions, olives, and tea. Gallic acid and
protocatechuic acid are the main compounds in this group; the main source of gallic acid is tea, while
high levels of protocatechuic acid can be found in raspberries and olive oil [2]. Slightly less abundant
is ellagic acid, which occurs mostly in berries (raspberries, strawberries), pomegranates, and nuts [31].
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Hydroxycinnamic acids are a more common type of phenolic acid. The most abundant are
coumaric, caffeic, ferulic, and sinapic acids. Hydroxycinnamic acids are usually found in the form of
glycosylated derivatives or esters of quinic, shikimic, and tartaric acids. For example, coumaric and
caffeic together with quinic acid form chlorogenic acids, which are common in various types of fruits
and coffee beans [32]. Caffeic acid is, overall, the most copious phenolic acid and the most abundant
hydroxycinnamic acid in fruits (especially high contents can be found in blueberries, kiwis, plums,
cherries, and apples). The most abundant phenolic acid in grains is ferulic acid [2].

2.2. Flavonoids

Flavonoids are the largest class of polyphenols [33]. All compounds share a similar structure with
two aromatic rings and are divided into subclasses based on the oxidation status of the central pyran
ring (the third ring which links the two aromatic rings). Presently, six subclasses of flavonoids have
been identified: flavonols, flavones, flavanones, isoflavones, anthocyanins, and flavanols [34].

2.2.1. Flavonols

Flavonols are the most abundant flavonoids in food and include quercetin, kaempferol, and fisetin.
Flavonols mostly occur in glycosylated form, often bound to glucose or rhamnose. High amounts
of flavonols can be found in some vegetables (onion, curly kale, leeks, broccoli) and blueberries.
These flavonoids are usually accumulated in the outer parts of plant as their biosynthesis is stimulated
by light [2].

2.2.2. Flavones

Flavones are less common than flavonols and their main representatives are luteolin and apigenin.
Similarly to flavonols, they are also found in the form of glycosides. The most important sources of
flavones are parsley and celery [2].

2.2.3. Flavanones

High concentrations of flavanones are present only in citrus fruits; such flavanones include
naringenin, hesperetin, and eriodictyol, which are found in grapefruit, oranges, and lemons, respectively.
Tomatoes and mint are minor sources of flavanones. All flavanones are usually glycosylated by a
disaccharide [2].

2.2.4. Isoflavones

Isoflavones, also called phytoestrogens, show structural similarities to estrogens, as the
configuration of their hydroxyl groups is analogous to that in the estradiol molecule.
Although isoflavones are not steroids, they are able to bind to estrogen receptors, thanks to their
similarity to estradiol. The most prevalent isoflavones are genistein, daidzein, and glycitein, which are
often glycosylated by glucose [35]. During digestion, consumed isoflavones may be converted by
colonic microflora into equol, another isoflavone, which shows even greater phytoestrogenic properties
than the original isoflavones [36]. The main sources of isoflavones in the human diet are legumes,
of which the most important is soya [35].

2.2.5. Flavanols

Flavanols are found in both monomeric and polymeric form; the monomers are called catechins
while the polymers are called proanthocyanidins [37]. Unlike other subclasses of flavonoids, flavanols
do not occur in glycosylated form [2].

Catechins are the most common bioactive substances in green tea; another important source is
cocoa. Red wine and some types of fruits (mostly apricots and cherries) contain slightly lower but still
substantial amounts of catechins. The most abundant catechins in fruits are catechin and epicatechin,
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while in tea, the most common catechins are gallocatechin, epigallocatechin, and epigallocatechin
gallate (EGCG) [37–39].

2.2.6. Anthocyanins

Anthocyanins are pigments located in vacuoles of plant epidermal cells; they are usually
glycosylated. The most common anthocyanin is cyanidin, with some of the highest amounts present
in blackcurrants and blackberries. Anthocyanins are generally abundant in fruits, but red wine and
some cereals and vegetables (eggplant, cabbage, beans, onions, radishes) are also good sources of them.
Anthocyanins occur mostly in the peel and their concentration increases during fruit ripening [2].

2.3. Lignans

Lignans are composed of two phenylpropane units and usually occur in free form. The richest
source of lignans is linseed, but smaller amounts can also be found in algae, lentils, wheat,
certain vegetables (garlic, asparagus, carrots), and fruits (pears, plums). The main lignan in linseed
is secoisolariciresinol; matairesinol could be found in lower concentrations. After consumption,
lignans are converted to enterodiol and enterolactone by intestinal microflora [40–42].

2.4. Stilbenes

A low level of stilbenes occurs in the human diet [2], but despite this, one stilbene in particular,
resveratrol, has been studied intensively because of its possible healthful effects [8]. Resveratrol is
produced by plants in response to pathogen attack or stress conditions and occurs mostly in glycosylated
form, named piceid [43,44]. Resveratrol and piceid are most abundant in the skins of grapes and
subsequently are extracted into red wine; minor sources are peanuts and certain berries (cranberries,
blueberries) [45]. Another currently studied stilbene is pterostilbene, which is the methoxylated
analogue of resveratrol and occurs mainly in blueberries and grapes [46].

2.5. Phenolic Alcohols

The main phenolic alcohols are tyrosol and hydroxytyrosol and their richest source is virgin olive
oil [47]. Tyrosol can also be found in beverages such as wine and beer [48], while hydroxytyrosol is
present in red wine and is additionally generated during digestion after red wine consumption [49].

2.6. Curcuminoids

Curcuminoids have a symmetric molecule with two similar aromatic rings. The main curcuminoid,
curcumin, can mostly be found in turmeric, which is used as a spice as well as a medicinal herb with a
wide range of uses in Indian and Chinese medicine [50].

3. Mechanisms of Epigenetic Regulation

An epigenetic modification is defined as an alteration in gene expression that does not involve a
change in the DNA sequence [51]. Epigenetic modifications determine the expression or silencing of
genes. The epigenome is very stable in general, but some of these modifications can be affected by
the environment (e.g., nutrition, infections, chemical agents, drugs, cytokines, or hormones) [52,53].
The epigenetic modulation of gene expression is crucial for eukaryotic life, as its dysfunction occurs
in numerous human diseases [54]. These epigenetic modifications are also responsible for the
regulation of the expression of genes related to the immune system; thus, they can modify innate
and adaptive immune responses [52]. Epigenetic mechanisms are able to modulate host defense
and determine specific immune signaling pathways. The recognition of pathogens by the innate
immune system triggers the expression of genes to produce cytokines, chemokines, and transcription
factors. The production of these specific inflammatory mediators can also be controlled by epigenetic
mechanisms [55].
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Among the most recognized epigenetic modifications are DNA methylation, histone modification,
and non-coding RNA, which play an important role in cellular differentiation processes [55].

3.1. DNA Methylation

The methylation of DNA is an epigenetic modification in which methyl groups are added to the
DNA molecule. It is a reversible covalent modification of DNA, enabled by DNA methyltransferases
(DNMTs) [56]. DNMTs catalyze the addition of the methyl group from S-adenosyl-L-methionine to
the C5 position of cytosines, mainly in 5’-cytosine-phosphate-guanine-3’ (CpG) islands [57]. A family
of DNA methyltransferase enzymes responsible for the methylation of mammalian DNA comprises
DNMT1, DNMT3A, DNMT3B, and DNMT3L. DNMT1 is the most abundant and major maintenance
methyltransferase, which is responsible for the propagation of existing DNA methylation patterns.
DNMT3A and DNMT3B are two related proteins that function mainly as de novo methyltransferases
that set up DNA methylation patterns early in development. DNMT3L acts as a cofactor for DNMT3A
during embryogenesis, but is catalytically inactive [58].

Generally, a lack of DNA methylation in promoter regions of genes is often associated with
transcription activation and gene expression. Conversely, methylation in gene promoters can be
responsible for gene silencing [57]. The hypermethylation of DNA CpG islands plays a significant role
in the epigenetic mechanism for silencing genes crucial for cell cycle regulation, receptors, DNA repair,
and apoptosis. [20]. Therefore, the regulation of DNMT activity by specific inhibitors represents a
promising therapeutic target with respect to arresting abnormal cellular processes [58].

3.2. Histone Modification

In the eukaryotic nucleus, 147 bp of DNA associates with histone proteins to form a
nucleosome—the basic structural unit of chromatin [59]. The packaging of genomic DNA in chromatin
is a process intimately dependent on histone proteins that participates in the regulation of gene
expression. Chromatin dynamics are facilitated by two mechanisms: complexes remodeling chromatin
and enzymes modifying histone proteins [55]. Post-translational modifications of histone proteins that
are essential for the epigenetic control of gene expression take place predominantly at their N-terminal
tails, which project out of the nucleosomal core and are rich in lysine and arginine residues [54].
Histone modifications include methylation, acetylation, phosphorylation, citrullination (deimination),
and ubiquitination, among others [56], and they work synergistically to promote transcriptional
activation or repression [52,60].

3.2.1. Histone Acetylation

Acetylation of lysine residues of histones is catalyzed by histone acetyltransferases (HATs) with
acetyl-CoA as the acetyl group donor [61]. To balance the acetylation of histones, histone deacetylases
(HDACs) remove acetyl groups from the lysine residues [55]. Histone acetylation neutralizes the positive
charge of lysine residues, resulting in the weakening of histone-DNA interactions, which, in turn,
leads to the decondensation of chromatin and the increased accessibility of DNA for transcription factors.
Thus, it is generally accepted that acetylation is associated with transcription activation, while histone
deacetylation is associated with histone condensation and transcription repression [61]. The degree of
acetylation has been shown to modulate the regulation of inflammatory genes, DNA repair, and cell
proliferation [55].

3.2.2. Other Histone Modifications

There are other modifications of histones with significant effects on gene expression. One of these
is the phosphorylation of histone proteins, which is also associated with the activation of transcription.
Serine or threonine residues are accessible to phosphorylation by histone kinases, while phosphates are
removed by diverse phosphatases. HMTs add methyl groups to arginine to form mono- or dimethylated
residues, or to lysine, which can accept one, two, or three methyl groups [56]. The methylation of
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arginine can be reversed by deiminases, which block methylation of arginine by changing it into
citrulline [56,61]. Further, citrullination is the conversion of arginine residues to form the nonstandard
amino acid citrulline by removal of the imino group. This reaction is catalyzed by peptidyl arginine
deiminases [56]. Histone arginine citrullination is often compared to histone lysine acetylation because
of the loss of positive charge resulting in the decondensation of chromatin and the possible activation
of transcription [54].

3.3. Non-Coding RNAs

Small non-coding RNAs can also affect the epigenome but these mechanisms of epigenetic control
are less well understood than the mechanisms based on DNA and histone modifications [53,56].
Small non-coding RNAs are principally derived from larger RNA precursor molecules by means of
cleavage with RNAse III-family enzymes and include microRNAs (miRNAs), short interfering RNAs
(siRNAs), PIWI-interacting RNAs (piRNAs), and small nuclear RNAs (snRNAs) [62].

miRNAs are able to negatively control gene expression by binding target mRNA and thus by
mediating its degradation and the inhibition of its translation [63]. siRNAs, which are produced by
the cleavage of larger double-stranded RNA molecules (dsRNAs), can degrade homologous mRNAs
and thus interfere with the translation process [64]. snRNAs control pre-messenger RNA as a part of
spliceosome machinery and regulate transcription by RNA polymerase II via regulating the level of
active positive transcription elongation factor b in the nucleus [65]. piRNAs associate with encoding
regulatory PIWI proteins to configure a piRNA-induced silencing complex. This is connected to the
post-transcriptional silencing of genes and epigenetic reprogramming [66].

In addition, miRNAs and siRNAs are both presumably involved in the process of DNA methylation
and even histone modification [56,60]. Further, piRNA mediates histone H3K9 trimethylation and
silences transposable elements [53].

4. Epigenetic Modifications in Inflammation

Inflammation, as a typical innate immune response, is very complex and relies on the precise
control of many functional mechanisms acting at different levels, including also the regulation of
gene expression by epigenetic modifications. While acute inflammatory response is mediated mainly
by neutrophils, chronic inflammatory response is mediated mostly by monocytes and macrophages
producing pro-inflammatory cytokines [67]. Inflammation is closely connected to the release of reactive
oxygen species (ROS) and reactive nitrogen species (RNS) by polymorphonuclear and mononuclear
phagocytic cells. Increased levels of ROS and RNS lead to the formation of oxidative stress and tissue
damage [68]. Deregulation of the extent of inflammatory response is a characteristic feature of chronic
inflammatory diseases. Genetic, epigenetic, and environmental factors play a role in this pathological
condition [67].

4.1. NF-κB Signaling

Nuclear factor NF-κB is a ubiquitous transcriptional factor in eukaryotic cells and is crucial for
inflammatory immune response. It modulates the regulation of many genes (for chemokines, cytokines,
cell adhesion molecules, etc.) including various mediators that intensify inflammatory response and
worsen the status of inflammatory disease [1,69]. NF-κB consists of different subunits, of which p65
and p50 are the most common and well-studied. In unstimulated cells, NF- κB is often inactive
and forms a complex with its inhibitor subunit IκBα. NF-κB activation by different stimuli leads
to degradation of the IκBα subunit, and released dimer p65-p50 is then translocated to the nucleus,
where it binds to its promoters and induces the expression of inflammatory genes. The p65 subunit
is the key transcriptionally active component of NF-κB [70]. Phosphorylation of the p65 subunit
is required for its transcriptional regulation [71], while acetylation of the p65 subunit is necessary
for its full transcriptional activity and for the regulation of NF-κB signaling. p65 acetylation and
deacetylation, which are mediated by HATs and HDACs, represent an important epigenetic target
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during inflammation. A decreased level of p65 acetylation leads to the inhibition of NF-κB target gene
expression, such as the expression of interleukin-6 (IL-6) or TNF-α (tumor necrosis factor alpha) genes,
and can even prevent the translocation of p65 to the nucleus. The regulation of NF-κB also affects the
expression of COX (cyclooxygenase) and iNOS (inducible nitric oxide synthase). The modulation of
p65 acetylation thus represents a promising target in chronic inflammation therapy [1,70]. Additionally,
two closely related HATs, p300 and CBP (CREB-binding protein), which are transcriptional cofactors,
exhibit a strong synergism with the p65 subunit [12].

The generation of ROS also leads to the activation of various signaling pathways such as
extracellular signal-regulated kinases (ERKs). It can further induce NF-κB-dependent immune
response and alterations in histone protein acetylation/deacetylation status, which finally results
in changed transcription initiation [68]. All these ROS-mediated mechanisms result in augmented
pro-inflammatory cytokine levels, which contribute to the chronicity of the inflammatory process.

4.2. Chronic Inflammation

During chronic inflammatory processes, the epigenetic mechanisms involved in the regulation of
gene expression are modified. For example, ROS and RNS generated during oxidative stress may cause
a loss of DNA methylation after mitosis, since DNMT1 does not recognize oxidatively modified methyl
groups. On the other hand, halogen derivatives produced by inflammatory processes imitate cytosine
methylation, resulting in increased methylation by DNMT1. The levels of some pro-inflammatory
cytokines (e.g., TNF-α) are tightly modulated by epigenetic mechanisms. In contrast, some other
cytokines (e.g., IL-6) can provoke histone protein modifications and DNA methylation and thus regulate
other gene expressions and processes. Chronic inflammatory processes are generally characterized by
epigenetic changes based on the enrichment of hypo-acetylated histones and hypermethylated CpGs.
The modulation of both HDACs and DNMT1 activities is thus therapeutically beneficial in chronic
inflammatory diseases and both enzymes represent a transcriptional repression complex [67].

5. Epigenetics, Inflammation, and Phenolic Compounds

Phenolic compounds have the ability to modulate gene expression through the regulation of
epigenetic mechanisms including either DNA methylation, histone modification, or miRNA expression.
In general, several phenolic compounds are able to activate HDACs (e.g., fisetin), activate (e.g., genistein)
or inhibit (e.g., EGCG, curcumin) HATs, activate (e.g., resveratrol) sirtuins (SIRT), and inhibit DNMTs
(e.g., EGCG) [14,21,23,27,72]. Some phenolic compounds are associated with the regulation of miRNA
expression (e.g., genistein, curcumin) [17,28]. Many phenolic compounds exhibit anti-inflammatory
properties and have been shown to inhibit the secretion and production of pro-inflammatory cytokines
and decrease the production of ROS and nitric oxide (NO) [73].

On the basis of available data, it is generally accepted that phenolic compounds are also able
to modify epigenetic mechanisms involved in the modulation of the immune system and diseases
connected to inflammation [72]. Many phenolic compounds show the potential to modulate NF-κB
activity and chromatin remodeling through the regulation of HDACs and HATs [1]. The epigenetic
effects of selected phenolic compounds related to inflammation are summarized in Table 1. Animal and
human studies in which the effects of phenolic compounds on epigenetic changes under inflammatory
conditions were studied are listed in Tables 2 and 3.
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Table 2. Summary of the studies performed on animal models.

Species Strain Characteristics Sample Size
(per Group)

Pathological
Condition Type of Study Phenolic Compound

Intervention Reference

Mus
musculus CD45.2 + C57BL/6 n = 9–10 repeated social

defeat stress
observational,
cross-sectional

dihydrocaffeic acid
5 mg/kg/d for 2 weeks,

delivered through drinking
water, treatment repeated

4 months later

[13]

Mus
musculus

BALB/c
6 weeks old

20–25 g body weight
n = 3 intervention epigallocatechin-3-gallate

100 mmol/L, 50 mmol/L [21]

Mus
musculus

C57BL/6J
males

6–8 weeks old
20–30 g body weight

n = 12 inflammation intervention curcumin
200 mg/kg (i.p.) [74]

Rattus
norvegicus

Sprague–Dawley
females

250–300 g body weight
n = 6 inflammation intervention

curcumin
40 mg/kg (final injection

volume of 0.2 mL)
[75]

Rattus
norvegicus

Wistar
females

10 weeks old
180–220 g body weight

n = 10 ovariectomized
diabetic rat intervention

genistein
1 mg/kg/day,

subcutaneously, for 8 weeks
[18]

Rattus
norvegicus

Sprague–Dawley males
two weeks old

n = 19 (normal group),
16 (normal intervention

group), 29 (diabetic
group), 25 (diabetic
intervention group)

diabetes intervention
resveratrol

intraperitoneally 10
mg/kg/day, for 10 weeks

[25]

Table 3. Summary of human studies.

Type of Study Sample Size Participant
Characteristics Dietary Intervention Disease Reference

intervention n = 128 age ≥40 years

one capsule/day of resveratrol
500 mg/day (n = 43), 40 mg/day

(n = 43) or placebo (n = 42),
for 6 months

type 2 diabetes
mellitus [76]

intervention n = 214 men and women
20 years of age

Treated group (45 men and
65 women) received the cocoa
cream product (13 g/unit; 1 g

cocoa/unit, 6 units/d; 6 g cocoa/d)
for 2 weeks. Control group

consisted of 46 men and
58 women.

cardiovascular
disease risk [77]

5.1. Phenolic Acids

Gallic and ellagic acids can affect the activity of HATs and HDACs in monocytic cells with induced
inflammation. Kiss and co-workers proved that both acids decreased HAT activity in TNF-α-activated
human monocytic (THP-1) cells and that ellagic acid also increased HDAC activity. This led to the
attenuation of inflammatory response and improved the survival of cells [12].

Another phenolic acid, dihydrocaffeic acid (DHCA), which is a metabolite of caffeic acid, influences
the methylation level of DNA. It is known that stressful conditions can change the methylation level
of DNA in humans and animals, which also affects immunity, as the methylation of genes related to
immunity leads to less effective immune response [78,79]. Blaze and colleagues proved that treatment
with DHCA caused a decrease in DNA methylation level in peripheral leucocytes from mice exposed to
stressful conditions [13]. In another experiment, DHCA also decreased the level of DNA methylation
in human and mice peripheral leucocytes exposed to lipopolysaccharide (LPS) in vitro, which means
DHCA can exhibit an anti-inflammatory effect [13].

5.2. Stilbenes

Resveratrol exhibits anti-cancer, anti-oxidative, and anti-angiogenic properties with potential
benefits for human immunity or in the treatment of some diseases including diabetes, rheumatoid
arthritis, metabolic disorder, and cardiovascular or neurodegenerative diseases. It has been shown
that resveratrol directly targets immune cells, such as macrophages, large lymphocytes, and dendritic
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cells [58,80–82]. It can also affect several epigenetic targets including DNMTs and HDACs, especially
SIRT1 deacetylase from class III HDACs [23,58,82–84]. SIRT1 can deacetylate the p65 subunit of NF-κB
and also inhibit NF-κB-mediated inflammation [85]. Schug and co-workers demonstrated that SIRT1
inhibited the transcriptional activity of NF-κB through the deacetylation of the p65 subunit, affecting
the expression of inflammatory cytokines by macrophages [86]. TNF-α induced NF-κB p65 expression
in human umbilical vein endothelial cells (HUVECs) was diminished by SIRT1 activation triggered
by resveratrol treatment [24]. In another experiment, Bo and colleagues found that SIRT1 expression
in peripheral blood mononuclear cells was increased in the case of type 2 diabetes mellitus patients
receiving resveratrol for six months. The elevation of SIRT1 led to significantly reduced levels of
H3K56 acetylation and it is known from previous research that a high acetylation level of H3K56 is
related to genes playing an important role in the long-term effect of hyperglycemia on the body [76].
Besides SIRT1, resveratrol can also affect the methylation of DNA. Lou et al. observed that longer
resveratrol administration to diabetic rats led to a decline in the levels of pro-inflammatory cytokines
(IL-1, IL-6, TNF-α, and interferon-γ) and enhanced the production of anti-inflammatory IL-10 in the
cells of arterial intima. At the same time, they detected a higher level of the methylation of CpG islands
in these pro-inflammatory genes and a lower level of CpG methylation in the IL-10 gene compared to
untreated diabetic individuals. These results indicate that resveratrol can decrease inflammation also
through changes in DNA methylation and has a protective effect on the aorta or other arteries under
hyperglycemic conditions [25]. The available experimental data also suggest that resveratrol and its
analogs are able to modulate miRNA expression in various diseases [26,87].

5.3. Flavonols

Quercetin has been shown to inhibit the production of COX and lipoxygenase, inhibit the molecular
level of NF-κB, and block pro-inflammatory cytokine production or inhibit mitogen-activated protein
kinase; it thus possesses anti-inflammatory, anti-cancer, and anti-diabetic qualities [73,80]. Quercetin
was reported to increase histone H3 acetylation in HL-60 (human promyelocytic leukemia cells);
therefore, quercetin shows potential for the activation of HATs or the inhibition of HDACs [88]
and probably possesses histone demethylase inhibitor activity [89]. On the other hand, Xiao et al.
found that quercetin suppressed p300 activity in human breast cancer and endothelial cells and
thus reduced the p300-mediated acetylation of NF-κB [15]. Ruiz and colleagues demonstrated that
quercetin inhibited NF-κB binding to the pro-inflammatory interferon-γ-inducible protein (IP-10)
and macrophage inflammatory protein 2 (MIP-2) gene promoters in murine intestinal epithelial
cells, therefore further blocking cofactor recruitment and HATs activity at the chromatin of these
promoters. In addition to reducing HAT activity, quercetin inhibited the TNF-induced acetylation and
phosphorylation of histone H3 and NF-κB cofactor CBP/p300 at the IP-10 and MIP-2 gene promoter [90].

Fisetin also exhibits anti-inflammatory properties and may provide potential benefits in the
treatment of several diseases. For example, diabetes is closely associated with chronic inflammation,
as high glucose levels have been implicated in the activation of histone acetylation and the activation
of NF-κB. Kim et al. observed that fisetin suppressed pro-inflammatory cytokine release via the NF-κB
signaling pathway in THP-1 cells. The supplementation of cells with fisetin activated HDACs and
suppressed HATs, resulting in deacetylation of the p65 subunit of NF-κB and finally in diminished
pro-inflammatory cytokine release [14].

5.4. Flavones

Luteolin is reported to have antioxidant, anti-inflammatory, and anti-cancer properties. It is
related to the activation of nuclear factor 2 (erythroid-derived 2)-like 2 (Nrf-2), a transcription factor
which causes the transactivation of antioxidant genes [91,92]. Luteolin also displays similar effects as
fisetin, as it activates HDACs and inhibits HATs in high glucose-treated THP-1 cells. Luteolin inhibits
HAT activity and the expression of CBP/p300 protein, which results in deacetylation of the p65 subunit
and subsequently in the decreased activity of NF-κB. This leads to the suppression of inflammatory
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cytokine release, such as IL-6 and TNF-α [16]. Recently, Kim et al. found that luteolin in combination
with fisetin not only suppressed HAT and NF-κB activity and inflammatory cytokine release in THP-1
cells, but also significantly inhibited ROS production and activated SIRT1 expression [93].

5.5. Flavanols

The tea polyphenol EGCG exhibits anti-NF-κB activity in several pathological conditions, such as
chronic inflammation or cancer. Choi and colleagues proved that EGCG was responsible for HAT
inhibition and induced hypoacetylation of the p65 subunit. Furthermore, EGCG reduced the
TNF-α-induced expression of IL-6, COX-2 and iNOS in HEK293, THP-1 cells, and even primary
peritoneal macrophages [21]. EGCG was also shown to inhibit DNMTs and thus reactivate
methylation-silenced genes in cancer cell lines [20]. Recently, it was demonstrated that EGCG
mitigates vascular inflammatory response through a repressive epigenetic effect on the NF-κB signaling
pathway [94]. The positive effect of EGCG was also observed in the case of regulatory T cells (Tregs),
which are negative regulators of inflammation. Tregs function and their number are often decreased
in obese individuals compared with lean subjects. The role of EGCG in the modulation of Tregs was
studied in obese and lean human subjects in vitro; Tregs were isolated and cultured in the absence
or presence of EGCG. It was observed that EGCG treatment enhanced HDAC activity and decreased
NF-κB activity in both groups. Furthermore, EGCG also increased the production of anti-inflammatory
cytokine IL-10 by suppressing the NF-κB signaling pathway [95].

Cordero-Herrera and colleagues demonstrated that epicatechin, a main cocoa flavanol, prevented
the increased acetylation of H3K9 and the dimethylation of H3K4, and also decreased the dimethylation
of H3K9 in THP-1 cells cultured under high glucose conditions by affecting HDAC4 levels and HAT
activity. They further showed that both the expression level of NF-κB and the release of TNF-α were
decreased in these cells [22]. Crescenti and co-workers showed that the consumption of cocoa led to a
decreased DNA methylation level in human peripheral mononuclear leucocytes [77]. It was confirmed
previously that elevated DNA methylation in these cells is associated with various non-communicable
diseases such as cardiovascular disorders and obesity [96] or insulin resistance [97].

5.6. Isoflavones

Genistein has been shown to possess anti-diabetic, anti-inflammatory, and anticancer properties.
It is able to affect cancer cell survival and activate tumor suppressor genes by epigenetic changes [18,98].
Various cancers have been associated with the hypermethylation of CpG islands at the regulatory
sites of tumor suppressor genes with subsequent gene silencing and genistein has been shown to
decrease DNMT activity. Furthermore, genistein is able to increase HAT activity, as histone acetylation
is related to a loosened chromatin structure and the induction of tumor suppressor gene expression
in various cancer cell types [19,98]. In another study, genistein was able to increase SIRT1 levels in a
model of ovariectomized diabetic rats, which led to a subsequent decrease in NF-κB and IL-1β protein
levels, this providing evidence of the anti-inflammatory effect of genistein [18]. Recently, Zhang et al.
demonstrated that genistein played an important role in the prevention of atherosclerosis through the
regulation of miRNA expression. This study indicates that genistein could reverse oxidized low-density
lipoprotein-induced inflammation through the regulation of miRNA-155/SOCS1 (suppressor of the
cytokine signaling-1), which was accompanied by the inhibition of the NF-κB signaling pathway in
HUVECs [84].

5.7. Curcuminoids

Curcumin is well-known for its anti-inflammatory, anti-oxidative, and anti-lipidemic properties
and is able to modulate several diseases (e.g., neurological disorders, diabetes) via epigenetic regulation.
It suppresses the function of NF-κB by decreasing the acetylation level of the p65 subunit [70],
which regulates the anti-inflammatory response of the enzymatic activities of COX and iNOS. Curcumin
also downregulates the expression of NF-κB-related gene products (e.g., TNF-α, IL-1, IL-6, IL-8, adhesion
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molecules) [74,99] and modulates signaling pathways controlling anti-oxidative properties through
the regulation of Nrf-2 [29]. Several studies have recently shown that curcumin can affect DNMTs and
HDACs and thus reverse the silencing of key genes [29,30,75]. Moreover, curcumin has also been shown
to alter the profiles of miRNA expression [28] and to inhibit HATs [27]. HAT inhibition resulted in the
significantly reduced acetylation of histone H3 levels in the IL-6 promoter, as well as decreased IL-6
mRNA expression and IL-6 protein release by rheumatoid arthritis synovial fibroblasts [100]. In addition,
in a study using THP-1 cells as a model for human monocytes, curcumin was reported to have an
effect on histone acetylation and pro-inflammatory cytokine secretion under high-glucose conditions.
The results showed that curcumin treatment not only significantly reduced HAT activity and the level of
p300 (a co-activator of NF-κB), but also induced HDAC2 expression. The results indicate that curcumin
decreases high glucose-induced cytokine production in monocytes via epigenetic changes involving
NF-κB [70]. A similar effect of curcumin (increased HDAC and reduced HAT activity) was also observed
in TNF-α-activated THP-1 cells [12]. In another study, Yuan and colleagues investigated the role of
curcumin-mediated epigenetic modulation of the expression of TREM-1 (triggering receptor expressed
on myeloid cells 1) proteins. TREMs constitute a family of immunoglobulin cell surface receptors
expressed on macrophages and neutrophils, which are capable of regulating various immunological
events in both innate and adaptive immune cells. Yuan and colleagues demonstrated that curcumin
inhibited the methylation and acetylation of H3K4 and p300 in the TREM-1 promoter in vitro in bone
marrow derived macrophages and in vivo in a septic lung injury model, which led to the reduced
binding of p65 to the TREM-1 promoter in response to LPS. Their study also indicated that the
inhibition of TREM-1 by curcumin is independent of ROS production [19]. Curcumin also inhibits
the phosphorylation and degradation of IκBα and the subsequent translocation of the p65 subunit of
NF-κB to the nucleus [101].

6. Conclusions

Many phenolic compounds exhibit anti-inflammatory properties and have been shown to inhibit
the secretion and production of pro-inflammatory cytokines and decrease the production of reactive
oxygen and nitrogen species. Recent findings suggest that phenolic compounds can regulate epigenetic
mechanisms involved in immune system modulation. Phenolic compounds have the ability to modulate
gene expression through the regulation of epigenetic mechanisms including DNA methylation, histone
modification, and miRNA expression.

In addition, however, the regulation of HATs, HDACs, and SIRT1 activity, which all influence
NF-κB signaling, seems to be a crucial mechanism of the epigenetic control of inflammation by
phenolic compounds (Figure 2). Furthermore, this mechanism occurs to a greater or lesser extent in
many different phenolic classes. The modulation of epigenetic modifications by phenolic compounds
is, therefore, of great interest in the context of clinical approaches to immune-mediated diseases
and diseases such as rheumatoid arthritis, cancer, cardiovascular disease, atherosclerosis, metabolic
disorders, neurodegenerative diseases, obesity, and diabetes.
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into the nucleus and initiates the expression of genes, including genes for various mediators that 
intensify inflammatory response. HATs and HDACs have been implicated in regulating NF-κB 
activity. While HATs have a role in NF-κB-mediated transcriptional activation, HDACs have been 
shown to reverse this process and to repress NF-κB-mediated gene transcription. Many dietary 
phenolic compounds show a potential to modulate NF-κB-mediated inflammation through the 
regulation of HAT or HDAC activity. Ac: acetylation; COX-2: cyclooxygenase-2; HAT: histone 
acetyltransferase; HDAC: histone deacetylase; IKK: IκB kinase; IL-6: interleukin 6; iNOS: inducible 
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Figure 2. The regulation of inflammatory response by dietary phenolic compounds through HAT
inhibition or HDAC activation. NF-κB is a nuclear factor responsible for the transcription of genes
connected to inflammatory immune response. It is found in cytoplasm associated with its inhibitory
subunit IκBα, which masks the nuclear translocation signal. Upon cell stimulation, the inhibitory
subunit is phosphorylated by IκB kinase (IKK), which leads to its ubiquitination and degradation by
proteasome. The released NF-κB dimer (consisting of the p65 and p50 subunits) is then translocated
into the nucleus and initiates the expression of genes, including genes for various mediators that
intensify inflammatory response. HATs and HDACs have been implicated in regulating NF-κB activity.
While HATs have a role in NF-κB-mediated transcriptional activation, HDACs have been shown
to reverse this process and to repress NF-κB-mediated gene transcription. Many dietary phenolic
compounds show a potential to modulate NF-κB-mediated inflammation through the regulation of HAT
or HDAC activity. Ac: acetylation; COX-2: cyclooxygenase-2; HAT: histone acetyltransferase; HDAC:
histone deacetylase; IKK: IκB kinase; IL-6: interleukin 6; iNOS: inducible nitric oxide synthase; NF-κB:
nuclear factor kappa B; P: phosphorylation; TNF-α: tumor necrosis factor alpha; Uq: ubiquitination.

Taking all the above information together, the use of dietary phenolic compounds to induce
epigenetic modifications appears to be a promising approach with respect to disease prevention and the
development of treatment strategies. Nevertheless, the role of phenolic compounds in the regulation
of epigenetic mechanisms is complex and still poorly understood. Thus, it represents an attractive
field of research.
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List of Abbreviations

CBP CREB-binding protein
CpG 5’-cytosine-phosphate-guanine-3’
COX cyclooxygenase
DHCA dihydrocaffeic acid
DNMT DNA methyltransferase
EGCG epigallocatechin gallate
ERK extracellular signal-regulated kinase
HAT histone acetyltransferase
HDAC histone deacetylase
HMT histone methyltransferases
HUVEC umbilical vein endothelial cells
IKK IκB kinase
IL interleukin
iNOS inducible nitric oxide synthase
IP-10 interferon-γ-inducible protein
LPS lipopolysaccharide
MIP macrophage inflammatory protein
miRNA microRNA
NF-κB nuclear factor kappa B
Nrf-2 nuclear factor 2 (erythroid-derived 2)-like 2
piRNA PIWI-interacting RNA
RNS reactive nitrogen species
ROS reactive oxygen species
siRNA short interfering RNA
SIRT sirtuin
snRNA small nuclear RNA
SOCS suppressor of the cytokine signaling
TNF-α tumor necrosis factor alpha
Tregs regulatory T cells
TREM-1 triggering receptor expressed on myeloid cells 1
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Abstract: Background: Anacardium occidentale L. is a medicinal plant with powerful anti-oxidative
and anti-inflammatory properties. Acute inflammatory events cause tissue alterations, decrease
of anti-oxidative endogenous enzymes such as superoxide dismutase, catalase and glutathione,
neutrophils infiltration, increase in the activities of myeloperoxidase, malondialdehyde,
and pro-inflammatory release. Methods: Paw edema was induced by subplantar injection of
carrageenan into the right hind paw in rats, but 30 min before a group of animals were orally
treated with 100 mg/kg of cashew nuts to evaluate the anti-inflammatory and anti-oxidative
response. Results: In the present work, we found that (1) cashew nuts reduced the development
of carrageenan-induced paw edema limiting the formation of edema and pain; (2) cashew nuts
ameliorated the diminutions of the anti-oxidative enzymes caused by carrageenan injection; (3) cashew
nuts decreased myeloperoxidase malondialdehyde activity induced by carrageenan; and (4) cashew
nuts acted by blocking pro-inflammatory cytokines response and nitrate/nitrite formation stimulated
by carrageenan injection. Conclusions: The mechanisms of anti-inflammatory and analgesic effects
exerted by cashew nuts were relevant to oxygen free radical scavenging, anti-lipid peroxidation,
and inhibition of the formation of inflammatory cytokines.

Keywords: paw edema; cashew nuts; antioxidant; inflammation; polyphenols; analgesic

1. Introduction

Inflammation is the first physiological response to tissue injury involving a complex cascade of
reactions which can be provoked by numerous agents such as toxic compounds, microbes, etc., [1,2].
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The changes that happen during acute inflammatory event have physiologically functions in controlling
infection and restoring tissue to its normal state. The acute inflammatory state is generally composed
of four sub-events distinctly into: (1) Exudation of fluid that helps deliver plasma proteins to sites
of damage; (2) infiltration of neutrophils that leads to remove pathogens and cellular fragments;
(3) vasodilation that the delivery of necessary proteins and cells (like exudation) and increasing tissue
temperature; (4) pain and loss of function help to enforce rest and lower the risk of further tissue
damage [3].

When acute inflammatory response was controlled, the result is the elimination of the infectious
agents followed by a resolution and repair phase [3]. However, when the inflammation is uncontrolled
it can be harmful to health [4–6]. Main events during the inflammatory state involve nitric oxide (NO)
imbalance, lipid peroxidation, cytokines release, and maybe the most important, neutrophil-derived
reactive oxygen species (ROS) formation [7].

The instability of free radicals is fundamentally the result of the loss of an electron that leads to an
heightened reactivity and to a constantly “steal” electrons from other molecules starting a dangerous
chain reaction called “free radical damage” [8]. Principal targets of these “steal” are proteins, lipids,
and DNA/RNA, and all these modifications in different and several molecules may increase the chances
of mutagenesis. In fact, ROS/RNS overproduction over a prolonged period of time can cause serious
injury of the cellular structure and functions. For this reason, it is mandatory to remove it quickly [9].
Free radicals are important mediators that initiate inflammatory processes and, consequently, their
neutralization by antioxidants and radical scavengers can attenuate inflammation. In order to minimize
the damage caused by free radicals, the organism utilizes several enzyme such as superoxide dismutase
(SOD) and catalase (CAT) and cofactor such as glutathione (GSH) [10,11]. Often, however, the
physiological endogenous response put in place by the antioxidant enzymes may not be sufficient to
limit ROS production [12].

Actually, the primary treatment during acute inflammatory event is the use nonsteroidal
anti-inflammatory drugs (NSAIDs), in particular to limit neutrophil migration and oxygen free-radical
generation, but several studies demonstrated that long-term use could lead to a lot of side effects,
such as cardiovascular and gastrointestinal complications [13,14].

For this reason, it is mandatory to find new molecules to counteract novel drugs for treatment of
acute inflammation and pain.

In the past decades, there has been a growing interest in studying and quantifying the antioxidant
and anti-inflammatory constituents of vegetables in terms of their potential health functionality through
action against inflammatory conditions [15,16]. The use of plant with known anti-inflammatory and/or
antioxidant properties can be of great significance in therapeutic anti-inflammatory treatments.
In particular, plants or fruit or nuts, rich in phenolic compounds are known for their wide ranges of
biological activities, including anticancer, antibacterial, antioxidant, antidiabetic, and anti-inflammatory
properties which could constitute an alternative in therapeutics [17].

Numerous studies, has been carried out on nuts demonstrating that a diet enriched with walnuts
decreases serum cholesterol levels compared to a standard healthy diet [18]. By definition, tree nuts are
dry fruits with one seed in which the ovary wall becomes hard at maturity. One of the most popular
edible tree nuts is cashews (Anacardium occidentale L.) [18].

Cashew nuts are rich of unsaturated fatty acids (UFAs) such as oleic (ω-9) and linoleic (ω-6) acid,
flavonoids, anthocyanins and tannins, fiber, folate and tocopherols [19–23].

The proposal of nuts as cardio-protective foods was supported from both epidemiological
observations suggesting a consistent inverse association between nut intake and development of heart
disease and numerous short-term clinical trials that showed beneficial effects of nut intake on the lipid
profile [24–28]. Additionally, recent studies proved that the use of cashew nuts (Anacardium occidentale L.)
can modulate the effects of several chronic inflammatory state such as colitis, degenerative joint disease,
dyslipidemia, and others [29–34].
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Its anti-inflammatory and anti-oxidative activities is probably due to the inhibition of the biosynthesis
of inflammatory mediators by blocking the activities of 5-lipoxygenase (5-LOX) or cyclooxygenase 2
(Cox-2) which makes it a promising treatment for different inflammatory diseases [35,36].

However, until today, nobody evaluated its effects during acute inflammatory events.
Carrageenan-induced paw edema is a common murine experimental model used for the study of

new compounds during the acute phase of inflammation [37]. As well-known, following injury induced
by carrageenan, there is cell infiltration, mainly neutrophils, that contributes to the inflammatory
response by producing myeloperoxidase and pro-inflammatory cytokines [4,6,30,38,39]. Moreover,
a critical role during the development of the inflammatory state is the lipid peroxidation and the
imbalance between ROS production and anti-oxidant enzyme activities [4,6,30,38,39]. With this
background in mind, we used this consolidated experimental model to evaluate for the first time the
analgesic, anti-inflammatory, and anti-oxidant effects of cashew nuts.

2. Materials and Methods

2.1. Animals

Male rats (Sprague-Dawley (200–230 g, Envigo, Milan, Italy)) were used throughout.
The University of Messina Review Board for animal care (OPBA) approved the study. All animal
experiments agree with the new Italian regulations (D. Lgs 2014/26), EU regulations (EU Directive
2010/63), and the ARRIVE guidelines.

2.2. Carrageenan-Induced Paw Edema

After anesthesia with 5.0% isoflurane in 100% O2 rats were subjected to a subplantar injection of
CAR (0.1 mL/rat of a 1% suspension in saline) with a 27-gauge needle into the right hind paw, as described
previously by Morris and Britti [40,41]. The animals were sacrificed after 6 h post CAR-injection by
isoflurane overdose. All analyses were performed in a blinded manner of experimental groups [42].

2.3. Experimental Groups

Rats were randomly divided into the following groups:
(1) CAR + vehicle (saline): rats were subjected to CAR-induced paw edema (n = 10);
(2) CAR + cashew nuts (100 mg/kg): rats were subjected to CAR-induced paw edema and cashew

nuts (100 mg/kg) was administered 30 min before CAR (n = 10);
(3) The sham-operated group underwent the same surgical procedures as the CAR group, except

that saline or drugs were administered instead of CAR (n = 10 for all experimental groups).
The tested dose was chosen based on previous studies performed in our laboratories [30].

After sacrifice, paw tissue and blood were collected for histological and biochemical analysis.
In another sets of experiments (n = 6 for each group) we analyzed ROS production and

5-LOX/COX pathways.

2.4. Assessment of CAR-Induced Paw Edema

Edema was assessed as previously described [40]. In short, the volume of the paw was measured
with a plethysmometer (Ugo Basile, Comerio, Italy) immediately before carrageenan was injected and
for 6 h at hourly intervals subsequently. For each animal, edema was expressed as increase in paw
volume (mL) after CAR injection relative to pre-injection value.

2.5. Pain-Related Behavioral Analysis in the CAR-Induced Inflammation

To evaluate the analgesic effects of cashew nuts we made a plantar and Von Frey tests. Briefly, during
the plantar test we analyzed the hyperalgesic response to heat at different time point using a Basile
Plantar Test (Ugo Basile, Varese, Italy) with a cut-off latency of twenty seconds to prevent tissue injury.
A mobile unit containing a high-intensity projector bulb was located to carry on a thermal stimulus
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directly to a single hind paw from beneath the chamber. The withdrawal latency period of injected
paws was determined with an electronic clock circuit and thermocouple. Results are expressed as
paw withdrawal latencies [41,43]. Additionally, Von Frey test (BIO-EVF4, Bioseb, Vitrolles, France)
was made. The device encloses a force transducer furnished with a plastic tip. The force applied was
measured when pressure is applied to the tip. The tip was applied to the hind leg’s plantar region,
and an increasing force was exerted upwards before the paw was extracted. The withdrawal threshold
was defined as the force, expressed in grams, at which the rats removed the paw [41,44,45].

2.6. Myeloperoxidase (MPO) and Malonaldehyde (MDA) Activity

As previously described for MPO evaluation, paw tissues were homogenized in 0.5 percent
hexadecyltrimethyl-ammonium bromide dissolved in 10 mM potassium phosphate buffer (pH 7.0)
and centrifuged at 20,000× g at 4 ◦C for 30 min. A supernatant aliquot had been allowed to react
with a 1.6 mM tetramethylbenzidine/0.1 mM H2O2 solution. The rate of absorbance shift was
measured at 650 nm, using a spectrophotometer. MPO activity was defined as the amount of enzyme
degrading 1 mM of peroxide at 37 ◦C within 1 min, and expressed in units per gram of wet tissue
weight [46,47]. Additionally, for MDA analysis, paw tissues, collected at the end of experiment, were
homogenized in 1.15% KCl solution. An aliquot of the homogenate was added to a reaction mixture
containing sodium dodecyl sulfate (SDS), acetic acid (pH 3.5), thiobarbituric acid, and distilled water.
Samples were then boiled and centrifuged. The supernatant’s absorbance was measured at 650 nm
using spectrophotometry [46–48].

2.7. Determination of Nitrite/Nitrate Concentration in Paw

Levels of nitrite/nitrate production in the paw tissue were determined as previously described
by Costantino et al. [47]. Briefly, at the end of experiment, paws were cut and centrifuged to recover
a sample of the edematous fluid. Blood was separated from the fluid sample and nitrite + nitrate
(NOx) production, an indicator of NO synthesis, was measured [47]. Concentrations of nitrate were
determined by comparison of regular sodium nitrate solutions prepared in saline solution at the OD550.

2.8. Evaluation of Cytokines and Antioxidant Enzymes in Blood

TNF-α, IL-6, IL-1β, and IL-10 levels from each sample were measured in duplicate with highly
sensitive rat Elisa kit according to manufacturer’s instructions (R&D Systems, Minneapolis, MN,
USA) [49]. Additionally, also the levels of SOD, GSH, and CAT were assayed in blood according to
manufacturer’s instructions (Cusabio Biotech Co., Ltd, Wuhan, Hubei, China) [50–53].

2.9. Histological Examination of the CAR-Inflamed Hind Paw

For histological examination hematoxylin/eosin (H/E) was made and observed blinded to the
treatment protocol. Briefly, paw tissues were taken at the end of experiment, and were dehydrated,
embedded in Paraplast, and cut into sections of 7 µm and observed under microscopy (Leica DM7,
Milan, Italy). The gradation of inflammation was estimated according a score based on 5 point: none,
mild, mild/moderate, moderate, moderate/severe, and severe inflammation [54,55].

2.10. Cashew Nuts Nutritional Composition

Nutritional composition of Cashew kernel samples (Anacardium occidentale L.) obtained from
Burkina Faso, a landlocked country in West Africa, was previously detected [30]. Briefly, 100 g of
cashew kernel samples containing moisture 4.86 g, protein 21.01 g, lipids (total) 44.70 g, dietary fiber
(total) 3.86 g, sugars (total) 32.80 g, ash 2.68 g, and total phenols 69.64 mg.
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2.11. Estimation of Oxidant Levels

At the end of the experiment, through the dichlorodihydrofluoresceindiacetate (H2DCFDA)
staining method we measured the intracellular oxidant levels as previously described [56,57].
Briefly, we dissolved H2DCFDA probes (Invitrogen Corporation; Carlsbad, CA, USA) in a solution
of ethanol with a final concentration of 12.5 mM and we kept it at −80 ◦C in the dark. Before use,
the solution was diluted with potassium phosphate buffer with a final concentration of 125 µM.
To obtain the fluorescence reactions, 96-well black microplates were loaded with potassium phosphate
buffer to a concentration of 152 µM/well. Then 8 µL diluted tissue homogenate and 40 µL (152 µM dye)
were added to get a final concentration of 25 µM. The variation in fluorescence intensity was monitored
every 5 min for 30 min with excitation and emission wavelengths set at 485 nm and 538 nm [58].

2.12. Western Blots Analysis for 5-LOX and Cox-2

Western blot examination on cytosolic fraction of the paw tissue was prepared as previously
described [59]. Membranes were incubated with anti-5-LOX (1:1000) (Santa Cruz Biotechnology,
Heidelberg, Germany), anti-Cox-2 (1:1000) (Santa Cruz Biotechnology, Heidelberg, Germany),
and β-actin (1:500) (Santa Cruz Biotechnology, Heidelberg, Germany) for the standardization.
Signals were identified with enhanced chemiluminescence (ECL) detection system reagent and the
relative expression of the protein bands was measured by densitometry with BIORAD ChemiDocTM
XRS+software (Bio-rad, Milan, Italy). A representation of blot signals were imported to analysis
software (Image Quant TL, v2003).

2.13. Reagents

All other materials were purchased from Sigma-Aldrich Co. Stock solutions were prepared
in nonpyrogenic saline (0.9% NaCl, Baxter Healthcare Ltd., Thetford, Norfolk, UK).

2.14. Data Analysis

All values are expressed as mean ± standard error of the mean of N observations. For in vivo
experiments, N represents the number of animals. For experiments involving histology, the photos
shown are demonstrative at least three experiments performed on different experimental days on tissue
sections collected from all animals in each group. The results were analyzed by two-way ANOVA when
the effect of the treatment was investigated in time-dependent mode or by one-way ANOVA when the
means of two or more samples were analyzed. All analysis were followed by a Bonferroni post-hoc
test for multiple comparisons. In all statistical studies GraphPad Software Prism 8 (La Jolla, CA, USA)
was used. A p value of less than 0.05 was considered significant. # p < 0.05 vs CAR; ## p < 0.01 vs CAR;
** p < 0.01 vs sham; *** p < 0.001 vs sham.

3. Results

3.1. Effect of Cashew Nuts on CAR-Induced Inflammation and Pain

One of the first sign of intraplantar injection of CAR, was the increase in paw volume
in a time-dependent way (Figure 1A) measured at 8 different set point from 0 (time when the
experiment started) to 6 h (time when experiment ended). The increase in paw volume leads to pain
that was assessed by the development of thermal hyperalgesia (Figure 1B) and mechanical allodynia
(Figure 1C). In our study, we found that oral treatment with Cashew nuts at the dose of 100 mg/kg
given 30 min before CAR, showed a reduction of the volume of rat paw significantly at 6 h post-CAR
as well as a decrease in pain showing an inflammatory activity and algesic response.
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Figure 1. Evaluation of the effects of cashew nuts on carrageenan (CAR)-induced inflammation and
pain. Paw edema was induced by subplantar injection of CAR. Paw volume was measured before the
subplantar injection and hourly to 6 h. The edema volume is the difference in the paw volume at each
time-point and the basal paw volume. Hyperalgesia and mechanical allodynia were assessed at the
time points indicated with plantar and Von Frey tests. Cashew nuts administration shows significant
improvement in the treatment of inflammation and pain. See materials and methods for further details.
Paw volume (A); plantar test (B); Von Frey test (C). # p < 0.05 vs. CAR.

3.2. Effects of Cashew Nuts on Histological Alteration after CAR Injection

At the end of experiment, a histopathological study was made in paw tissue by H/E examination.
A microscopic study of the paw biopsies in CAR group showed edema formation and cellular diffuses
infiltration with serious alteration in tissue architecture (Figure 2B and inset B1, see histological score D).
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Cashew nuts administration, at the dose of 100 mg/kg, was able to slightly reduce histological injury
in paw tissues of rats (Figure 3C, and inset C1, see histological score D) counteracting both cellular
infiltration and edema formation. Sham rats showed a normal architecture of paw tissue (Figure 2A
and inset A1).

Figure 2. Histological evaluation of paw tissue after cashew nuts treatment following CAR-injection.
Investigation of tissue injury of the animals subjected to CAR, was made by H/E staining. CAR group
shows a loss of the physiological architecture compared to sham. Cashew nuts administered 30 min
before CAR-injection shows reduction in infiltrating cells and edema formation compared to vehicle.
Histological score (D). See materials and methods for further details. Sham (A,A1); CAR (B,B1);
cashew nuts (C,C1). *** p < 0.001 vs. sham.
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3.3. Effects of Cashew Nuts on Nitrate/Nitrite, MPO, and MDA Activity in CAR-Injured Rats

The development of histological damage was associated with a statistically significant increase
in MPO activity (Figure 3A), as an indicator of neutrophil infiltration, and MDA (Figure 3B), marker of
lipid peroxidation. In our study, we found that cashew nuts administered 30 min before CAR injection
was able to reduce not only MPO activity by inhibiting neutrophil recruitment but also MDA levels.

Additionally, during inflammatory events, NO played a critical role in tissue injury [60]. For this
reason, nitrite/nitrate levels were measured in exudate of paw tissues to regulate the expression of nitric
oxide (Figure 3C). Oral treatment with cashew nuts at the doses of 100 mg/kg were able to significantly
decrease also nitrite/nitrate levels.

Figure 3. Effects of cashew nuts on nitrate/nitrite, MPO, and MDA activity after CAR-injection.
As a consequence of neutrophils infiltration and lipid peroxidation MPO and MDA were assessed.
Additionally, considering the key role played by NO during inflammatory events, we analyzed also
levels in nitrite/nitrate in paw exudate. Carrageenan induces a significant increase in all parameter
taken in consideration. On the other hands, oral treatment with cashew nuts at the dose of 100 mg/kg
significantly reduced MPO, MDA, and nitrate/nitrite CAR-induction. MPO (A); MDA (B); nitrate/nitrite
(C). See materials and methods for further details. # p < 0.05 vs. CAR; ## p < 0.01 vs. CAR; *** p < 0.001
vs. sham.
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3.4. Effects of Anacardium occidentale L. on Cytokines Production

As well-know, cytokines exert important effects during inflammatory events, for this reason they
can be used as biomarkers in indicating or monitoring inflammation and its progress [61]. In our study,
we found a significant increase compared to sham animals in serum pro-inflammatory cytokine levels
in the group subjected to CAR (Figure 4A–C) as well as, a significant decrease in IL-10 production was
detected (Figure 4D). Cashew nuts administration given 30 min before CAR-injection at the dose of
100 mg/kg was able to significantly decrease pro-inflammatory cytokines production, and on the other
hand, significantly increase IL-10 release.

Figure 4. Effects of cashew nuts on cytokines production CAR-induced. Investigation of cytokines is
mandatory when talking of inflammatory condition. As predicted, during CAR-caused inflammation,
we observed a significant increase in TNF-α, IL-1β, IL-6 levels; vice versa we observed a significant
decrease in IL-10 production. Cashew nuts administration 30 min before CAR-injection at the dose
of 100 mg/kg significantly reduced pro-inflammatory cytokines expression and, vice versa, increased
anti-inflammatory expression of IL-10. TNF-α (A), IL-1β (B), IL-6 (C), and IL-10 (D). See materials and
methods for further details. # p < 0.05 vs. CAR; ## p < 0.01 vs. CAR; *** p < 0.001 vs. sham.

3.5. Effect of Cashew Nuts on CAR-Induced Oxidative Stress

Considering a variety of oxidants and free radicals that are implicated in the pathogenesis of
inflammatory process and considering that dietary components also may contribute to the antioxidant
defense either by providing redox active compounds that can directly scavenge or neutralize free
radicals, we investigated the oxidative stress through H2DCFDA probes and ELISA kits. As supposed,
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after CAR-injection, we observed a very important increase of ROS production (Figure 5A) and, on the
other hand, a decrease in SOD (Figure 5B), GSH (Figure 5C), and CAT (Figure 5D) activity compared to
sham animals. After cashew nuts treatment, decrease in oxidative stress and increase in the activity of
SOD, GSH, and CAT were observed.

Figure 5. Anti-oxidant effects of cashew nuts after CAR-induction. Oxidative stress is a major
component of acute inflammatory condition. First line of defense against free radical production (A) is
represented by SOD (B), CAT (C), and GSH (D). Administration of cashew nuts at the dose of 100 mg/kg
significantly increased the activity of the anti-oxidant enzymes SOD, CAT, and GSH which had been
significantly reduced by carrageenan injection. SOD (A), CAT (B), and GSH (C). See materials and
methods for further details. # p < 0.05 vs. CAR; ** p < 0.01 vs. sham; *** p < 0.001 vs. sham.

3.6. Effect of Cashew Nuts on CAR-Induced 5-LOX and Cox-2 Expressions

One of the most important role, during inflammatory events, is done by the mediators of the
arachidonic acid cascade from COX and LOX pathways, that, as well-known, are modulated by
flavonoids [62]. For better understanding the molecular mechanism of cashew nut, we investigate by
Western blots, 5-LOX and Cox-2 expressions. As speculated, after CAR injection we found a significant
increase in both expression, compared to sham animals. After oral treatment with cashew nuts at the
dose of 100 mg/kg, we found a significant decrease in both (Figure 6A,B).
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Figure 6. Effects of cashew nuts on 5-LOX and Cox-2 expressions. The inhibition of the biosynthesis of
inflammatory mediators through the modulation of the activities of 5-LOX and/or Cox-2 considered as
a promising approach to treat inflammatory diseases. For these reason we investigated the effect of
cashew nuts treatment by Western blots on both enzymes. We found a significant increase after CAR
injection, compared to sham, that was significantly decreased in 5-LOX as well as in Cox-2 expression.
Representative western blot for Cox-2 (A) and LOX-5 (B) and respectively densitometric analysis
(A1,B1). See materials and methods for further details. # p < 0.05 vs. CAR; ** p < 0.01 vs. sham.

4. Discussion

Inflammatory condition are universally identified as one of the most important causes of
co-morbidity across the population [63]. When under control, inflammation is a defensive response of
a body against invasion by the foreign bodies [64]. An acute inflammatory response is, for definition,
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represented by redness, heat, swelling, pain, and the loss of function [65,66]. The protective effects
of inflammatory cascade and potential for tissue destruction are usually balanced in normal state,
whereas, when uncontrolled, inflammation may arise in numerous diseased states like rheumatoid
arthritis, multiple sclerosis, inflammatory bowel disease, and many others [4,67–70].

Considering doubts about the side effects of repeated use of synthetic chemicals, there is growing
interest in the medicinal uses of natural chemicals and their derivatives as healthier replacements, such
as functional products or as nutraceuticals [71].

Until today, the most advantageous therapies for the management of inflammatory state is
based on the use of NSAIDs. Unfortunately, the chronic use of NSAIDs is connected with a broad
spectrum of side effects ranging from gastrointestinal problems to kidney toxicity [64]. Toxicity and
reappearance of signs is a major problem related to currently available synthetic drugs [64]. For these
reasons the development of safer anti-inflammatory agents remains to be a subject of great interest [16].
Improvement of anti-inflammatory drugs derived from natural sources is the rational and productive
strategy toward the cure of inflammatory ailments [72,73].

The search for natural molecules with antioxidant and anti-inflammatory activities has increased
extremely over the past decades because the natural products are safe, efficacious, biocompatible,
and cost-effective alternatives to treat inflammatory diseases [64].

In particular, researchers focused the attention on the possibilities that dietary daily intake of
sources of antioxidants may offer a cost-effective approach to treating most linked pathways associated
with inflammation: the oxidative stress [62–64].

Nuts would be a promising alternative in reducing oxidative damage, owing to their secondary
metabolites richness such as polyphenols, flavonoids, tannins, terpenoids, and anthraquinones [74–78].
The most accredited hypothesis may be that polyphenolic components of dietary plants may increase
the endogenous antioxidant defense potential and thus modulate cellular redox state, additionally, and
sequentially is apt to consider how polyphenols may modulate the redox system and its components
in a cell during normal and pathophysiological conditions [78].

Anacardium occidentale L. is a Brazilian plant that is usually consumed in nature and used
in folk medicine with high value edible nut and a source of carbohydrates, proteins, phosphorous,
iron, zinc, magnesium, fibers, and fatty acids [79]. Actually, it is officially listed in the National
System of Medicinal Plants and Herbal Medicine of the specific Italian health system for medicinal
purposes [30]. Also, it is a tree rich in anthocyanins, carotenoids, flavonoids, and other polyphenols as well
as mineral components [30]. In recent years, it was used for its antioxidant, antigenotoxic, antimutagenic,
antiulcerogenic, anti-inflammatory, antibacterial, antifungal, and larvicides activities [30,80–87]. In another
studies made in our laboratory we demonstrated, in a murine model of colitis, that cashew nuts treatment,
was able to alleviate the clinical signs of colon damage as well as oxidative stress, inflammation,
and iNOS, ICAM-1, and P-selectin expressions [31].

Until today, nobody demonstrated the effect of cashew nuts treatment in an acute
inflammatory model.

Carrageenan-induced paw edema is a very sensitive and reproducible test used in the screening
of new molecules with anti-inflammatory activities [88]. Carrageenan-induced inflammation
causes an acute and local inflammatory response that is advantageous for detecting orally active
anti-inflammatory agents; therefore, it has significant prognostic value for anti-inflammatory agents
acting through mediators of acute inflammation [88].

First step of acute inflammatory response is characterized by edema often formed because of
exudation of fluid and plasma proteins [89]. In our work we found that edema formation was reduced
significantly at 6 h post-CAR.

Additionally, carrageenan-induced paw edema leads to sensitization of primary sensory neurons,
essentially event to inflammatory pain [90]. In humans, this nociceptor sensitization usually leads to
clinical conditions known as hyperalgesia defined as an increased response to a painful stimulus or
allodynia described as pain evoked by non-noxious stimuli. In our study, we have proven that oral
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administration of cashew nuts 30 min before CAR, was in grade to reduce hyperalgesia and allodynia
significantly at 6 h post-CAR.

Edema and pain in the hind paw of animals as a result of CAR-induced inflammation usually
limit their motility and cause trouble in using their hind paw.

During a CAR-induced acute inflammation event, paw tissue loses normal muscle architecture
and shows important amassing of infiltrating inflammatory cells and increased inter-fiber space during
microscopic observation [6]. During our study, we found that oral administration of cashew nuts
decreased infiltrating inflammatory cell as also demonstrated by the significant decrease of MPO assay.

One of the most dangerous consequences of uncontrolled oxidative is cell injury caused by
ROS [91]. Since it is complex measuring the free radicals directly in vivo, it is common in use to
carry out the quantification of different molecules which can react with these free radicals, such as
for example lipids [92]. Considering that lipid peroxides are very reactive compounds, they appear
to quickly degrade in a range of sub-products. MDA is one of the most known secondary products
of lipid peroxidation, and it is the most used as marker of cell membrane injury [92]. Additionally,
another important biomarker, in the pathogenesis of inflammation, is NO that is produced by inducible
nitric oxide synthase during the formation of l-citrulline from l-arginine [93]. In our studies we found
that cashew nuts at the dose of 100 mg/kg was in grade to significantly diminished lipid peroxidation
and NO formation.

Conversion of arachidonic acid to biologically active leukotrienes, a potent mediators of
inflammatory reactions is a key point when looking for new molecules that can inhibit inflammatory
events. Plant domain is a valuable source for new 5-LOX and dual 5-LOX/COX-inhibitors, because they
are fundamentally rich in flavonoids compound [36]. In past, Wagner and colleagues demonstrate
that Anacardium occidentale L. strongly inhibited prostaglandin synthase, but nobody evaluated these
activities in vivo [94]. Our results demonstrate that cashew nuts decrease inflammation probably
across to the modulation of 5-LOX and Cox-2.

Inflammatory cascade activates cells and induce production of inflammatory cytokines, such as
IL-1β, IL-6, and TNF-α. These molecules can potentially serve as biomarkers for diseases diagnosis,
prognosis, and therapeutic management [95–97]. In these work we demonstrated that cashew nuts
could inhibit the production of the cytokines involved in carrageenan-induced paw edema.

To counteract ROS formation, cells have developed a complex antioxidant defense system that
consists of several enzyme systems involved in the conversion of ROS to less reactive molecules such
as O2 and water [98,99]. The first line of antioxidants defense was composed by SOD, CAT, and GSH.

SOD, is the most powerful antioxidant enzyme in the cell that catalytically converts superoxide
radical or singlet oxygen into hydrogen peroxide and molecular oxygen; CAT catalyzes the degradation
or reduction of hydrogen peroxide to water and molecular oxygen, completing the detoxification
process initiated by SOD, and GSH is the most abundant intracellular non-protein thiol in cells with
the functions of removing potentially toxic electrophiles and metals protecting cells from toxic oxygen
products [100,101].

In our studies, carrageenan significantly increased ROS production and reduced GSH, SOD,
and CAT levels, but this increase/decrease was counteracted by the oral treatment of cashew
nuts, suggesting that the inhibition of carrageenan-induced oxidative stress may also explain the
analgesic effect.

5. Conclusions

Inflammation studies have been one of the main hubs of global science study. The inflammation is
known to be correlated with oxidative processes, mainly because they share some common pathways.
Since oxidative stress is common in several degenerative disease, it has been supposed that dietary
antioxidants may explain a very important protective effect. Nuts are a main source of antioxidants
in the diets worldwide. Nuts are high in antioxidant, in fiber, and in beneficial unsaturated fats and
low in saturated fats. Nuts are usually eaten as a snack or added to food to provide both nutrients and
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bioactive antioxidants. In conclusion, in our work, we demonstrated for the first time that cashew
nuts consumption not only brings benefits in experimental mouse models of chronic inflammation,
but also in acute inflammation events. In particular was in grade to significantly counteract edema
formation and consequently carrageenan-related pain. In addition, oral treatment with 100 mg/kg
of cashew nuts significantly decreased MPO and MDA activity as well as nitrate/nitrite formation.
Moreover, in agreement with our previous study, we demonstrated for the first time, that cashew
nuts administration was able to significantly improve endogenous antioxidant activity, limiting
pro-inflammatory cytokines release. Its beneficial effect is probably due to the high content of phenols
that mediate activation of 5-LOX COX pathways. Considering all the benefits brought by cashew
nuts, its usual consumption in the diet could be considered in order to reduce the events of cellular
oxidative stress. Taken together, our result fits with previous study in which it was demonstrated that
cashew nuts possess interesting anti-inflammatory, anti-oxidative, and analgesic activities that will be
of interest for further investigation.
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Abstract: Oxidative stress seems to play a role in many chronic diseases, such as cardiovascular
diseases, diabetes, and some cancers. Research is always looking for effective approaches in the
prevention and treatment of these pathologies with safe strategies. Given the central role of nutrition,
the identification of beneficial healthy foods can be the best key to having a safe and at the same
time effective approach. Soy has always aroused great scientific interest but often this attention is
galvanized by the interaction with estrogen receptors and related consequences on health. However,
soy, soy foods, and soy bioactive substances seem to have antioxidant properties, suggesting their role
in quenching reactive oxygen species, although it was frequently mentioned but not studied in depth.
The purpose of this review is to summarize the scientific evidence of the antioxidant properties of soy
by identifying the human clinical trials available in the literature. A total of 58 manuscripts were
individuated through the literature search for the final synthesis. Soy bioactive substances involved
in redox processes appear to be multiple and their use seems promising. Other larger clinical trials
with adequate standardization and adequate choice of biomarkers will fill the gap currently existing
on the suggestive role of soy in antioxidant mechanisms.

Keywords: soy; soybeans; soy foods; antioxidants; reactive oxygen species; cardiovascular diseases;
diabetes; cancer

1. Introduction

Soy (Glycine max L.) is a very important food in human nutrition. It represents a popular food
in South-East Asian cuisine and its characteristics have attracted the interest of the food industry [1].
Its nutritional properties and biotechnological characteristics are attractive and explain the widespread
use in the production of processed foods, especially as analogs and substitutes of meat intended
for vegetarian and self-conscious users [2]. The lower incidence of some chronic diseases among
populations that traditionally use soy and soy foods worldwide has suggested their role in the
prevention of some pathologies [3]. However, the evidence from the literature suggests a discrepancy in
the effect between Asian and Western populations whose consumption by the latter is very limited and
only recently adopted. For example, there is a limited amount of prospective studies that have assessed
the association between soybean and type 2 diabetes mellitus (T2DM) in Western populations [4].
In 2016, Ding and colleagues conducted a prospective pooled analysis based on three large North
American cohort studies (Health Professionals Follow-Up Study, First and Second Nurses’ Health
Study) about the influence of soy, soy foods, and soy isoflavones consumption on T2DM risk [5].
The analysis included 163,457 subjects with 9185 T2DM documented incident cases. After multivariate
adjustments, there was no association between soy food consumption and T2DM risk but there was a
significant inverse association between soy isoflavone and risk of T2DM (HR: 0.89, with 0.83 to 0.96 95%
CI; p = 0.009 for the trend) for highest compared to the lowest quintile of consumption. A significant
inverse correlation persists down to the third quintile of soy isoflavone consumption. Other studies in
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China, Singapore, and Hawaii showed an inverse correlation between soy and T2DM risk [6–8] but
this was not confirmed in a Japanese study [9].

In 1999, the US Food and Drug Administration (FDA) released a cholesterol-lowering claim about
soy protein foods [10], but recently, based on new evidence, a revocation was proposed [11]. In light of
this latter hypothesis, Jenkins at al. performed a cumulative meta-analysis including the before-1999
studies used for the original claim and some additional recent trials, finally selecting 46 studies and 2607
participants for the re-analysis [12]. A minimum reduction of 4.0 mg/dL (with −6.7 to −1.3 mg/dL 95%
CI; p = 0.004) and a maximum reduction of 7.7 mg/dL (with−11.2 to−4.3 mg/dL 95% CI; p < 0.00001) for
total cholesterol (TC) was observed with a median soy protein intake of 25 g/d. Moreover, a minimum
reduction of 4.2 mg/dL (with −6.6 to −1.8 mg/dL 95% CI; p = 0.0006) and a maximum reduction of
6.7 mg/dL (with −10.2 to −3.2 mg/dL 95% CI; p < 0.0002) for low density lipoprotein cholesterol (LDL-C)
was observed. From the previous trials regarding the first claim of the FDA until 2013, the significance
never fell below p = 0.002. This modest soy effect, if adopted with concomitant synergic dietary
interventions, is comparable with a statin-like reduction effect [13]. Likewise, Health Canada has
recently approved a soy cholesterol-lowering effect claim [14].

In a dose-response meta-analysis of 23 prospective cohort studies and 330,826 participants,
soy consumption was inversely associated with cancer mortality (RR: 0.88, with 0.79 to 0.99 95% CI;
p = 0.03; I2: 47.1%) and CVD mortality (RR: 0.85, with 0.72 to 0.99 95% CI; p = 0.04; I2: 50.0%) [15].
Besides, soy isoflavone consumption was also associated with all-cause mortality (RR: 0.90, with 0.82
to 0.98 95% CI; p = 0.02; I2: 0.0%). Soy protein intake was inversely associated with breast cancer
mortality (RR: 0.73, with 0.55 to 0.96 95% CI; p = 0.02; I2: 63.5%) but no association emerged for all-cause
or CVD mortality. In the linear dose-response analysis, a 10 mg/d increase in soy isoflavone was
associated with lowering the breast cancer mortality risk by 9%, whereas a 5 g/d increase in soy protein
intake was associated with a lowering of 12%. In a recent cohort study of 52,795 US women from the
Adventist church, the substitution of dairy milk with soy milk was associated with reduced breast
cancer risk (HR: 0.68, with 0.55 to 0.85 95% CI; p = 0.001) [16]. In a systematic review and meta-analysis
of 30 studies and 266,699 multi-ethnic participants, an inverse association between soy consumption
and the prostate risk was highlighted (RR: 0.70, with 0.58 to 0.85 95% CI; p < 0.001; I2: 68.9%) [17].
Unfermented soy foods (but not fermented foods) were also significantly associated with reduced
prostate cancer risk (RR: 0.65, with 0.52 to 0.83 95% CI; p < 0.001; I2: 60.3%). Likewise, genistein and
daidzein but not total isoflavone intakes were inversely associated with cancer risk, which implies
a wider mechanism of action not limited to isoflavone bioavailability. Moreover, the genistein and
daidzein circulating concentrations were not associated with prostate cancer risk.

It has been hypothesized that the effect of soy on chronic diseases depends on specific bioactive
substances and primary isoflavones, and that the protective action involves anti-inflammatory,
antineoplastic, antiplatelet mechanisms, and, at least in part, antioxidant mechanisms [18–20]. The effect
of isoflavones on cardiometabolic risk factors could mainly imply mechanisms unrelated to the
interaction with the estrogen receptor [21]. Moreover, oxidative stress seems to influence glycemic
tolerance [22], CVD [23], and the genesis of neoplastic pathologies [24]. The implication of oxidative
stress in non-communicable diseases suggests the possibility of an effective and safe approach for
prevention. The use of soy, soy foods, and soy bioactive substances, widely consumed in the world,
could provide an economic and easily available solution in a sustainable nutritional paradigm, already
widely discussed for preventive purposes. However, there is a need for comprehensive data collection
that defines the effectiveness of soy. The purpose of this review is to clarify the antioxidant properties
involved in the beneficial effects of soy, soy foods, and soy bioactive substances on health through the
identification of clinical trials on humans.
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2. Methods

Consultation of the databases was carried out through a systematic search method using the
PubMed search engine [25] and a Trials Cochrane Library Central search [26], to identify the relevant
works based on the specific inclusion criteria listed below.

The following string for the query was used: “(ROS [Title/Abstract] OR antioxidant [Title/Abstract]
OR antioxidants [Title/Abstract] OR oxidative [Title/Abstract]) AND (soy [Title/Abstract] OR soyfood
[Title/Abstract] OR soybeans [Title/Abstract] soyfoods [Title/Abstract] OR soybean [Title/Abstract] OR
“soy food” [Title/Abstract] OR “soy beans” [Title/Abstract] OR “soy foods” [Title/Abstract] OR “soy bean”
[Title/Abstract] OR tofu [Title/Abstract] OR tempeh [Title/Abstract] OR natto [Title/Abstract]) ”.

The formatting has been adapted to the search engine used by including the MeSH terms of
interest, where available.

The results of the query were limited to articles in English, including human clinical trials
investigating the effect of soy, soy foods, or soy bioactive substances on oxidative stress markers as
a primary or secondary outcome. No time restrictions have been applied, specifically from inception
of the databases up to 19 May 2020. Interventions that used non-soy isoflavones (e.g., from red clover
or Genista tridentata L.) were excluded. Case reports, case series, and animal studies were excluded.
Besides, the reference lists of the manuscripts identified were checked for additional entries.

3. Human Clinical Studies: The Effect of Soy on Oxidative Biomarkers

A total of 2360 entries were obtained from PubMed and, after limiting the results to articles in
English and on humans, 398 entries were selected. A total of 310 results were obtained from the
Cochrane library. Following the removal of 62 duplicates, 646 articles were obtained. After a selection
by title and abstract, 51 articles were obtained according to the eligibility criteria. Eleven additional
articles were extracted from reference lists after reading the full-text already selected. The full-text of
2 articles were unavailable and 2 articles were duplicates of trials already present among the selected
publications for a total of 58 articles used for the final synthesis that are summarized in Table 1.

Table 1. Human clinical studies of the antioxidant effect of soy.

Reference Design Intervention Biomarkers Subjects Nationality Outcomes

Ahn-Jarvis
et al. 2012 [27]

Cross-over
RCT

Soy bread (20 g
protein99 mg aglycone

isoflavones) or soy
beverage (93 mg

aglycone isoflavones)
per day for 3
weeks each.

Ox-LDL
20 adult subjects

with
hypercholesterolemia

North-American

Lower LDL
oxidation in

beverage
intervention. Lag
time after bread
intervention was
not significant.

Ashton et al.
2000 [28]

Cross-over
RCT

290 g/day tofu (119.8
mg isoflavones) vs.
150 g lean meat for

1 month each.

Ox-LDL 42 healthy men Australian Lower LDL
oxidation.

Azadbakht
et al. 2007 [29]

Cross-over
RCT

30 g/day of soy protein
(84 mg phytoestrogen),

soy nut (102 mg
phytoestrogen) or

DASH (control) for
8 weeks each.

TBARS, FRAP
42 postmenopausal

women with
metabolic syndrome

Iranian

Improvement of
oxidative

biomarkers in
soy phases.

Bakhtiari et al.
2019, 2011

[30,31]

Single-blind
RCT

35 g/day soy nut
(117.2 mg isoflavones),
or 35 g/day soy protein
(96.2 mg isoflavones) vs.

control for 12 weeks.

FRAP, TBARS
25 per arm for old

women with
metabolic syndrome

Iranian

Improved
oxidative

biomarkers
compared to

control and before
the intervention.
No significant

differences
between soy

interventions.
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Table 1. Cont.

Reference Design Intervention Biomarkers Subjects Nationality Outcomes

Beavers et al.
2009 [32,33]

Single-blind
RCT

3 servings/day of
Vanilla soy beverage (90

mg isoflavones) vs.
dairy (control) for
4 weeks (with or

without exercise bout in
different publications).

SOD, GPx,
COX-2

Healthy
postmenopausal

women: 16 treated,
15 control

North-American Not significant.

Brandão et al.
2019 [34]

Double-Blind
RCT

80 mg/day isoflavones
vs. placebo for

4 months.

SOD, CAT, GPx,
TBARS

Postmenopausal
women with
insomnia: 19

treated, 19 placebo

South-American Not significant.

Brown et al.
2004 [35]

Double-Blind
RCT

3 soy bars/day (33 g
protein) vs. whey bars
(placebo) or control for

9-weeks strength
training protocol.

ABTS, MPO

Young men
experienced

weightlifters: 9 soy,
9 placebo, 9 control

North-American
Preserved

antioxidant
capacity.

Campbell et al.
2006 [36]

Cross-over
RCT

39 g soy protein shake
single intake (85 mg

aglycone isoflavones)
vs. 40 g milk protein

(placebo) with 6h
post-prandial

evaluation each.

Ox-LDL 50 healthy men North-American Not significant.

Celec et al.
2013 [37]

Single-arm,
open-label

trial

2 g/kg BW/day
soybeans for 1 week.

TBARS, AOPP,
ABTS

88 young healthy
adults Slovakian

Improvement of
oxidative

biomarkers with
gender

discrepancies
(AOPP not
significant
in men).

Cha et al.
2014 [38]

Double-blind
RCT

9.8 g/day of Doenjang
supplement vs. placebo

pills for 12 weeks.

ORAC, CAT,
TRAP

Overweight
subjects: 26 treated,

25 placebo
Korean

Increased
antioxidant
biomarkers.

Chen et al.
2004 [39]

Double-blind
RCT

150 mg/day isoflavones
vs. placebo for 4 weeks
before two sessions of
exercise bout at 80%

VO2max.

SOD, CAT, GPx
30 healthy men:
15 treatment, 15

placebo
North-American

Higher
pre-exercise SOD

attenuated
post-exercise CAT

and GPx
exercise-induced

increment.

Cicero et al.
2004 [40]

Single-arm,
open-label

trial

8 g/day soy protein with
2g/day β-sitosterol

for 40 days.
Ox-LDL Ab

36 moderately
hypercholesterolemic

subjects
Italian Not significant.

Clerici et al.
2011 [41]

Cross-over
RCT

80 g/day soy germ
enriched pasta

(31–33 mg/day aglycone
isoflavones) vs.

conventional pasta
(placebo) for
8 weeks each.

PGF2α, FRAP,
GSH, Ox-LDL 26 T2DM patients Italian

All markers
improved in soy

phase.

Costa e Silvia
et al. 2020 [42]

Double-blind
RCT

10 mL/day Brazil nut oil
vs soy oil (control) for

30 days.
TBARS, ABTS

31 adult patients
with metabolic

syndrome (15 BNO
and 16 SO)

South-American

MDA decreased in
BNO group while
TEAC increased

in SO group

Djuric et al.
2001 [43]

Single-arm,
open-label

trial

50 mg/day isoflavones
(women), 100 mg/day

isoflavones (men)
for 3 weeks.

5-OHmdU,
PGF2α 20 healthy subjects North-American

Reduced DNA
oxidative damage

without
significant lipid

oxidation changes.

Engelman et al.
2005 [44]

Double-blind
RCT

40 g/day of soy protein
isolate with or without

isoflavones, with or
without phytate

for 6 weeks.

Ox-LDL, plasma
protein

carbonyls,
PGF2α

55 postmenopausal
women (14 w/o I

and F; 13 w/o I and
w F; 14 w I and w/o

F; 14 w I and F)

North-American Not significant.

Fei et al. 2014
[45] RCT

10 g/day Soybean
oligosaccharides vs.
control for 8 weeks.

SOD, GPx, CAT,
TBARS

Pregnant women
with GDM: 46

treatment, 51 control
Chinese

Improvement of
oxidative

biomarkers.

Fritz et al.
2003 [46]

Cross-over
RCT

2.01 (high), 1.01 (low),
or 0.15 (control) mg/Kg
BW/day isoflavones for

12 weeks each.

Polar and
non-polar LARC

10 healthy
premenopausal

women
North-American

Urinary non-polar
LARC levels were

lower in
isoflavone diets

than control. Polar
compounds were
not significantly

different.
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Table 1. Cont.

Reference Design Intervention Biomarkers Subjects Nationality Outcomes

Gardner-Thorpe
et al. 2003 [47]

Cross-over
RCT

3 scones/day (soy
flour-based, 120 mg

isoflavones) or
wheat-based (placebo)

for 6 weeks each.

FOX 1, Ox-LDL
(Cu or MPO) 20 healthy men Irish

Improvement of
MPO Lag time

and FOX 1
without any
changes in

Ox-LDL with Cu.

Hanachi et al.
2007,2008

[48,49]

Open-label
RCT

Soy milk (12.5 g protein,
17.13 mg isoflavones) or

soy milk + 1-h
walking/day vs. control

for 3 months.

FRAP

Postmenopausal
women: 15 soy, 12
soy + walking, 10

control

Iranian

Improved
antioxidant

activity in soy
arms.

Hanwell et al.
2009 [50]

Cross-over
RCT

Single meal fish oil
and/or 96 mg soy

isoflavone vs placebo
with 6h post-prandial

evaluation each.

LOOH, Ox-LDL,
ABTS

10 overweight or
obese men North-American Not significant.

Hariri et al.
2015 [51]

Double-Blind
RCT

200 mL/day probiotic
soy milk or soy milk
(control) for 8 weeks.

SOD, 8-OHdG

40 patients with
T2DM (20

Intervention and 20
control)

Iranian

Higher SOD and
lower 8-OHdG in

the probiotic
group but not in

the control group.

Hematdar
et al. 2018 [52]

Single-blind
RCT

1 cup of soybeans, three
days/week vs. legume

or control groups
for 8 weeks.

TBARS
Patients with T2DM:

21 soy, 20 legume,
23 control

Iranian Not significant.

Heneman et al.
2007 [53]

Cross-over
RCT

Single shake intake
containing milk protein

(placebo), 25 g soy
protein with 107 mg

isoflavones or soy with
<4 mg isoflavones with

8h post-prandial
evaluation each.

FRAP, ORAC,
PCA-ORAC,

Ox-LDL, Whole
plasma

oxidation

16 healthy adults North-American Not significant.

Hill et al.
2004 [54]

Double-blind
RCT

39 g/day of soy protein
(88 mg aglycone

isoflavones) vs. 39
g/day whey protein
(placebo), 4 weeks

before
moderate-intensity
weight resistance

exercise.

LOOH

Young adult men,
recreationally

trained: 9 treatment,
9 placebo

North-American

Lower
exercise-induced
oxidative stress

in soy arm.

Jamilian et al.
2015 [55]

Double-Blind
RCT

30 g/day textured soy
protein (75 mg

phytoestrogen) or
animal protein (control)

for 6 weeks.

FRAP, GPx,
TBARS

Women with GDM:
34 soy, 34 control Iranian

Improvement of
biomarkers. After

adjustment for
baseline values,
FRAP and GPx

lost significance.

Jamilian et al.
2016 [56]

Double-Blind
RCT

50 mg/day soy
isoflavones vs. placebo

for 12 weeks.

TBARS, GSH,
FRAP

70 women with
PCOS (35

intervention, 35
placebo)

Iranian

MDA and GSH
improved in soy

arm, FRAP values
were not

significantly
different after

adjustment
for baseline.

Jenkins et al.
2000 [57]

Cross-over
RCT

93% of animal protein
replaced with soy and
other vegetable protein
(86 mg total isoflavone
per 2000 Kcal) vs. LOV

low-fat diet (no
isoflavones, control)

for 1-month each.

Ox-LDL 31 hyperlipidemic
subjects Canadian Lower LDL

oxidation.

Jenkins et al.
2000 [58]

Cross-over
RCT

Soy flour added
cereal/day (36 g protein,
168 mg isoflavones) vs.

cereal control for 3
weeks each.

Ox-LDL 25 hyperlipidemic
subjects North-American Lower LDL

oxidation.
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Table 1. Cont.

Reference Design Intervention Biomarkers Subjects Nationality Outcomes

Jenkins et al.
2002 [59]

Cross-over
RCT

50 g/day soy protein
(73 mg isoflavones,

treatment) vs. 52 g soy
protein (10 mg

isoflavones, placebo) vs
low-fat dairy for

1 month (control).

Ox-LDL

37 hyperlipidemic
men and

postmenopausal
women

North-American

Not significant.
CONTRAST test

showed
significant
negative

percentage change
of Ox-LDL in soy
phase compared

to control.

Karamali et al.
2018 [60] RCT

30 g/day textured soy
protein (75 mg

phytoestrogen) vs.
control for 8 weeks.

FRAP, GPx,
TBARS

Patients with PCOS:
30 soy, 30 control Iranian

Improvement of
GPx (per time and
group), and MDA
(per time). FRAP

was not
significant. The
correlations did
not change after
metabolic profile

adjustments.

Kwak et al.
2013 [61]

Double-Blind
RCT

4.5 g/day black soy
peptides or casein

(placebo) for 8 weeks.

PGF2α, TBARS,
SOD

Patients with
pre-hypertension:
45 soy, 46 placebo

Korean

Improved
antioxidant
capacity. A
significant
correlation

between ACE and
SOD.

Lee et al.
2006 [62]

Single-blind,
Cross-over

RCT

30 mL dark soy sauce or
colorant (placebo) +

200g boiled rice with
post-prandial 4 h
evaluation each.

Serum and U
PGF2α, U
8-OHdG

24 healthy adults Singaporean

Plasma
8-isoprostane

levels were lower
to a greater extent
in the soy phase.

DNA damage and
U 8-isoprostane

were not
significantly

different.

Li et al.
2017 [63]

Double-blind
RCT

80 mg/day isoflavones
vs. placebo for 4 weeks.

SOD, PGF2α,
TBARS, Nrf2

Patients with IHD:
100 treated, 100

placebo
Chinese

Improvement of
oxidative

biomarkers.

Miraghajani
et al. 2012 [64]

Cross-over
RCT

240 mL/day of soy milk
vs cow’s milk for 4

weeks each.
TBARS

25 patients with
T2DM and

nephropathy
Iranian Not significant.

Miraghajani
et al. 2017 [65]

Double-blind
RCT

200 mL/day probiotic
soy milk or soy milk
(control) for 8 weeks.

PGF2α, TBARS,
GPx, GSH, GSR,

GSSG, FRAP

Patients with
T2DMKD: 20

probiotic, 20 control
Iranian

Higher values for
GSH, lower GSSG,

in the probiotic
arm. The two

arms provoked
increased activity
of GPx (higher for
control) and GSR

(higher for
treatment). Other
markers were not

significant.

Mitchell et al.
1999 [66]

Open-label
RCT

1 L/day soy milk, rice
milk or cow’s milk for 4

weeks.

Comet Assay,
FRAP

Healthy men: 4 soy,
3 rice, 3 cow’s Scottish

Reduced DNA
oxidative damage.
No effect on FRAP
or H2O2-induced

DNA damage
protection.

Mittal et al.
2014 [67]

Double-blind
RCT

75 mg/day isoflavones
vs. placebo for

12 weeks.

TBARS, SOD,
GPx, CAT

Oophorectomized
women: 17

treatment, 17
placebo

Indian Not significant.

Nestel et al.
1997 [68]

Cross-over
RCT

80 mg/day isoflavones
or placebo for
5 weeks each

Ox-LDL
21 peri- and

postmenopausal
women

Australian Not significant.

Nhan et al.
2005 [69]

Non-randomized
Cross-over,

CT

1 L soy milk with
113-207 mg/day

isoflavones vs low
isoflavone soy milk

(<4.5 mg/day) for one
menstrual cycle each.

U PGF2α 8 premenopausal
women North-American

No significant
differences

between phases.
Age-adjusted
Correlation

between urinary
8-isoprostane
change and

isoflavone intake
and excretion.
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Reference Design Intervention Biomarkers Subjects Nationality Outcomes

Oh et al.
2005 [70]

Single-arm,
open-label

trial

2 g/day of genistein
combined

polysaccharides
(120 mg genistein,

57 mg daidzein) for 12
weeks.

GPx, CAT, PON
12 postmenopausal

women with
diabetic retinopathy

Korean

Increased GPx
activity.

Unchanged CAT
and PON.

Önning et al.
1998 [71]

RCT
0.75 (M) 1 (W) L/day of

soy or cow milk
for 4 weeks.

ABTS 23 Healthy subjects
(12 soy, 11 cow) Swedish Not significant.

Pusparini et al.
2013 [72]

Double-blind
RCT

100 mg/day isoflavones
vs. placebo for

12 months
TBARS

Postmenopausal
women: 90 treated,

92 placebo
Indonesian Reduced oxidative

marker.

Reverri et al.
2015 [73]

Cross-over
RCT

70 g soy nuts/day vs.
control snack for 4

weeks each.
Ox-LDL 17 adults with

cardiometabolic risk North-American Not significant.

Rossi et al.
2000 [74]

Single-Blind
RCT

2 soy beverage/day
(40 g protein, 44 mg
genistein) vs. whey

beverage (placebo) for 3
weeks and before and

after a strenuous
aerobic exercise bout.

ABTS, MPO,
Uric acid 10 young males North-American

Increased TAS in
soy arm, reduced

MPO and
increased uric acid
after exercise bout

in soy arm.

Ryan-Borchers
et al. 2006 [75]

Double-Blind
RCT

706 mL/day Soy milk
(71.6 mg isoflavones),

706 mL cow’s milk + 70
mg isoflavones or cow’s

milk (placebo)
for 16 weeks

PGF2α, 8-OHdG

Postmenopausal
women: 18 Soy,
15 cow’s milk +
isoflavones, 19

control

North-American

Similar reduced
DNA damage

marker in
interventional

arms. Not
significant
isoprostane
variation.

Sedaghat et al.
2019 [76]

Single-blind
RCT

60 g soy nut/day vs.
control for 8 weeks. FRAP

Patients with T2DM:
34 intervention, 34

control
Iranian

Improved
antioxidant

capacity.

Sen et al.
2012 [77]

Cross-over
RCT

2 soy food servings/day
(soy milk, soy nuts or

tofu) with 50 mg
aglycone isoflavones vs

control for
6 months each.

U PGF2α 82 premenopausal
women Hawaiian

Oxidative markers
had a little

worsened in soy
phase.

Serrano et al.
2017 [78]

Cross-over
RCT

Postprandial response
at 60 min after single
intake each of 500 mL

soy beverage vs.
500 mL glucose solution

(placebo) or 500 mL
water (control).

FRAP
29 healthy,

non-smokers,
young adults

Spanish
Higher

antioxidant
response.

Steinberg et al.
2003 [79]

Cross-over
RCT

25 g/day of soy protein
isolate with or without

107 mg of isoflavones or
phytate for

6 weeks each.

Ox-LDL
28 healthy

postmenopausal
women

North-American Not significant.

Swain et al.
2002 [80]

Double-Blind
RCT

40 g SPI high-isoflavone
(treatment) vs SPI

low-isoflavone
(placebo) and 40 g whey
protein isolate (control)

for 24 weeks.

ABTS

24 perimenopausal
women: 4 treatment,

24 placebo, 21
control.

North-American

Not significant
time-treatment
differences. A

positive
correlation

between TAS and
soy intake in

multiple
regression

analysis at 12
weeks.

Taniguchi-Fukatsu
et al. 2012 [81]

Cross-over
RCT

200 g/day Natto vs.
non-viscous boiled
soybeans (placebo)
for two weeks each.

MDA-LDL 11 overweight
adults with IGT Japanese Reduced oxidative

biomarker.

Tikkanen et al.
1998 [82]

Single-arm,
open-label

trial

Two soy bar/day with a
total of 38 mg

isoflavones for 2 weeks.
Ox-LDL 6 healthy subjects Finnish Improved

antioxidant effect.

Utarwuthipong
et al. 2009 [83]

Cross-over
RCT

20% of energy intake
from soybean oil, rice

bran oil, palm oil or 3:1
mixture of RBO/PO for

10 weeks each.

Ox-LDL
16

hypercholesterolemic
women

Thai

Increased
oxidation lag time

in PO, RBO and
RBO/PO but

reduced in SBO.
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Table 1. Cont.

Reference Design Intervention Biomarkers Subjects Nationality Outcomes

Vega-López
et al. 2005 [84]

Cross-over
RCT

25 g/1000 kcal/day
animal or soy protein

(with or without 40 mg
isoflavone/1000

kcal/day) for 42 days
each.

TAP, Ox-LDL, U
PGF2α, TBARS,
Plasma protein
carbonyls (on

native and
oxidized
plasma)

42
hypercholesterolemic

old adults
North-American

Only TAP and
protein carbonyls
(oxidized plasma)
show amelioration

in soy protein
phases. MDA was

higher in
isoflavones diet.

Wiseman et al.
2000 [85]

Cross-over
RCT

One textured soy
protein burger/day with
15 g protein and 56 mg
isoflavones vs. burger
without isoflavones

(alcohol extracted) as a
placebo for 17 days

each.

PGF2α, Ox-LDL,
TBARS 24 healthy adults British

8-isoprostane and
Ox-LDL were
improved in
intervention,

TBARS was not
significant.

Zemel et al.
2010 [86]

Cross-over
RCT

3 smoothies/day
diary-based or

soy-based (control) for
28 days each.

TBARS, PGF2α
20 healthy adults

(including 10
overweight)

North-American

Improved
antioxidant ability
in the diary phase.

No significant
differences for soy

treatment.

Abbreviations: 2,2’-azino-di-(3-ethylbenzthiazoline sulfonate) (ABTS); 5-hydroxymethyl-2’deoxyuridine
(5-OHmdU); 8-hydroxy-2’-deoxyguanosine (8-OHdG); 8-iso-prostaglandin F2α (PGF2α); Advanced oxidation
protein products (AOPP); Auto-antibodies for oxidized LDL (Ox-LDL Ab); Catalase (CAT); Copper (Cu);
Cyclooxygenase-2 (COX-2); Ferric-reducing antioxidant power (FRAP); Ferrous oxidation xylenol orange,
version 1 (FOX 1); Glutathione peroxidase (GPx); Glutathione reductase (GSR); Lipid hydroperoxides (LOOH);
Lipophilic aldehydes and related carbonyl compounds (LARC); Malondialdehyde-modified low density lipoprotein
(MDA-LDL); Myeloperoxidase (MPO); Nuclear factor erythroid 2-related factor 2 (Nrf2); Oxidized glutathione (GSSG);
Oxidized LDL (Ox-LDL) ; Oxygen radical absorbance capacity (ORAC); Paraoxonase (PON) ; Perchloric-acid-treated
oxygen radical absorbance capacity (PCA-ORAC); Plasma total antioxidant performance (TAP); Reduced glutathione
(GSH); Superoxide dismutase (SOD); Thiobarbituric acid reactive substances (TBARS); Total peroxyl radical-tapping
anti-oxidant potential (TRAP); Urinary 8-hydroxy-2’-deoxyguanosine (U 8-OHdG); Urinary 8-iso-prostaglandin
F2α (U PGF2α).

The number of subjects in trials ranged from 6 to 200 individuals. A total of 22 manuscripts
employed North American populations, 11 Iranian, 1 Canadian, 1 Hawaiian, 2 South American, 5 North
European, 1 Slovakian, 3 South European, 2 Australian, 1 Indian, and 9 South-East Asian. The design
of the trials was heterogeneous: 28 parallel trials, 25 cross-over trials, and 5 single-arm trials. Of these,
40 double-blind RCTs, 7 single-blind RCTs, 7 open-label trials, 1 non-randomized trial, and 3 that were
not well-defined RCTs regarding the blinding.

Twenty articles were based on healthy individuals and 20 articles were based on metabolic
pathologies, such as diabetes, dyslipidemia, hypercholesterolemia, hypertension or obesity, and simple
overweight. Moreover, 2 articles were based on gestational diabetes, 2 on PCOS, 1 on nephropathy,
2 on neuropathic T2DM, and 1 on diabetic retinopathy. Ten articles were based on menopausal healthy
populations. The intervention time ranged from 60 post-prandial minutes after single soy ingestion
to 12 months of intervention. Selected trials were carried out using soy and soy foods (including
traditional, fermented and non-fermented foods, as well as texturized soy) or isolated components,
such as isoflavones, oils, sterols, proteins, or oligosaccharides. Two studies used soybeans while
18 manuscripts used soy foods, such as soy drink, tofu, and soy flour, with one manuscript using various
soy foods, including soy nuts. Moreover, soy nuts were exclusively used in 4 trials. Three trials used
fermented foods, i.e., Doenjang [39], natto [81], and dark soy sauce [62]. Eleven manuscripts used soy
protein isolates with associated isoflavones. One manuscript used a mix of proteins and sitosterol [40],
1 black soy peptides [61], and 1 used pasta enriched with soy germ [41]. Eleven manuscripts evaluated
the effect of isolated soy isoflavones on oxidative stress markers. One manuscript used a mix of
isoflavones and oligosaccharides [70] and 1 oligosaccharide only [45]. Five manuscripts evaluated the
use of texturized soybean bars or burgers. Finally, 2 articles assessed the effect of soybean oil [42,83].

Taking into account interventions where concentrations of isoflavones were declared, the daily
intake varied from 17.13 mg/day [48] to 207 mg/day [69]. The intake of isoflavones in interventions

470



Antioxidants 2020, 9, 635

with soybean oil and oligosaccharides was negligible [42,45,61,83]. The intake of soy protein in selected
trials ranged from 8 g/day [40] to 52 g/day [59].

Regarding the oxidative biomarkers, different techniques and molecules have been used which
are summarized in Table 2.

Table 2. Biomarkers for antioxidant capacity and oxidative status.

Name Description

2,2’-azino-di-(3-ethylbenzthiazoline sulfonate) (ABTS)

Total Antioxidant Status (TAS) determined with a colorimetric method
based on the inhibition of ABTS (2,2’-azino-di-(3-ethylbenzthiazoline sulfonate))

oxidation by a peroxidase. Values are expressed
in Trolox Equivalent antioxidant capacity (TEAC) [87].

5-hydroxymethyl-2’deoxyuridine (5-OHmdU)
It is a modified DNA by-product generated by thymine oxidation, that represents a marker
of oxidative damage. After isolation and purification of nucleic acids, 5-OHmdU is detected

through GC-MS.

8-hydroxy-2’-deoxyguanosine (8-OHdG)
It is a common marker of oxidative DNA damage involved in cancer genesis. It can be

measured in various biological samples with several methods including HPLC, GC-MS, or
ELISA [88].

8-iso-prostaglandin F2α (PGF2α) The most abundant arachidonic acid oxidation by-product. It can be quantified in blood or
urine samples by an enzyme immunoassay method (EIA) or GC-MS [89].

Advanced oxidation protein products (AOPP) Oxidative by-products of plasma proteins, usually in uremic patients, detected with
spectrophotometric assay [90].

Catalase (CAT) An antioxidant enzyme that catalyzes the conversion of hydrogen peroxide into water and
oxygen. The enzyme activity is detected spectrophotometrically.

Comet assay
It is a single-cell microgel electrophoresis (SCGE) assay to detect the frequency of DNA

breaks or DNA oxidized bases (with a modification of the original assay using an
endonuclease to break DNA at sites of oxidized bases) [91].

Cyclooxygenase-2 (COX-2)
It is an enzyme involved in prostanoids metabolism by the conversion of arachidonic acid.
Its oxidative action is of interest in oxidative stress and inflammation. It is usually detected

using commercial ELISA kits.

Ferric-reducing antioxidant power (FRAP) Total antioxidant capacity (TAC) determined by a colorimetric assay using ferric-reducing
antioxidant power [92].

Ferrous oxidation xylenol orange, version 1 (FOX1) An assay to detect plasma lipid hydroperoxides through ferrous ion oxidation with the ferric
ion indicator xylenol orange reagent [93].

Glutathione peroxidase (GPx)
An antioxidant enzyme that catalyzes the reduction of lipid hydroperoxides and hydrogen

peroxide into corresponding alcohols and water, respectively. Its activity is detected
spectrophotometrically.

Glutathione reductase (GSR) An enzyme that catalyzes the reconversion of GSSG into GSH using NADPH. Its activity is
detected spectrophotometrically.

Lipophilic aldehydes and related carbonyl
compounds (LARC) and lipid

hydroperoxides (LOOH)

Aldehydes e carbonyl compounds are intermediate and secondary products of oxidation in
lipid peroxidation pathways, respectively [94]. Extracted compounds from bodily fluids are

detected by commercial spectrophotometric assays or HPLC separation after
2,4-Dinitrophenylhydrazine (DNPH) derivatives compound formation.

Malondialdehyde-modified LDL (MDA-LDL) A by-product of oxidized LDL [95]. Compounds are detected by ELISA.

Myeloperoxidase (MPO)
A prooxidant enzyme expressed primarily by neutrophil granulocytes as an antimicrobial

defense strategy. Its action may also cause oxidative damage to the host. It is usually
detected by ELISA.

Nuclear factor erythroid 2-related factor 2 (Nrf2)
It is an antioxidant related molecule acting as a transcription factor regulating the cellular
resistance to oxidative stress [96]. It is detected with a semi-quantitative colorimetric assay

kit using a nuclear extract.

Oxidized glutathione (GSSG)

It is the oxidized, disulfide form of glutathione generated after the reaction of GSH with
reactive oxygen species (ROS). In healthy conditions, only a minor part of glutathione is in

the GSSG form. A lower GSH/GSSG ratio show the oxidative stress status. It is usually
detected using commercial ELISA kits.

Oxidized LDL (Ox-LDL) and auto-antibodies
for oxidized LDL (Ox-LDL Ab)

An ex-vivo method based on the formation of conjugated dienes catalyzed by incubation
with Cu2+ or myeloperoxidase as prooxidants, on isolated LDL from plasma [97]. Ox-LDL

can be detected also dosing Ox-LDL auto-antibodies.

Oxygen radical absorbance capacity (ORAC)
Measurement of the overall plasma capacity to scavenge oxygen radicals using a peroxyl

generator, such as 2,2′-Azobis(2-amidino-propane) dihydrochloride (AAPH), and a
fluorescent probe [98].

Paraoxonase (PON) Antioxidant enzyme preventing lipoprotein oxidation by lactonase and esterase action. The
enzyme activity in the solution is measured spectrophotometrically.

Plasma protein carbonyls Protein oxidation by-products generally detected by a colorimetric ELISA assay.

Plasma total antioxidant performance (TAP) Fluorometric assay performed in a multilabel counter using dichlorodihydrofluorescein
(DCFH), a probe for oxidative activity [99].

Reduced glutathione (GSH)
It is a molecule that reacts with free radicals and peroxides quenching oxidative stress

generated by these molecules. It is a cofactor for GPx. It is usually detected using
commercial ELISA kits.

Superoxide dismutase (SOD) An antioxidant enzyme that catalyzes the dismutation of superoxide radicals into hydrogen
peroxide and molecular oxygen. It is usually detected using commercial ELISA kits.

Thiobarbituric acid reactive substances (TBARS)
Lipid peroxidation quantification based on a spectrophotometrical or HPLC assay for the

quantification malondialdehyde (MDA) with thiobarbituric acid reactive substances through
the formation of MDA-TBA adduct [100].

Total peroxyl radical-tapping
anti-oxidant potential (TRAP)

Measurement of the radical-trapping capacity of whole plasma using a free-radical probe
[101].

Uric acid
It is a metabolite of purine nucleotides oxidative breakdown. Its role in antioxidant capacity
has been speculated. It is detected by quantitative colorimetric or fluorometric enzymatic

kits.

Whole plasma oxidation Assy based on conjugated dienes formation in whole plasma by Cu2+ and detection by a
spectrophotometer [102].

471



Antioxidants 2020, 9, 635

A total of 44 articles used markers based on lipid oxidation (TBARS, PGF2α, LARC, LOOH,
and Ox-LDL); 21 articles used indicators of total antioxidant capacity (FRAP, ABTS, TAP, AOPP, ORAC,
and whole plasma oxidation); 19 articles assessed the levels of endogenous oxidation biomarkers, such
as molecules and enzymes involved in antioxidant defenses or response to oxidative stress (SOD, GPx,
GSH, GSSG, GSR, CAT, MPO, COX-2, PON, Nrf-2, and uric acid); 5 articles used nucleic acid oxidation
markers (8-OHdG, 5-OHmdU, and the comet assay); and 2 articles used protein carbonyl oxidation
markers. About articles with multiple markers usage, no manuscript evaluated at least one of each
class of markers listed above (nucleic acids, proteins, fats, endogenous oxidation biomarkers, and total
antioxidant capacity) at the same time.

To better summarize the results that emerged from the selected articles, a subdivision was
made based on some features of the interventions, evaluating the results based on the type of
biomarkers adopted.

3.1. The Effect of Soy, Soy Foods, and Soy Bioactive Molecules on Oxidative Stress

3.1.1. Soy Foods

Of the 18 trials that used soy foods, mixed results were highlighted. The DNA oxidative damage
markers showed an improvement effect on the intervention [75], partial effect [66], or no statistically
significant effect [51]. Regarding fat oxidation, an improvement effect has been detected [27,28,58],
as well as partial [47,69], slightly worsening [69,77], and no statistically significant effect [64,65,75,86].
About endogenous oxidation biomarkers, 1 work showed improvement of markers [74], two works
showed mixed results [47,65], and three works did not detect significant variations [32,33,51]. Regarding
the markers of total antioxidant capacity, 3 papers did not show a significant effect after the consumption
of soy foods [65,66,71], while 3 papers showed improvement in the antioxidant capacity [48,74,78].
No protein oxidation markers were used by the selected trials.

The two trials by Beavers and colleagues [32,33] have been conducted with the same protocol
on the same subjects. The two works differed from the presence or not of an exercise bout in the trial
protocol. However, the results of the oxidation markers were not significant in both cases. In the work
of Miraghajani and colleagues [65], while a partial response on endogenous oxidation biomarkers
in both arms was noted, the trial was designed to detect the effect of taking soy milk with probiotic
characteristics compared to normal soy milk. An improvement has been achieved compared to
non-probiotic soy control, but with the lack of a soy-free placebo arm. A similar design was used
in the clinical trial of Hariri and colleagues [51] but with improvements only with probiotic milk
and not attributable to soy, because it was not significant in the control group with unfermented soy
(effect over time compared to baseline). Zemel and colleagues conducted a clinical trial in which
the soy phase was considered as a control [86]. In this circumstance, an improvement effect of the
antioxidant capacities was detected but there was no significant variation during the soy phase. As in
other works cited above [51,65], Ahn-Jarvis and colleagues did not use soy-free control, being the
two phases of intervention based on soy bread or soy drinks with a similar intake of isoflavones [27].
The ameliorative effect on oxidative stress was obtained with the soy drink alone, demonstrating the
role of the food matrix on oxidative stress.

Overall, the effect of soy foods seems unconvincing but it is unlikely that the oxidation worsened
after soy intake.

Rayan-Brochers and colleagues conducted a clinical trial with three parallel arms that included
an intervention with soy milk, one with cow’s milk (as placebo) and one with cow’s milk added with
70 mg of isoflavones, the same amount obtained from the intervention with soy milk [75]. The outcomes
of the two arms of intervention on the oxidation markers were similar, suggesting that the antioxidant
effect was borne by isoflavones and not by other components of soy milk. Similarly, in the work of
Nhan and colleagues, the control phase of the trial consisted of a soy drink with a low isoflavone
content and, although there were no significant differences between the phases of the trial, a correlation
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emerged between the variations of the markers of oxidative stress and the daily dose of isoflavones [69].
The presence of a biphasic curve has been hypothesized, based on reduced urinary excretion of
PGF2α for the intakes of daidzein <60 mg/d but with an increase in the excretion of PGF2α for daily
intakes >72 mg.

3.1.2. Pure Isoflavones

Although isoflavones are likely to play a role in the antioxidant properties of soy, the effect
of soy foods could depend only in part by the isoflavones’ action. Eleven manuscripts used
isolated soy isoflavones. Regarding the possible damage of nucleic acids, 2 manuscripts have
shown improvement through the intake of isoflavones [43,75]. About the oxidative stress on fatty
acids, 3 manuscripts showed an improvement [56,63,72], while 6 manuscripts showed no significant
variations [34,43,50,67,68,75], with 1 manuscript showing a partial effect [46]. About endogenous
oxidation biomarkers, an improvement was found after the intake of isoflavones in some cases [39,56,63]
but not significant in other cases [34,67]. Regarding the effect on total antioxidant capacity, no clinical
trial has shown improvement of the markers used [50,56]. No manuscript has evaluated the oxidation
status of the proteins following the intake of soy isoflavones.

Overall, as in the case of the soy foods previously evaluated, there does not seem to be a clear
protective effect of isolated isoflavones on oxidative stress. However, in Li and colleagues’ work,
based on a 4-week double-blind RCT on 100 patients with IHD versus 100 placeboes (the largest
population sample among selected trials), all four oxidation markers (endogenous and lipid biomarkers)
improved after the intervention with soy isoflavones [63].

In the work of Oh and colleagues, 2 g/day of soy polysaccharides combined with isoflavones
(about 155 mg/day) caused an increase in GPx but did not influence the CAT and PON levels [70].
In this context, it was not possible to discriminate between the effect of the isoflavones and that of the
soy polysaccharides.

3.1.3. Proteins

Results on lipid oxidation markers following intervention with isolated soy proteins
showed improvement [29,30,54,57], as well as partial results [59], pejorative [84], or no significant
results [36,44,53,79,84]. About the oxidation of proteins, 1 work found no significant effects [44] and
1 showed partial effects [84]. The effects on total antioxidant capacity were ameliorative [29,30,84],
partial [80], or not significant [53]. No intervention trials with isolated soy proteins used markers for
the oxidation of nucleic acids or the evaluation of endogenous oxidation biomarkers. In the clinical trial
of Campbell and colleagues, there was not any change in biomarkers, although it was a post-prandial
evaluation after 6 h after a single-meal soy ingestion [36]. Similarly, Heneman and colleagues evaluated
oxidative biomarkers after 8 h post-prandial of a single intake of soy protein, without any significant
effect in presence or not of isoflavones with soy protein [53]. Furthermore, in the work of Engelman and
colleagues [44] and the work of Steinberg and colleagues [79], the effect of soy protein, with or without
isoflavones, showed no significant differences in biomarkers. In the work of Swain and colleagues,
the effect of isolated soy proteins containing isoflavones did not show any significant differences
compared to soy proteins without isoflavones, with an antioxidant effect correlated to soy intake and
not to isoflavones [80]. Similarly, in the clinical trial of Jenkins and colleagues, the antioxidant effect
seems to refer to the soy supply and not to the isoflavone content [59]. In the work of Vega-López
and colleagues [84], the antioxidant effect was independent of the content of the isoflavones but in
the case of the evaluation of MDA levels, the pejorative effect had been observed only in the arm
with isoflavones.

The antioxidant effect of soy in the form of protein isolates does not suggest a clear protective
outcome. From the works comparing a soy protein isolate with or without isoflavone, it seems that the
latter is not decisive for obtaining the antioxidant effect. The only negative effect that emerged seems
to be related to isoflavones and not to soybeans [84].
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Black soy is a variant of soy known to have particularly high levels of phytochemicals with
promising applications on human health [103]. In the work of Kwak and coworkers, black soybean
peptides were used against a placebo (casein) to evaluate their antioxidant ability [61]. The improvement
in lipid oxidation and the increase in SOD levels were significant in the intervention arm.

In Cicero and colleagues’ work, 8 g per day of soy protein with beta-sitosterol showed no
improvement in the lipid oxidation status compared to the baseline in an open-label single-arm
trial [40]. Clerici and colleagues showed the improvement of lipid oxidation markers, total antioxidant
capacity, and increased GSH concentration using soy-germ enriched pasta containing 31–33 mg/day of
aglycone isoflavones [41]. It was not possible to discriminate between the effect of proteins or other
phytochemicals contained in the soy-germ compared to the isoflavones.

3.1.4. Nuts

Among the 5 manuscripts that used soy nuts, 3 trials showed an improvement on lipid oxidation
markers [29,30,73] and 3 trials showed an improvement effect on the total oxidation capacity [29,30,76].
No selected manuscript showed negative effects on any marker, mixed-effects, or no significant
effects. None of the articles evaluated the DNA oxidation, protein oxidation, or endogenous oxidation
biomarkers. The use of soy nuts is very common in the world and represents one of the foods with the
highest concentration of isoflavones [73].

The work of Azabakht and colleagues employed two different soy-based interventions with
isolated proteins or soy nuts [29]. The improvement in total antioxidant capacity was significant
compared to the control for both soybean interventions but higher in the soy nuts group. While,
regarding lipid oxidation, there was no difference between the two interventions with soy. Even if
the intake of phytoestrogens in the soy nuts arm was slightly greater, a beneficial effect of the food
matrix is not excluded. Even in the work of Bakhtiari and colleagues [30], there were no differences in
the effect on the oxidation markers between the soy protein arm and the soy nut arm, although the
latter had higher isoflavones levels, as highlighted in the work of Azabakht and colleagues [29]. In the
work of Sen and colleagues already cited, various soy-based foods, including soy nuts, were used,
but the choice of the types of foods was a participants’ option, with a total daily intake of 50 mg
of isoflavones [77]. There was, therefore, no sub-analysis for the specific effect concerning a single
food used.

The limited number of trials using soy nuts that emerged from the selection does not allow
solid conclusions to be drawn. However, albeit limited, an improvement in lipid oxidation and total
antioxidant capacity were shown. The use of soy nuts is very promising for its widespread use in the
world, the high content of isoflavones, and the minimum amount of transformation to obtain the final
product. The comparison between soy proteins containing phytoestrogens and soy nuts seems to show
an overlapping or slightly unbalanced effect towards soy nuts and this could be further explored.

3.1.5. Snack and Texturized Soy Foods

Opposed to traditional soy foods, there are foods obtained through transformation techniques that
lead to the change of the texture and taste of soy through high-pressure and high-temperature procedures.
These lead to the formation of soy matter useful for the production of snacks, burgers, and other meat
substitutes. Generally, the soy from these processes undergoes a profound transformation that is thought
to have a negative effect on the bioavailability of isoflavones [1]. Five trials using snacks or textured soy
proteins were selected. Three manuscripts showed an improvement in lipid markers [55,60,82] while
1 manuscript showed mixed results [85]. Two articles showed improvement of endogenous oxidation
biomarkers [35,60] while 1 showed no significant variation [55]. One manuscript showed improvement
in total antioxidant capacity [35] while 2 manuscripts did not reach significance [55,60]. No manuscript
adopted markers for the oxidation of proteins or nucleic acids. No manuscript showed worsening
outcomes after soy interventions. Overall, the results suggest an ameliorative effect on oxidation by
snack or soy-textured products, although the number of trials is still limited, and not all of them have
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shown significant results. Since this type of highly processed food has often a reduced concentration of
bioavailable isoflavones, the antioxidant effect could partly depend on other components. No trial
indicated isoflavone content in aglycone equivalents. However, in 1 trial the control was obtained
through the alcoholic extraction of isoflavones, still indicating a role for these bioactive substances in
the antioxidant effect [85]. Nevertheless, there was no evaluation of the effect from the baseline; so,
it was not possible to evaluate the contribution of other soy components.

3.1.6. Fermented Soy Foods

Fermentation seems to favor the breakdown of the glycosidic bond of the isoflavones and therefore
the transformation into the aglycone form with consequent increases in the bioavailability of the
isoflavones thanks to the greater diffusion capacity of these compounds through the intestinal mucosal
barrier [104]. Among the 3 trials identified, 1 trial showed an improvement in lipid oxidation [81],
1 showed mixed results [62], 1 trial showed enhanced total antioxidant capacity and endogenous
oxidation biomarkers [38], while 1 work did not show significant effects on DNA oxidation [62].
No selected manuscripts used markers of protein oxidation. Even if none of the works showed negative
results, the number of trials that emerged does not allow definitive conclusions to be drawn. Fermented
soybeans are considered highly bioavailable foods rich in isoflavones and other bioactive compounds
thanks to the action of microorganisms. Other works will help to understand if this aspect represents
an advantage for the antioxidant effect of fermented soy foods. In the trial of Taniguchi-Fukatsu and
colleagues, although the content of isoflavones was not declared, the placebo phase consisted of boiled,
unfermented soybeans [81]. The improvement of the oxidation biomarkers indicated that the effect
depended on the modification of soy during fermentation. It needs to be clarified if it was a matrix
effect, a greater bioavailability of soy phytochemicals after transformation, or depending on other
molecules or substances of microbial origin released by the starter microorganisms.

3.1.7. Soybeans

Only 2 papers used soybeans in the intervention arm of the selected clinical trials. Hamatdar
and colleagues did not show any significant differences in lipid oxidation status using three cups
of soybeans per week [52]. However, the intake could be insufficient to trigger an effect. Celec and
colleagues showed improvement in lipid oxidation and total antioxidant capacity with 2 g of soybeans
per kg of body weight per day [37]. Some discrepancies have been identified in the gender sub-analysis,
with the loss of significance on total antioxidant capacity among men.

3.1.8. Soybean Oil

From the selected manuscripts, two trials used soybean oil. Soybean oil does not contain
isoflavones due to the extractive procedures during production that does not allow the recovery
of these substances [2]. In the clinical trial of Costa and Silvia et al., the total antioxidant capacity
improved in the soybean oil arm (control) compared to the intervention with Brazilian walnut oil [42].
However, a worsening effect was shown on lipid oxidation. The worsening of the lipid oxidation
biomarkers found would depend on the greater concentration of polyunsaturated fatty acids in soybean
oil, easily prone to peroxidation. Conversely, the Brazilian walnut oil had a lower concentration
of polyunsaturated fatty acids and involved a greater supply of saturated fatty acids, less prone to
peroxidation. Similarly, in the work of Utarwuthipong and colleagues, the soybean oil arm showed
a reduced lag time of LDL oxidation compared to soybean oil and/or rice oil, demonstrating the
abovementioned hypothesis of greater susceptibility [83].

3.2. The Effect of Soy on Exercise-Born Oxidative stress

Five articles assessed the effect of soy on oxidation markers in conjunction with an exercise
session [33,35,39,48,54,74]. The exercise-born oxidative stress is a phenomenon known and studied
also for the possible implications in skeletal muscle adaptation [105]. The soybean intake seems to
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improve the total antioxidant capacity [35,48,74] and the oxidation status of the fatty acids, although
derived from just one trial [54]. Endogenous oxidation biomarkers also seem to improve [35,39,74],
although one work showed no significant results [33]. None of the identified works showed outcomes
on markers of protein or nucleic acid oxidation. None of the selected works showed worsening effects
following soy intake. It is very difficult to give a conclusive statement, based on the great heterogeneity
of the experimental setting, such as time, type, and intensity of exercise.

3.3. Soy Postprandial Antioxidant Effect

Five articles assessed the effect of soy from 1 to 8 h in the postprandial period [36,50,53,62,78].
Among the trials selected, only 1 article showed partially reduced lipid oxidation after soy intake [62]
and another one showed improvement in total antioxidant capacity [78]. In the remaining trials,
there was a lack of significance for the antioxidant effect on lipids, the total antioxidant capacity,
and oxidation of nucleic acids. Maybe, the limited time elapsed between the intake and the assessment
was too short to have a clear effect, but currently, it does not seem that soy improves the redox status in
the postprandial period after its ingestion.

3.4. The Soy Antioxidant Effect in Menopause

Eleven articles recruited healthy individuals in the perimenopausal phase [32–34,44,48,67,68,72,75,
79,80]. Menopause is a period of hormonal changes in women in which the risk of metabolic pathologies
increases [106]. Among the selected trials, the work of Swain et al. showed a correlation between
total antioxidant capacity and soy intake, independent of the isoflavone content [80], while Pusparini
and colleagues showed an improvement in the oxidative status of lipids following the intake of soy
isoflavones [72]. In the double-blind, parallel RCT of Ryan-Borchers et al., the reduction of nucleic
acid oxidation was similar in the arm with soy milk compared with cow’s milk added with soy
isoflavones [75]. All the other works showed no significant improvement in the oxidation markers
after soy intake.

3.5. Bioavailability and Metabolism Od Soy Isoflavones

Although it is not possible to draw definitive conclusions, some clinical trials suggest a role for
isoflavones in the soy antioxidant effect. For this purpose, it is useful to understand the absorption
of isoflavones through the evaluation of serum or urinary levels of both isoflavones and metabolites,
such as equol, O-desmethylangolensin (O-DMA), 6-hydroxy-O-desmethylangolensin (6-OH-O-DMA),
dihydrodaidzein (DHD), and dihydrogenistein. Among the manuscripts selected, 19 trials evaluated
the levels of isoflavones and related metabolites [27–29,37,39,41,43,53,57,59,66,69,73,75,77,79,82,84,85].
In general, although with a wide individual variability, the soybean intake lead to an increase in
blood [28,29,37,39,41,43,53,66,73,75,79,82,84,85] or urinary isoflavones [57,59], but not in all trials [69].
The levels of metabolites after soy treatment were also higher in plasma [79,85] and urine [59].
In the clinical trial of Steinberg and colleagues, although the number of equol-producers (individuals
capable of metabolizing daidzein into equol) was not sufficient to assess a statistical significance,
the inclusion of only these subjects in the sub-group analysis (10 out of 28 individuals) did not change
the results of oxidative biomarkers that remained not significant [79]. In the cross-over trial of Sen et al.,
the equol-producers were equally distributed between the groups at baseline [77]. A significant positive
correlation was shown between the urinary concentrations of isoflavones and the level of urinary
isoprostane; it was persistent after the stratification by the equol-producer but lost significance for
the subjects who were not equol-producers. In the manuscript of Mitchell and colleagues, 1 out of
the 4 participants in the intervention group was an equol-producer [66]. However, no sub-analysis
was possible for obvious numerical reasons. A gender-specific variability in gut microbial competence
for isoflavones metabolism was proposed [107]; however, Celec and colleagues, although they have
found differences in oxidative response between men and women, did not investigate isoflavone
metabolism [37]. Ahn-Jarvis and colleagues highlighted that their cohort was represented by 30%
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equol-producers and all but three subjects were O-DMA and DHD producers. They showed a gender
difference in the excretion of isoflavone metabolites, greater in women than in men after taking
soy bread [27]. Despite these differences, no gender variability in the excretion of isoflavones was
highlighted following the intake of soy drink, despite a comparable intake of aglycone isoflavones in the
two interventions. Increased production of equol, O-DMA, and DHD was shown in the soy bread arm
compared to soy beverage with concomitant lower urine concentrations of daidzein, but only in women.
Similarly, Ryan-Borchers and colleagues showed differences in the absorption and metabolization
of isoflavones when taking soy drink or isolated isoflavones added to cow’s milk [75]. While the
circulating genistein levels were more elevated in the intervention arm with isolated isoflavones than in
the soy drink, equol concentrations increased in the soy drink arm while they did not show significant
changes in the arm with isolated isoflavones. Furthermore, urinary genistein and daidzein were higher
in the arm with isoflavones but the equol excretion was greater in the arm with soy drink. Despite
these differences, there were no different outcomes between the two interventions. This suggests an
effect of the matrix or other components on the metabolizing capacity of soy isoflavones, which is not
necessarily complementary to the absorption capacity. In the trial of Reverri and colleagues, 47% of
the participants were equol-producers while 71% were O-DMA producers [73]. However, the ability
to produce isoflavone metabolites was not related to oxidative stress or other metabolic markers in
the linear mixed model. Nhan et al. found a statistically significant positive association between the
combined urinary excretion of daidzein, genistein, and equol, as well as change in urinary PGF2α [69].
However, only 2 out of 8 participants were equol-producers so it was not possible to highlight a clear
effect based on the ability to metabolize isoflavones.

4. Oxidative Stress Implication in Human Health: Pathophysiological and Cellular Mechanisms

Traditionally, oxidative stress has been implicated in mechanisms of aging through the production
of free radicals with potentially harmful effects on cellular structures [108]. The oxidation of proteins,
nucleic acids, and lipids leads to an increase in the risk of various pathologies, including cancer [109].
Similarly, oxidative stress is recognized as a major contributor to the initiation and progression of
cardiovascular dysfunctions [110,111] and atherosclerosis [112]. Among the various mechanisms
involved, ROS play a role in angiogenesis, causing cell apoptosis of endothelial cells and increasing
the adhesive capacity of monocytes [23]. Moreover, the increase in visceral fat promotes the release
of inflammatory cytokines, which, in turn, are responsible for the generation of the oxidative stress
implicated in thrombogenesis and atherogenesis [113]. Chronic hyperglycemia has been proposed as
a cause of mitochondrial and extramitochondrial oxidative stress [114]. In particular, mitochondria
cope with the oxidizing action of oxygen during electron leakage [115]. Oxidative stress appears to
affect glucose tolerance, as hypothesized following cell culture studies, suggesting that oxidative stress
impairs insulin-mediated translocation of GLUT4 [116] and suppressing the gene expression of insulin in
pancreaticβ-cells [117]. ROS generated from glucose metabolism act as signals for insulin secretion [118],
so there is an equilibrium between the formation and removal of intracellular ROS acting on glycolysis
and the Krebs pathways by uncoupling the stimulus-secretion mechanisms that impair insulin
secretion [119]. The pathogenesis of diabetes mellitus has been linked to oxidative and inflammatory
mechanisms that appear to be responsible for the long-term consequences of diabetes [120].

Oxidative stress represents a possible mechanism in dyslipidemia and hyperglycemia through the
reduction of the volume of beta cells of the pancreatic Langerhans’ islets [121]. The same vascular effect
mentioned above could explain, at least in part, the micro and macrovascular complications typical of
diabetes [122]. For these reasons, potential approaches to diabetes have been proposed through the
use of antioxidants [123–125]. For example, the synergic treatment of rosiglitazone and metformin
improves vascular function through the reduction of inflammation and oxidative stress [126]. Even in
secondary prevention, mitigating oxidative stress was proposed as an approach for diabetes, as well
as for associated cardiovascular diseases [127,128]. Oxidative stress can also induce modification of
nucleic acids, such as breaking of the scaffold of DNA and other epigenetic modifications, e.g., increased
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methylation, with consequent effects on gene expression and therefore acting on the pathogenesis of
cancer [129,130].

Over the years, the literature on soy and its potential health effects have focused primarily on
soy proteins and the associated isoflavones. Phytoestrogens could manifest their antioxidant effect
thanks to their ability to donate hydrogen atoms to free radicals, manifesting a quenching action on
oxidative stress [131]. However, genistein and daidzein likely have a lower antioxidant capacity than
quercetin, due to the presence of only one hydroxyl group compared to the two hydroxyl groups in the
B-ring of the latter [132]. In cell cultures, the action of soy isoflavones increases the expression of the
metallothioneins and antioxidant enzymes, thus also showing an indirect antioxidant effect [133,134].
Another indirect effect on oxidative stress could be represented by the ability of soy isoflavones to
modulate the cellular management of iron by removing molecules that can trigger Fenton reactions
in the cytosol [135]. Absorption and metabolization seem to be crucial aspects for the efficacy of
isoflavones and explain the frequent discrepancies between in vitro and in vivo studies [136,137].
Despite the great interest, the biological activity of soy is not limited to proteins and phytoestrogens
but also other functional components, such as peptides, saponins, phytosterols, protease inhibitors,
and phytic acid [138,139]. Recently, research has shown great interest in bioactive soybean peptides,
such as lunasin, BowmanBirk inhibitor, and soymorphins, especially for their ACE-inhibitor-like
efficacy as an effective approach in the fight against hypertension and cardiovascular diseases [138].
Bioactive peptides are 2- to 20-amino-acid-long molecules that are activated only after being detached
from the parent protein by food transformation or intestinal digestion processes [140]. Lunasin and soy
protein seem to play a ROS scavenger action [141,142]. Many amino acids seem to contribute to the
antioxidant effect of peptides [143]. Since the fermentation of foods seems to cut the protein components
of soy, the antioxidant effect also increases in comparison with unfermented foods [144]. Another
class of bioactive compounds, of which soy is the main source, are saponins [145]. The antioxidant
capacity of these compounds is far greater than that of SOD [146]. However, the effectiveness of these
compounds depends on their bioavailability. These compounds in food are found in the glycoside
form and therefore not bioavailable until the oligosaccharide moieties are cut to obtain the aglycone
forms, called soyasapogenols [139]. As in the case of isoflavones, saponins are not naturally found
in the aglycone form but can be obtained following the processing of soy foods [139]. Although
saponins are generally considered to be poorly bioavailable, gut bacteria can hydrolyze oligosaccharides
moieties [147]; however, saponins or their metabolites were not recovered in the urine of healthy
women after intake [148]. Other components present in soybeans, although in limited quantities,
are phytosterols and triterpenes. These compounds are mainly studied for their cholesterol-lowering
action, which does not seem to require intestinal absorption to exert their action, being generally poorly
absorbed and not requiring the simultaneous presence of cholesterol in the intestinal lumen [139].
The mechanism of action is still unclear but an antineoplastic effect of phytosterols has been proposed
through an antioxidant effect [149]. Other phytoestrogens different from isoflavones are present in
soy, mainly characterized in other plant foods such as lignans [150,151]. As with other bioactive
compounds discussed, the absorption of lignans is closely linked to the ability to metabolize the
glycoside form by the intestinal microbiota, capable of transforming them into enterolignans [152].
Although not specifically shown for soy lignans, an antioxidant and cytoprotective effect has been
shown, based on the ability of lignans to scavenge free radicals [153–157]. Phytic acid, a molecule
responsible for the accumulation of phosphorus in the plant, is also capable of exerting an antioxidant
effect through its ability to chelate metal ions [156,157]. However, phytic acid may not be effectively
absorbed from the intestinal lumen [158]. In addition to isoflavones and lignans, other polyphenols
can be found in soybeans, including phenolic acids, anthocyanins, tannins, and stilbenes, with strong
antioxidant power. These components are often associated with external layers of soybean and with
a wide variability, depending on the cultivars and processing [103].
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5. Remarks and Future Perspectives

Literature shows an evident gap regarding the antioxidant mechanisms of soy in health.
This discrepancy of the literature is particularly relevant taking into consideration that the antioxidant
effect of soy is frequently cited but not described in depth. The causes of this phenomenon are manifold:
(i) The interest is largely focused on the interaction between isoflavones and the estrogen receptors.
Even if this effect is the most evident, the currently available evidence suggests that it is not sufficient
to justify the effects of soy on health. Furthermore, isoflavones itself can act with multiple mechanisms,
probably concerted with non-isoflavone soy phytochemicals. (ii) There are many markers of oxidative
stress but there is no consensus of methods and cutoffs adequate to detect the antioxidant ability
of a substance in vivo. (iii) The presence of numerous confounding factors, especially dietary ones,
raises critical issues in detecting the real effects of soy against oxidation. This has frequently led to
the use of animal models whose data are difficult to transfer to humans for physiological differences.
For example, rodent and non-human primate differently metabolize isoflavones. Moreover, there are
discrepancies between experimental animal conditions and human real life. (iv) The detection of
a physiological effect could be greatly different by the type of food used (soybeans, traditional soy foods,
and soy-based meat analogs and supplements) and by the population reference (healthy individuals,
patients with metabolic diseases, pre or postmenopausal, athletes, etc.).

6. Conclusions

Overall, the antioxidant effect seems to play an important role in the beneficial effects of soy and
its bioactive substances in human health. More in-depth studies are needed solve inconsistencies in
the literature. There is a need for clinical trials that simultaneously evaluate the antioxidant effect of
soy on the main groups of markers available (i.e., on nucleic acids, proteins, fats, total antioxidant
capacity, and endogenous enzymes). It is necessary to evaluate these aspects with adequate time laps
to avoid interpreting transitory effects. Furthermore, the use of large populations would allow a correct
assessment of the presence of equol-compliant individuals that could, at least in part, clarify some of
the discordant data present in the literature.
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Abstract: Dietary habits are crucially important to prevent the development of lifestyle-associated
diseases. Diets supplemented with chickpeas have numerous benefits and are known to improve body
fat composition. The present study was undertaken to characterize two genetically and phenotypically
distinct accessions, MG_13 and PI358934, selected from a global chickpea collection. Rat hepatoma
FaO cells treated with a mixture of free fatty acids (FFAs) (O/P) were used as an in vitro model of
hepatic steatosis. In parallel, a high-fat diet (HFD) animal model was also established. In vitro
and in vivo studies revealed that both chickpea accessions showed a significant antioxidant ability.
However, only MG_13 reduced the lipid over-accumulation in steatotic FaO cells and in the liver
of HFD fed mice. Moreover, mice fed with HFD + MG_13 displayed a lower level of glycemia and
aspartate aminotransferase (AST) than HFD mice. Interestingly, exposure to MG_13 prevented the
phosphorylation of the inflammatory nuclear factor kappa beta (NF-kB) which is upregulated during
HFD and known to be linked to obesity. To conclude, the comparison of the two distinct chickpea
accessions revealed a beneficial effect only for the MG_13. These findings highlight the importance of
studies addressing the functional characterization of chickpea biodiversity and nutraceutical properties.
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1. Introduction

Lifestyle and diet patterns play a critical role in disease development. Several studies demonstrate
that healthy aging is often associated with a plant-based diet [1]. In contrast, the so-called Western diet,
which is enriched in red meat and fats, combined with sedentary a lifestyle, significantly increases the
risk of developing metabolic and energy balance disorders including insulin resistance, hyperlipidemia,
hepatic steatosis, and obesity, that are hallmarks of the metabolic syndrome [2]. Nowadays, unhealthy
lifestyle and diet-associated diseases can be considered a worldwide rising issue. Therefore, there is
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a growing interest in characterizing selective food groups for their physiological benefits, which could
be useful to prevent chronic disease risk [3].

Legumes are a fundamental component of the diet of several human populations and chickpea
(Cicer arietinum L.) represents the second most widely cultivated grain legume worldwide [4]. Chickpeas
are characterized by having a high content of carbohydrates, proteins, fats, vitamins, and fibers [5]
that reduce the risk of incidence of chronic diseases [6]. Numerous studies have demonstrated that
chickpeas and ethanol extract of chickpeas can alter lipid metabolism by reducing the formation of lipid
droplets during 3T3-L1 adipocytes differentiation [7]. Moreover, the consumption of chickpeas slows
down the glycemic response [8] and weakens insulin resistance, type-2 diabetes, and dyslipidemia
associated with a high-fat diet (HFD) [9].

A HFD is associated with the overproduction of reactive oxygen species (ROS). Imbalances between
oxidants and antioxidant endogenous reserve play a role in the onset of several disorders [10]. Indeed,
a HFD increases the expression level of nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase while reduces antioxidant enzymes [11,12]. Cellular ROS enhance lipid peroxidation, thereby
possibly altering the expression and the activity of the oxidative-sensitive nuclear factor kappa beta
(NF-kB) and other chemokines [12]. NF-kB is a crucial player in controlling various cellular processes
such as inflammation, cell survival, and proliferation. NF-kB is normally sequestered in the cytosol
by binding the inhibitory proteins named IkBs [13]. Two signaling pathways can lead to NF-kB
activation [14]. The main mechanism for the classical stimulation of the NF-kB pathway includes
phosphorylation of IkB by the IκB kinase (IKK), its ubiquitylation and degradation. These molecular
events promote the activation and nuclear translocation of NF-kB [14]. Phosphorylation of NF-kB at
serine-536, by multiple kinases, provides an additional level of regulation of NF-kB that affects cell
proliferation by controlling the expression of numerous cell cycle regulatory proteins [15,16] such as
cyclin D1 and proliferating cell nuclear antigen (PCNA) [17]. The canonical pathway is switched on
by various cytokines, such as TNFα that increases significantly secondary to a HFD [18]. Numerous
studies have strongly indicated that food habits play a key role in the development of several disorders.
Medical plants and a balanced diet have been reported to slow down chronic diseases. However,
evidence for the consumption of chickpeas in dyslipidemia, insulin resistance, and type 2 diabetes are
few and sometimes discordant [19,20].

Recent studies on global chickpea germplasm collections reveal a high level of genetic, phenotypic,
and compositional diversity [4,21,22]. The present study was carried out to investigate the physiological
effect of two genetically and phenotypically diverse chickpea accessions in a cellular and animal model
of nonalcoholic fatty liver disease.

2. Materials and Methods

2.1. Chemicals and Antibodies

All chemicals were obtained from Merck (Merck KGaA, Darmstadt, Germany). Monoclonal
antibodies against pNF-kB p65 (27.Ser 536), NF-kB p65 (F-6), and PCNA (PC10) were purchased from
Santa Cruz Biotechnology (Tebu Bio, Milan, Italy). Secondary anti-mouse conjugated to horseradish
peroxidase (HRP) was obtained from Bio-Rad (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
The tert-butyl hydroperoxide (tBHP) was a kind gift from A. Signorile (University of Bari, Aldo Moro,
Bari. Italy). The RayBio® Mouse Insulin ELISA Kit was from RayBiotech (Norcross, GA, USA).

2.2. Chickpea Selection and Preparation of Extracts

Two chickpea accessions, namely MG_13 and PI358934, were selected from the germplasm
collections previously characterized, as they belong to distinct genetic clusters and display markedly
different phenotypic features [22,23]. For each accession, 40 plants were grown at the experimental
farm “P. Martucci” of the University of Bari (41◦01′22.1′′ N and 16◦54′21.0′′ E) from 2013 to 2014.
At crop maturity, seeds were bulked separately for each accession and were cleaned to remove broken
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seeds, dust, and other undesirable matter. To obtain the wholemeal flour with uniform particle size,
the seeds were ground by an electric mill (Model ETA, Vercella Giuseppe, Mercenasco, Italy) equipped
with a sieve of 0.6 mm. The chemical and nutritional composition of the two chickpea accessions is
reported in the Supplementary Material of a study by Summo et al. [4]. MG_13 is characterized by
higher protein and lower lipid content than PI358934, as well as by higher oleic acid and lower linoleic
acid content. For the preparation of the extracts, 2 g of chickpea flour were mixed with 20 mL of a 30/70
(v/v) ethanol/water solution in centrifuge tubes and stirred for 2 h in the dark. Then, the extracts were
centrifuged at 12,000× g for 10 min. The supernatant was recovered and filtered through nylon filters
(pore size 0.45 µm). Finally, the extracts were freeze-dried by a laboratory lyophilizer (Analytical
Control De Mori s.r.l., Milano, Italy) and stored at −20 ◦C until the analysis.

2.3. Cell Culture, Treatments, Crystal Violet Assay, and ROS Detection

Rat hepatoma FaO cells were grown in Coon′s modified Ham′s F12 (Euroclone, Milan, Italy)
supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific, Waltham, MA, USA),
100 I. u./mL penicillin, 100 µg/mL streptomycin (Euroclone, Milan, Italy) at 37 ◦C in 5% CO2 and used
at 70% to 80% confluence. For treatments, cells were incubated for 24 h in high glucose medium,
without FBS, supplemented with 0.25% bovine serum albumin (BSA) and exposed to chickpea extracts
obtained from the accessions MG_13 and PI358934, respectively. Cells were left under basal condition
or stimulated with a mixture of free fatty acids (FFAs) (0.5 mM oleate and 0.25 mM palmitate) for
3 h [24,25].

Crystal violet assay was performed as previously described [26]. Cells viability was detected by
measurement of the optical density at 595 nm (DO595) with a microplate reader (Bio-Rad Laboratories,
Inc., Hercules, CA, USA).

ROS were detected as previously shown [26,27] and using the dihydrorhodamine-123 (10 µM).
The fluorescence emission signal was recorded using a fluorimeter (RF-5301PC, Shimadzu Corporation,
Kyoto, Japan) at excitation and emission wavelengths of 508 and 529 nm, respectively.

2.4. Lipid Inclusions Staining

FaO cells were fixed with 4% paraformaldehyde (PFA) in phosphate buffer saline (PBS) for 20 min.
After washing in 50% isopropanol, cells were stained with 0.12% Oil Red O solution and counterstained
with hematoxylin and eosin. Alternatively, livers were fixed quickly in 4% PFA, dehydrated through
a graded ethanol series and embedded in paraffin wax. Lipid inclusions analysis was performed
as previously described [26,28]. In paraffin sections stained with periodic acid-Schiff (PAS), lipid
droplets were characterized by circular shape and chromatic uniformity (white areas, because the lipids
have been removed from the droplets by the solvent used for dehydration). The obtained data were
analyzed using an Image J–Particles Analyzer (https://imagej.net). Statistical analysis was performed
with GraphPad Prism (GraphPad Software, San Diego, CA, USA) by one-way ANOVA followed by
Dunnett’s Multiple Comparisons test with * p < 0.05 considered statistically different.

2.5. Cell and Liver Lysates

FaO cells were seeded onto 60 mm diameter Petri dishes. After treatments, cells were lysed as
previously described [29]. Alternatively, 30 to 50 mg of frozen liver tissue per mouse sample was
homogenized with a mini-potter in an ice-cold RIPA buffer, in the presence of proteases (1 mM PMSF,
2 mg/mL leupeptin, and 2 mg/mL pepstatin A) and phosphatases (10 mM NaF and 1 mM sodium
orthovanadate) inhibitors. Suspensions were then centrifuged at 12,000× g for 10 min at 4 ◦C. Lysates
were used for SDS-PAGE and Western blotting analysis.

2.6. Gel Electrophoresis and Western Blotting

Proteins were separated using 10% or 12% stain-free polyacrylamide gels (Bio-Rad Laboratories,
Inc., Hercules, CA, USA) under reducing conditions as previously described [26]. Protein bands were
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electrophoretically transferred onto Immobilon-P membranes (Merck KGaA, Darmstadt, Germany)
for Western blot analysis, blocked in TBS-Tween-20 containing 3% bovine serum albumin (BSA) and
incubated with primary antibodies overnight. Immunoreactive bands were detected with secondary
goat anti-mouse horseradish peroxidase-coupled antibodies. Membranes were incubated with Super
Signal West Pico Chemiluminescent Substrates (Thermo Fisher Scientific, Waltham, MA, USA), and
the signals were visualized with the ChemiDoc System gels (Bio-Rad Laboratories, Inc., Hercules,
CA, USA). Obtained bands were normalized to total protein using the stain-free technology gels
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). Densitometry analysis was performed using Image
Lab gels (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Data were analyzed using GraphPad Prism
(GraphPad Software, San Diego, CA, USA).

2.7. Animals and Experimental Protocol

Forty-five C57BL/6J male mice (Envigo RMS S.R.L., San Pietro al Natisone, Udine, Italy), 3 weeks
old and about 18 g of initial body weight were housed in a temperature-controlled room (25 ◦C) on
a 12 h light-dark cycle. Mice were fed with a control diet (CTR) for one week. Mice had free access to
water and diet according to the assigned dietary formulation for 16 weeks. The four kinds of diets
(Altromin Rieper SpA, Vandoies, Italy) were the following: (1) a standard control diet (CTR) containing
10% fat, 24% proteins, and 66% of carbohydrates (metabolized energy 3.514 kcal/kg diet); (2) a high-fat
diet (HFD) made of 45% fat, 19% proteins, and 36% of carbohydrates (metabolized energy 4.496 kcal/kg
diet) (3) a high-fat plus chickpea diet (accession number: MG_13) (HFD + MG_13) having the same
metabolized energy of the HFD diet, as well as the same composition except that 10% of MG_13 raw
crushed chickpea seed flour replaced crude fibers and ashes of HFD; (4) a high-fat plus chickpea diet
(accession number: PI358934) (HFD + PI358934) similar to the previous one except that 10% of PI358934
raw crushed chickpea seed flour replaced crude fibers and ashes of HFD. The experimental diets were
stored at −20 ◦C to avoid rancidity.

Before killing by cervical dislocation, mice were deprived of food for 12 h. Blood glucose levels
were measured from the tail vein using a freestyle glucometer (Accu-Check Aviva, Roche, Basel,
Switzerland). Livers were removed quickly, weighed, and fixed for histochemical analysis or frozen
using liquid N2. The serum was separated from blood samples and promptly stored at −80 ◦C.

Animal experiments were carried out following the Directive 2010/63/UE, enforced by Italian D.L.
26/2014, and approved by the animal care and the Committee of the University of Bari (OPBA), Bari,
Italy and the Italian Ministry of Health, Rome, Italy (authorization n.326/2018-PR).

2.8. Serum Insulin Measurement

Serum insulin secretion was determined using an ELISA kit, following the manufacturer’s
instructions. Briefly, each sample was incubated for 2.5 h at room temperature with gentle shaking.
In parallel, increasing concentrations (400, 200, 100, 50, 25, 12.5, and 6.25 µlU/mL) of a standard protein
reproducing mouse insulin were incubated as an internal standard. Wells were washed with the
appropriate washing solution and incubated with biotinylated antibodies for 1 h at room temperature.
Then, wells were washed and incubated with streptavidin solution for 45 min at room temperature.
After the last four washes, TMB substrate reagent was added to each well and incubated for 30 min in
the dark at room temperature. Optical density was measured at 450 nm by a microplate reader (iMark,
Bio-Rad Laboratories, Inc., Hercules, CA, USA).

2.9. Statistical Analysis

All values are reported as means ± S.D. Statistical analysis was performed by one-way ANOVA
followed by Dunnett’s multiple comparisons test with * p < 0.05 considered statistically different.
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3. Results

3.1. Characterization of the Chickpeas Extracts in FaO Cells

Chickpeas have been repeatedly reported to have a beneficial effect in preventing chronic diseases
and reducing adiposity. However, a clear demonstration of the health benefits of chickpeas is still
missing. In this study, chickpea extracts obtained from two different accessions (MG_13 and PI358934)
of a global chickpea collection [4,22] have been characterized. The potential effects of the extracts on
cell viability were evaluated by performing the crystal violet assay. FaO cells were exposed for 24 h
to increasing concentrations of the chickpea extracts derived from the two accessions (0.1 mg/mL,
1 mg/mL, 2 mg/mL, and 10 mg/mL). Compared to the untreated condition (CTR), treatment with the
extract isolated from the accession MG_13 did not alter cell viability at the concentrations used in
this study (Figure 1A). In contrast, treatment with the extract obtained from the accession PI358934
reduced cell viability at the highest concentration (10 mg/mL) (**** p < 0.0001 vs. CTR). No relevant
cytotoxic effect was observed at 0.1 mg/mL, 1 mg/mL, and 2 mg/mL doses (Figure 1B). As with other
pulses, chickpea seeds contain several bioactive compounds including anthocyanins, carotenoids,
and phenols [4] which are important to counteract oxidative stress. Reactive species can potentially
promote inflammation and fibrosis during the development of hepatic steatosis. Thus, to investigate
the functional effects of chickpea extracts and their correlation with oxidative signals and inflammation,
a liver steatosis cellular model was established by exposing FaO cells to 0.75 mmol/L oleate/palmitate
(O/P) for 3 h [24,25,30]. Compared to the untreated cells (CTR), exposure to O/P led to a significant
increase of the reactive oxygen species (ROS) as assessed by a fluorimetric method (* p < 0.05 vs.
CTR). As an internal and additional positive control, cells were treated with the oxidant tert-butyl
hydroperoxide showing a relevant increase of ROS content as compared with that measured in CTR
cells (**** p < 0.0001 vs. CTR). Exposure to both chickpea extracts at 0.1 mg/mL and 10 mg/mL
displayed a similar ability to decrease intracellular ROS induced by the O/P treatment (Figure 2).
Hence, the lowest (0.1 mg/mL) concentration of the extracts was used in the following experiments.

3.2. Effects of Chickpea Extracts on Lipid Accumulation in FaO Cells

Lipid accumulation was visualized using Oil Red O staining. This staining can detect neutral
triglycerides and glycolipids in the control (CTR) and steatotic hepatocytes (O/P) exposed or not to
the chickpea extracts (0.1 mg/mL) for 24 h (Figure 3). Treatment with O/P promoted lipid droplet
over-accumulation that was not observed in the cells pretreated with the extract obtained from the
MG_13 accession (MG_13 + O/P). In contrast, exposure to the extract isolated from the PI358934
accession did not hamper the over-accumulation of fat induced by the O/P mixture (PI358934 +

O/P). Compared to the untreated cells, the O/P treatment resulted in a significant increase in lipid
accumulation (**** p < 0.0001 vs. CTR). Similar to CTR cells, incubation with each one of the extracts
from the two accessions did not lead to an over-accumulation of lipids within the cells.

493



Antioxidants 2020, 9, 268

Antioxidants 2020, 9, x FOR PEER REVIEW 5 of 18 

Chickpeas have been repeatedly reported to have a beneficial effect in preventing chronic 
diseases and reducing adiposity. However, a clear demonstration of the health benefits of chickpeas 
is still missing. In this study, chickpea extracts obtained from two different accessions (MG_13 and 
PI358934) of a global chickpea collection [4,22] have been characterized. The potential effects of the 
extracts on cell viability were evaluated by performing the crystal violet assay. FaO cells were 
exposed for 24 h to increasing concentrations of the chickpea extracts derived from the two accessions 
(0.1 mg/mL, 1 mg/mL, 2 mg/mL, and 10 mg/mL). Compared to the untreated condition (CTR), 
treatment with the extract isolated from the accession MG_13 did not alter cell viability at the 
concentrations used in this study (Figure 1A). In contrast, treatment with the extract obtained from 
the accession PI358934 reduced cell viability at the highest concentration (10 mg/mL) (****p < 0.0001 
vs. CTR). No relevant cytotoxic effect was observed at 0.1 mg/mL, 1 mg/mL, and 2 mg/mL doses 
(Figure 1B). As with other pulses, chickpea seeds contain several bioactive compounds including 
anthocyanins, carotenoids, and phenols [4] which are important to counteract oxidative stress. 
Reactive species can potentially promote inflammation and fibrosis during the development of 
hepatic steatosis. Thus, to investigate the functional effects of chickpea extracts and their correlation 
with oxidative signals and inflammation, a liver steatosis cellular model was established by exposing 
FaO cells to 0.75 mmol/L oleate/palmitate (O/P) for 3 h [24,25,30]. Compared to the untreated cells 
(CTR), exposure to O/P led to a significant increase of the reactive oxygen species (ROS) as assessed 
by a fluorimetric method (*p < 0.05 vs. CTR). As an internal and additional positive control, cells were 
treated with the oxidant tert-butyl hydroperoxide showing a relevant increase of ROS content as 
compared with that measured in CTR cells (****p < 0.0001 vs. CTR). Exposure to both chickpea extracts 
at 0.1 mg/mL and 10 mg/mL displayed a similar ability to decrease intracellular ROS induced by the 
O/P treatment (Figure 2). Hence, the lowest (0.1 mg/mL) concentration of the extracts was used in the 
following experiments. 

 Figure 1. Cell viability of FaO cells exposed to the chickpea extracts. FaO cells were left under basal
condition (CTR) or exposed to different concentrations (0.1 mg/mL, 1 mg/mL, 2 mg/mL, or 10 mg/mL)
of chickpea extract MG_13. (A) and PI358934; (B) as described in the Methods Section. Cells were
stained with crystal violet solution. Data are presented as means ± S.D. of 3 independent experiments
and analyzed by one-way ANOVA followed by Dunnett’s multiple comparisons test. (**** p < 0.0001
vs. control diet (CTR)).
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Figure 2. Reactive oxygen species (ROS) content in FaO cells. ROS content was measured
using dihydrorhodamine-123 fluorescence in FaO cells treated as described in the Methods Section.
As a positive control, cells were treated with tert-butyl hydroperoxide (tBHP). Data are shown as
means ± S.D. of 3 independent experiments and analyzed by one-way ANOVA followed by Dunnett’s
multiple comparisons test. (* p < 0.05 vs. CTR and **** p < 0.0001 vs. CTR).
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Figure 3. Detection of intracellular lipid droplets. FaO cells were left under basal condition (CTR)
or treated with MG_13 (0.1 mg/mL), PI358934 (0.1 mg/mL) or with chickpea extract in the presence
of a mixture of free fatty acids (FFAs) (oleate/palmitate). Oil Red O staining revealed lipid droplet
formation. Lipid droplets are stained dark red and were analyzed using Image-J software (Bar
25 µm). Data are shown as a percentage of lipid area/total area and are presented as means ± S.D.
of 3 independent experiments and analyzed by one-way ANOVA followed by Dunnett’s multiple
comparisons test. (**** p < 0.0001 vs. CTR).

3.3. Effects of Chickpea Extracts on NF-kB Phosphorylation in FaO Cells

Western blotting analysis revealed that in steatotic hepatocytes (O/P), phosphorylation of NF-kB
at serine-536 significantly increased as compared with untreated cells (** p < 0.01 vs. CTR) (Figure 4).
Preincubation with the extract obtained from the MG_13 accession impaired the increase of NF-kB
phosphorylation at S536 induced by O/P (MG_13 + O/P). In contrast, phosphorylation of NF-kB
significantly increased (* p < 0.05 vs. CTR) in steatotic hepatocytes pretreated with the extract PI358934
(PI358934 + O/P) at a similar level to that observed in O/P treated cells. Treatment with only the extracts,
in the absence of O/P, did not alter NF-kB phosphorylation (Figure 4).
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Figure 4. Effects of the chickpea extracts on nuclear factor kappa beta (NF-kB) phosphorylation. FaO
cells were treated as described in the Methods Section. An equal amount of proteins (30 µg/lane) was
separated by gel electrophoresis and immunoblotted for evaluation of pNF-kB and total NF-kB levels.
Densitometric analysis revealed that the O/P treatment caused a significant increase in pNF-kB levels
as compared with cells under basal condition (CTR). Treatment with MG_13 (0.1 mg/mL) prevented the
O/P-dependent increase of pNF-kB. In contrast, treatment with PI358934 (0.1 mg/mL) did not impair
the O/P-action. No significant alterations in pNF-kB levels were observed by the sole treatment with
chickpea extract. Data are expressed as means ± S.D. and were analyzed by one-way ANOVA followed
by Dunnett’s multiple comparisons test. (** p < 0.01 vs. CTR and * p < 0.05 vs. CTR, n = 4).

3.4. Animal Studies: Body Weight, Food Intake, Food Efficiency Ratio

To further investigate the biological actions of the two chickpea accessions, an animal model
of nonalcoholic fatty liver disease (NAFLD) was established by feeding mice with a high-fat diet.
As already described in the Methods Section, four different diets were randomly assigned to C57BL/6J
adult male mice for 16 weeks. The initial and final body weights, the body weight gain, the food
intake, and the feed efficiency ratios (FER) of the mice are indicated in Table 1. Compared to CTR mice,
the final body weight and weight gain were significantly higher in the HFD groups (**** p < 0.0001).
The addition of the flour obtained from the accession PI358934 (HFD + PI358934) significantly increased
the final body weight and the FER with respect to those measured in HFD mice (#### p < 0.0001).

Table 1. Body weight, food intake, and food efficiency ratio of CTR and high-fat diet (HFD) mice.

Parameters CTR
(12)

HFD
(12)

HFD + MG_13
(12)

HFD + PI358934
(9)

Initial body weight (g) 22.78 ± 1.30 23.63 ± 1.16 22.68 ± 1.02 24.19 ± 0.69 *

Final body weight (g) 31.04 ± 1.04 #### 40.1 ± 3.00 **** 43.69 ± 6.08 **** 49.91 ± 4.04 **** ####

Weight gain (g/d) 0.069 ± 0.009 #### 0.1384 ± 0.019 **** 0.176 ± 0.036 **** ## 0.216 ± 0.024 **** ####

Food intake (g/d) 3.176 ± 0.286 3.036 ± 0.115 3.787 ± 0.698 **** #### 2.911 ± 0.226

FER (%) 2.185 ± 0.365 #### 4.557 ± 0.667 **** 4.661 ± 1.293 **** 7.423 ± 1.025 **** ####

Values represent the mean ± S.D., the number of mice is indicated in the brackets. * Significantly different versus
CTR (**** p < 0.0001; * p < 0.05). # Significantly different versus HFD (#### p < 0.0001 and ## p < 0.01). Food efficiency
ratio (FER)
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3.5. Serum Parameters and Liver Function

Selected serum parameters are listed in Table 2 showing that glycemia was higher in the HFD
groups as compared with that measured in the control mice. However, the serum glucose measured
in the HFD + MG_13 group was significantly lower than the glycemia measured in the HFD mice
(# p < 0.05 vs. HFD). Serum insulin levels were slightly changed among groups although these
differences were not statistically significant (p > 0.05). Total cholesterol was increased in mice fed with
HFD in the presence of chickpea flours more than in the group kept on the HFD diet (HFD + MG_13
vs. CTR, ** p < 0.01 and HFD + PI358934 vs. CTR, ** p < 0.01). However, the increase measured in the
HFD + PI358934 mice was higher than the one measured in the HFD mice (HFD + PI358934 vs. HFD,
# p < 0.05). Serum triglycerides were increased in the HFD mice that received the flours. To evaluate
the liver function, the levels of alkaline phosphatases and the aspartate aminotransferase (AST) were
determined. Interestingly, the alkaline phosphatases level did not change among groups. In contrast,
a significant increase of the AST was found in the HFD and HFD + PI358934 groups as compared with
the control mice (HFD vs. CTR, * p < 0.05 and HFD + PI358934 vs. CTR, ** p < 0.01). No significant
alteration was measured in the HFD + MG_13 animals as compared with the CTR and HFD groups.
Moreover, the liver weight normalized to the total body weight significantly increased only in mice fed
with HFD + PI358934 (HFD + PI358934, 0.0394 ± 0.0031 vs. CTR: 0.0303 ± 0.0005, ** p < 0.01).

Table 2. Biochemical analysis of serum parameters of CTR and HFD mice.

Parameters CTR
(12)

HFD
(12)

HFD + MG_13
(12)

HFD + PI358934
(9)

Glycemia (mg/dL) 87.42 ± 21.46 #### 214.6 ± 32.84 **** 184.6 ± 12.89 **** # 209.4 ± 41.92 ****

Insulin (µlU/mL) 15.75 ± 4.55 26.51 ± 8.82 23.68 ± 13.41 16.05 ± 2.32

Total cholesterol (mg/dL) 63.00 ± 27.40 107.0 ± 9.64 186.3 ± 58.07 ** 221.0 ± 27.87 ** #

Triglycerides (mg/dL) 76.00 ± 39.40 128.0 ± 22.72 165.3 ± 11.37 * 181.7 ± 56.36 *

Alkaline phosphatases (U/I) 66.00 ± 10.54 65.33 ± 28.31 48.00 ± 15.13 64.00 ± 7.00

AST (U/I) 279.0 ± 130.9 # 582.7 ± 130.6 * 486.3 ± 89.39 703.7 ± 49.92 **

Values represent the mean ± S.D. The number of mice is indicated in the brackets. * significantly different versus
CTR (**** p < 0.0001; ** p < 0.01 and * p < 0.05). # significantly different versus HFD (#### p < 0.0001 and # p < 0.05).
Aspartate aminotransferase (AST).

3.6. Effects of Chickpea Diets on Lipid Accumulation and NF-kB Phosphorylation in Liver

Lipid inclusions analysis in the liver revealed that HFD feeding promotes the over-accumulation
of lipid droplets (**** p < 0.0001 vs. CTR) (Figure 5). A similar increase in lipid accumulation was found
in liver sections prepared from the HFD + PI358934 fed mice, likely suggesting that this accession has
no beneficial effect on hepatic lipid over-accumulation (**** p < 0.0001 vs. CTR). In contrast, a significant
reduction in lipid droplets over-accumulation as compared with the HFD samples was detected in liver
sections of the HFD + MG_13 fed group (#### p < 0.0001 vs. HFD), likely indicating that this accession
prevented liver adiposity. Indeed, an increase of the cytoplasmic glycogen concentration was found in
the HFD + MG_13 mice as assessed by PAS staining. NF-kB can be considered a general biomarker
of inflammation and is often activated in patients with dyslipidemia. The Western blotting analysis
(Figure 6) of liver lysates revealed that NF-kB phosphorylation at S536 increased in the HFD and HFD
+ PI358934 fed mice (* p < 0.05 vs. CTR). In contrast, the degree of NF-kB phosphorylation in the HFD
+ MG_13 fed mice was similar to that obtained in the liver lysates of the CTR mice.
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Figure 5. Histochemical features of liver parenchyma of mice. Paraffin sections of mice livers were
stained with PAS-hematoxylin and eosin. PAS reaction demonstrated glycogen stores (stained red)
in the hepatocytes. The lipid droplets being approximately circular in the section were counted with
Image-J software (Bar 50 µm). Data are shown as a percentage of lipid area/total area and are presented
as means± S.D. of 3 independent experiments and analyzed by one-way ANOVA followed by Dunnett’s
multiple comparisons test. (**** p < 0.0001 vs. CTR and #### p < 0.0001 vs. HFD).

3.7. Effects of Chickpea Diets on ROS Production and Proliferating Cell Nuclear Antigen (PCNA) Expression
in Liver

Fresh liver sections were subjected to a fluorimetric assay to detect ROS content as described in
the Methods Section (Figure 7). Compared to the CTR group, the HFD groups displayed a significant
increase in ROS content (* p < 0.05 vs. CTR). In contrast, a relevant decrease in ROS production
was found in the livers of the HFD mice that received the chickpea flours, likely indicating that the
consumption of these flours exerts an antioxidant effect. The Western blotting analysis of liver lysates
(Figure 8) revealed that the expression of PCNA, a marker of cell proliferation, increased in the HFD
fed mice as compared with the CTR group. Interestingly, the expression level of PCNA in liver lysates
of the HFD + MG_13 and HFD + PI358934 fed mice was significantly lower as compared with lysates
from the HFD fed animals, and thereby similar to that detected in lysates of CTR animals (HFD vs.
CTR, * p < 0.05)
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Figure 6. Effects of chickpea diets on NF-kB phosphorylation. Liver lysates were prepared as described
in the Methods Section. An equal amount of proteins (30 µg/lane) was separated by gel electrophoresis
and immunoblotted for the evaluation of pNF-kB and total NF-kB levels. Densitometric analysis
revealed that the HFD diet (HFD, n = 12) caused a significant increase in pNF-kB levels as compared
with the mice fed with a normal diet (CTR, n = 12). The diet with HFD + MG_13 (n = 12) prevented
the HFD dependent increase of pNF-kB. Data are expressed as means ± S.D. and were analyzed by
one-way ANOVA followed by Dunnett’s multiple comparisons test (* p < 0.05 vs. CTR).
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Figure 7. ROS content in liver tissue. ROS content was measured using dihydrorhodamine-123
fluorescence in a liver slice as described in the Methods Section. As a positive control, the liver sections
were treated with tBHP. Data are expressed as means± S.D. and analyzed by one-way ANOVA followed
by Dunnett’s multiple comparisons tests (**** p < 0.0001 vs. CTR and * p < 0.05 vs. CTR).
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carbohydrates and dietary fibers [36]. However, clear evidence is missing for the recommendation of 
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Figure 8. Effects of chickpea diets proliferating cell nuclear antigen (PCNA) expression. Liver lysates
were prepared as described in the Methods Section. An equal amount of proteins (30 µg/lane) was
separated by gel electrophoresis and immunoblotted for evaluation of the PCNA levels. Densitometric
analysis revealed that the HFD diet (HFD) caused a significant increase in the PCNA levels as compared
with mice fed a normal diet (CTR). No significant alterations in PCNA levels were observed in mice fed
the HFD + MG_13 diet or HFD + PI358934 diet. Data are expressed as means ± S.D. and analyzed by
one-way ANOVA followed by Dunnett’s multiple comparisons test (* p < 0.05 vs. CTR).

4. Discussion

Overweight and obesity associated with a high-fat diet have become a global health concern
having a tremendous impact on clinical care [31]. High-fat diets increase the risk of the incidence of
several clinical disorders such as dyslipidemia, hypertension, type-2 diabetes, and liver diseases [32,33].
It has been reported, that prolonged high-fat feeding promoted nonalcoholic fatty liver disease
(NAFLD) that can lead to nonalcoholic steatohepatitis (NASH) and cirrhosis [34,35]. Therefore,
the identification of new dietary supplements or the characterization of specific foods that reduce
hepatic fat over-accumulation and improve the systemic lipid profile is an unmet need. The present
study was undertaken to investigate the possible beneficial effects of dietary consumption of chickpeas.
Legumes are traditionally recommended to reduce lipid accumulation and to prevent insulin resistance,
possibly because they provide several nutrients including low glycemic index carbohydrates and
dietary fibers [36]. However, clear evidence is missing for the recommendation of chickpeas in
controlled diets with the aim of improving health conditions. It is not clear at what amount beneficial
effects can be gained. Short- and long-term consumption leads to differential responses of glycemia,
insulin, and other serum parameters [19]. Another crucial aspect to be investigated is whether genetic
diversity and a different composition in cultivated material is an important variable for determining
the effects of chickpea consumption on human health [19,20,36]. Here, both in vitro and in vivo
studies were performed to compare the effects of two genetically and phenotypically diverse chickpea
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accessions on lipid accumulation, ROS generation, and the activation of the inflammatory factor NF-kB.
Exposure of hepatic FaO cells to free fatty acids (FFAs) mimicked cellular steatosis [30]. Accordingly,
in this report, Oil Red O staining revealed the presence of numerous intracellular lipid droplets in
O/P treated FaO cells. Furthermore, abnormal intrahepatic fat accumulation led to a considerable
upregulation of the oxidative signals in NAFLD patients [34]. Fluorimeter measurements showed
that the O/P treatment promoted ROS generation as compared with the untreated cells. Interestingly,
both chickpea accessions reduced the ROS production induced by the O/P treatment. The significant
antioxidant effect could be related to the presence, in these chickpea accessions, of bioactive molecules
such as carotenoids, anthocyanins, and phenols [23]. Oxidative stress and inflammation are involved
in the onset and progression of numerous diseases. Therefore, phytocoumpounds, such as phenols
with proven antioxidant ability, are considered health-promoting natural antioxidants [37,38]. Higher
production of reactive species can occur secondary to intracellular altered lipid metabolism and
accumulation [34]. However, only the accession MG_13 prevented lipid over-accumulation induced in
steatotic hepatocytes by the O/P treatment. It is well established that HFD feeding causes an increase
of intrahepatic fat, abnormal functions of lysosomes and mitochondria, leading to the activation of
NF-kB [39,40]. The nuclear factor NF-kB is a master regulator of inflammatory and oxidative signals.
Numerous reports have shown that metabolic diseases associated with obesity can be accompanied
by abnormal NF-kB expression and activity [30,41]. In 12-weeks feeding HFD mice, a significant
upregulation of NF-kB signaling was also demonstrated [41]. Therefore, to further investigate the
differential effects of the two chickpea accessions, the activity of NF-kB was evaluated. Steatotic
FaO cells displayed a significant increase of NF-kB phosphorylation at serine 536, consistent with
an activation of the NF-kB pathway. To confirm the in vitro findings, an HFD mouse model was
established. As predicted, HFD feeding increased total body weight. However, mice receiving the
flour of the accession PI358934 displayed a higher body weight as compared with CTR and HFD mice.
A similar trend was also found for the food efficiency ratio (FER). These observations suggested that
animals fed with the PI358934 accession gained more weight as compared with the HFD + MG_13
fed mice. Moreover, compared to CTR mice, HFD feeding increased blood glucose. Interestingly,
MG_13 supplementation was associated with a significant reduction of the hyperglycemia induced
by HFD, likely indicating that the consumption of this accession could have a beneficial effect in
decreasing blood glucose. The supplementation of the accession PI358934 did not exert any beneficial
effect on glycemia. Indeed, mice receiving the HFD + MG_13 diet displayed a higher liver glycogen
deposition than the HFD and HFD + PI358934 fed mice. Accordingly, rats fed a diet enriched with
chickpea were characterized by having an increased level of glucokinase activity that correlated to
a major liver glycogen deposition as compared with the HFD fed rats. These findings proposed that
the consumption of chickpea could ameliorate the abnormal lipid profile [20]. Moreover, the serum
level of the AST, which is a known biomarker of liver injury, was significantly higher in the HFD and
HFD + PI358934 groups. An evaluation of the intrahepatic fat infiltration revealed that the lipid area in
the liver tissue was significantly higher in the HFD and HFD + PI358934 fed mice as compared with the
CTR mice. In contrast, previous reports have demonstrated that dietary chickpeas ameliorated the lipid
profile in rats fed an HFD diet containing lard at 20% [9]. Whereas, in the present study, the high-fat
diet included a higher fat level. However, similar to the in vitro data, the liver ROS content induced by
the HFD diet was significantly reduced in the mice receiving the chickpea supplemented diets even
though the phosphorylation level of NF-kB was reduced only in the liver of the HFD + MG_13 fed
mice as compared with the HFD fed animals. Indeed, the activity of NF-kB in the liver of the HFD +

PI358934 fed mice was similar to that measured in the HFD mice. Together, these findings indicate that
the MG_13 accession exerted a stronger beneficial effect as compared with the PI358934 accession that
contained a higher level of linoleic acid than the MG_13 accession [4]. It has been proposed that a high
intake of linoleic acid can activate inflammation pathways through the accumulation of arachidonic
acid and the release of several oxidative and inflammatory molecules that can play an important
role in the onset of chronic diseases [42–44]. Nevertheless, the differential level of linoleic acid in the
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chickpea accessions partially explain the present data. Overall, it is plausible to hypothesize that other
composition factors that differentiate these accessions are important for activating specific antioxidant
and anti-inflammatory pathways that bring health benefits.

5. Conclusions

In conclusion, this study compares, for the first time, the effects of two different chickpea accessions
revealing that only the MG_13 has beneficial responses to significantly attenuate the hepatic steatosis
induced by a high-fat diet. The obtained results indicated that the beneficial actions of the single
chickpea accession could be related to the presence of specific bioactive compounds or the combination
of selective molecules. Hence, the identification of accession-specific phytocompounds should be an
important step to explain the difference between the accessions MG_13 and PI358934. Overall, these
findings highlight the importance of the genotypic, phenotypic, and nutraceutical characterization of
chickpea cultivars of global food interest.
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Abstract: Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), a hydrophilic analog of
vitamin E, is known for its strong antioxidant activity, being a high radical scavenger of peroxyl
and alkoxyl radicals. Under particular conditions, Trolox may also exhibit prooxidant properties.
The present work aimed at studying the dual antioxidant/prooxidant behavior of Trolox over a wide
range of concentrations (from 2.5 to 160 µM) in HeLa cells. In particular, the study addressed the
dose-dependent effects of Trolox on the oxidative cell status and vitality of HeLa cells, focusing on the
potential role of the vitamin E analog in the induction of one of the first steps of the apoptotic process,
Apoptotic Volume Decrease (AVD). In HeLa cells, Trolox showed significant antioxidant activity,
expressed as the ability to reduce the endogenous ROS production detected by the ROS-sensitive
probe 5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate (CM-H2DCFDA), at low
concentrations (range: 2.5–15 µM), but exerted a dose-dependent prooxidant effect at higher
concentrations after 24 h exposure. The prooxidant effect was paralleled by the reduction in
cell viability due to the induction of the apoptotic process. The dual behavior, antioxidant at
lower concentrations and prooxidant at higher concentrations, was evident also earlier after 2 h
incubation, and it was paralleled by the isotonic shrinkage of the cells, ascribed to AVD. The use
of SITS, known Cl− channel blocker, was able to completely inhibit the Trolox-induced isotonic
cell shrinkage, demonstrating the involvement of the vitamin E analog in the alteration of cell
volume homeostasis and, in turn, in the AVD induction. In conclusion, the study shed light on the
concentration dependence of the Trolox antioxidant/prooxidant activity in HeLa cells and revealed its
role in the induction of one of the first events of apoptosis, AVD, at high concentrations.

Keywords: Trolox; HeLa; antioxidant; prooxidant; AVD; apoptosis

1. Introduction

Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) is a hydrophilic analog of
α-tocopherol, the most active and the most common form of tocopherols (vitamin E) in the human
body. α-tocopherol is the major lipid antioxidant of biomembranes; it prevents membrane oxidative
damage through inhibition of polyunsaturated fatty acids peroxidation by scavenging lipid peroxyl
radicals [1,2]. Besides, it quenches and reacts with singlet oxygen and slowly reacts with superoxide
anions [3]. Trolox shows the same antioxidant activity of α-tocopherol, but compared to α-tocopherol,
which is lipid soluble, it lacks the phytyl tail, it is more hydrosoluble, and it has the advantage to reach
both the water and the lipid compartments of cells.
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Trolox is known for its high radical scavenging activity of peroxyl and alkoxyl radicals [4] and
as such, it is often used as a reference in several biochemical assays, in which the radical scavenging
activity of studied compounds is expressed as Trolox equivalents. It has been demonstrated to act as a
strong antioxidant in several cellular model systems. In human skin fibroblasts, it was found to lower
intracellular ROS levels and lipid peroxidation and to induce a less oxidized mitochondrial thiol redox
state [5]. In IPEC-J2 cells, Trolox reduced intracellular oxidative stress, it improved wound-healing
capacity and paracellular permeability following exposure to exogenous prooxidant compounds [6].
In thymocytes, it was able to prevent peroxynitrite-mediated oxidative stress and apoptosis [7].
Trolox contributed to the protection of human and murine primary alveolar type II cells from injury by
cigarette smoke-induced oxidative stress [8] and prevented the generation of oxidative stress in primary
adult rat optic nerve head astrocytes showing induced reactive astrocytosis [9]. Moreover, Trolox was
demonstrated to prevent lipid peroxidation induced by CYP2E1 in Hep G2 cells [10], to attenuate
impaired proliferation of oxidatively stressed myoblasts overexpressing parkin interacting substrate
(PARIS/ZNF746) [11], to inhibit DNA damage formation induced by singlet oxygen in human
lymphoblast WTK-1 cells27 [12], and to protect erythrocytes during photodynamic treatment [13].

Trolox has been reported to prevent oxidative stress-induced apoptosis in several cell types,
such as mouse thymocytes [14], renal NRK-52e cells (normal rat kidney 52e) [15], rat myocardial H9c2
cells [16], renal proximal tubular epithelial LLC-PK1 cells [17].

Although Trolox possesses strong antioxidant activity, it might also exhibit prooxidant properties in
particular conditions, as also observed for other antioxidant compounds, includingα-tocopherol [18–20].
Like α-tocopherol, the Trolox antioxidant activity arises from its ability to donate hydrogen from the
hydroxyl group of the chromanol ring [21] to reactive species. This, in turn, drives the formation
of phenoxyl radical (PhO·), which can oxidize ascorbate and other biomolecules to radicals [21].
Phenoxyl radical can extract a hydrogen atom from the bisallylic methylene groups of polyunsaturated
fatty acids, inducing lipid peroxidation, although the rate constant for this reaction is slow, being about
10−1 ± 0.05 M1s1 [22]. Several studies demonstrated Trolox to exhibit prooxidant properties in the
presence of free metal ions [23]. For example, in astrocytes, Trolox increased the Cu2+-induced ROS
generation and cytotoxicity [24], while in erythrocytes Trolox stimulated ferric ion-catalyzed ascorbate
oxidation [25].

The synergic prooxidant action of Trolox has been described also for nonmetallic compounds.
It has been reported to induce a synergistic prooxidant effect with superoxide generating selenium
compounds in mouse keratinocytes [26], to potentiate As2O3-induced oxidative stress in APL cell line,
myeloma, and breast cancer cells [27], and to enhance curcumin’s cytotoxicity in A2780 cells [28].

At higher concentrations, Trolox has been described to induce lipid peroxidation, GSH oxidation,
and cytotoxicity [29,30].

The dual antioxidant/prooxidant behavior of Trolox is a multifaceted phenomenon,
showing cell-type specificity and being influenced by the experimental conditions used. Concentration is
one of the most determinant factors; however, most of the studies exploring the cellular effects of
Trolox have been carried out on single concentrations of the vitamin E analog.

The present study aimed at investigating the dual antioxidant/prooxidant behavior of Trolox over
a wide range of concentrations (from 2.5 to 160 µM) on a model cell line, HeLa cells. In particular,
we addressed if there are dose-dependent effects of Trolox on the oxidative cell status of HeLa cells
and if the vitamin E analog is involved in the induction of the apoptotic process focusing on one of the
first step of the apoptotic process, Apoptotic Volume Decrease (AVD). One of the main hallmarks of
apoptosis is represented by cell shrinkage, which occurs in two distinct stages: the early shrinkage,
named, AVD, starting in the first hours, represented by an isotonic shrinkage of the cells [31–33], and the
second phase related to cell fragmentation or formation of the apoptotic body [34]. Recent studies have
pointed out the importance of AVD in the onset and progression of apoptosis, suggesting its critical
role in the regulation of apoptotic nucleases and the activation of caspases. AVD arises from a net loss
of K+, Cl−, and organic osmolytes from the cell [31,35,36], which, in turn, is followed by an osmotic
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loss of water and consequent cell shrinkage. In particular, in the present work, we addressed if Trolox
can induce AVD thought its effect on Cl− channels.

In this study, HeLa cells were chosen as the experimental cell model for addressing the objectives of
the work. HeLa cells are one of the most studied cellular models, widely utilized in several fields from
cancer research, to drug development, gene expression, and cell death pathways. Moreover, they are
particularly useful for the objectives of this study because their AVD response is well known and
characterized [37].

2. Methods

2.1. Materials

All chemicals were reagent grade. Cell culture materials were acquired from EuroClone
(Paignton-Devon, UK). The cell-permeant probe 5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein
diacetate (CM-H2DCFDA) and Alexa Fluor® 488 annexin V were purchased from Life
Technologies-Molecular Probes (Waltham, MA, USA). All the other reagents were purchased from
Sigma Aldrich (St. Louis, MO, USA). HeLa cells were purchased from ATCC (Manassas, VA, USA).

2.2. Intracellular Oxidative Stress Detection

The intracellular oxidative stress was assessed using a ROS-sensitive probe, 5-(and-6-)-chloromethyl
-2′,7′-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA) (Ex/Em: 492–495/517–527 nm)
(Thermo Fisher Scientific, Waltham, MA, USA). HeLa cells were grown as a monolayer in Dulbecco’s
Modified Eagle’s Medium with 4500 mg glucose/L (DMEM) supplemented with 10% FBS, 40 IU/mL
penicillin G, 2 mM L-glutamine, and 100 µg/mL streptomycin under a 95% air/5% CO2 atmosphere.
Cells were plated (1 × 105 per mL) into 96-well black plate and incubated for 24 h to allow the cells to
attach to the bottom of the plate. Afterwards, the cells were incubated with increasing concentrations
of Trolox (respectively, 2.5, 5, 10, 15, 20, 40, 80, and 160 mM) for 2 or 24 h. Then, they were charged with
the cell-permeant fluorescent probe CM-H2DCFDA 5 µM. Subsequent oxidation, this probe yields a
fluorescent adduct that is trapped inside the cell. Fluorescence was then measured by the Synergy™
(BioTek Instruments, Inc., Winooski, VT, USA) multi-mode microplate reader.

2.3. Cell Viability Assessment by MTT Assay and Propidium Iodide

Cell viability was assessed by the MTT test according to Latronico et al. [38]. The MTT assay was
carried out after plating HeLa cells (1 × 105 per mL) into 96-well plate. After 24 h incubation, the cells
were preincubated with Trolox at the final concentrations of 2.5, 5, 10, 15, 20, 40, 80, and 160 µM for
24 h. Then, 20 µL MTT (0.5 mg/mL in PBS) was put on each well. After an incubation of 4 h at 37 ◦C,
the medium was discharged and DMSO (100 µL) was added. Absorbance was measured at 570 nm
with a spectrophotometer (EON BioTek Instruments, Winooski, VT, USA).

For propidium iodide cell viability assessment, HeLa cells (1 × 105 per mL) were plated into
6-well plate and incubated for 24 h. Then, the cells were incubated with Trolox (2.5, 5, 10, 15, 20, 40,
80, and 160 µM) for 24 h. Following incubation, they were washed with PBS, detached by gentle
trypsinization, and then incubated with propidium iodide (final concentration of 50 µg/mL) for 10 min.
Then, cells were washed again and spectrofluorimetrically analyzed by Synergy™ (BioTek Instruments,
Inc., Winooski, VT, USA) multi-mode microplate reader (λex: 535 nm and λem: 617 nm).

2.4. Estimation of Changes in Cell Volume

Cell volume changes were assessed by the measurement of changes in cell size through
morphometric analysis of the cell area according to Lionetto et al. [32]. Cultured cells were observed
by an inverted microscope in bright field (NIKON TE300 Eclipse E600, Nikon, Tokyo, Japan), and the
2-dimensional images obtained from a video camera (TK-C1381, JVC, Yokohama, Japan) were digitalized
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and analyzed using the LUCIA images analysis software (Nikon, Tokyo, Japan). At least a minimum
of 300 cells/condition was analyzed.

2.5. Detection of Apoptosis

HeLa cells (1× 105 per mL) were plated into 6-well plate and incubated for 24 h. Then, the cells were
preincubated with Trolox at the final concentrations of 2.5, 40, 80, and 160 µM for 14 h. Then, they were
washed with PBS, detached by gentle trypsinization, and then resuspended in annexin V binding
buffer (HEPES 10 mM, pH 7.4, NaCl 150 mM, CaCl2 2.5 mM in PBS) and incubated with Alexa Fluor®

488 annexin V (final concentration 2.5 µg/mL) and propidium iodide (final concentration 50 µg/mL)
for 10 min. Then, the cells were washed and transferred in a 96-well black plate. Fluorescence was
measured by the Synergy™ (Biotek) multi-mode microplate reader (annexin V: λex: 488 nm and λem:
530 nm; propidium iodide: λex: 535 nm and λem: 617 nm).

2.6. Statistics

Values are given as the mean ± S.E.M. The statistical significance of data was analyzed by one-way
ANOVA, Dunnett’s test, and Student’s t-test. Percentage values were arcsin transformed before the
analysis. Data are expressed as mean ± SEM.

3. Results

3.1. Dose-Dependent Effect of Trolox on Basal ROS Production and Cell Viability after 24 h Exposure

HeLa cells were treated for 24 h with increasing concentrations of Trolox in the range of 2.5–160 µM,
and then they were charged with the cell-permeable ROS-sensitive probe CM-H2DCFDA to investigate
the effect of the vitamin E analog on the intracellular oxidative status of the cells. The incubation time
of 24 h was established based on previous works, demonstrating 24 h incubation as an appropriate
time period for Trolox-induced biological responses to be evoked in several cell types [39–41]. Figure 1
shows the percentage variation of the fluorescence emitted by the cells calculated compared to control
cells (not exposed to Trolox). Trolox was able to exert an antioxidant activity at lower concentrations
(2.5–15 µM), as indicated by the negative percentage variation of the CM-H2DCFDA fluorescence,
which is indicative of a decrease in basal ROS production. The antioxidant effect size was about 20%
in the concentration range of 2.5–10 µM. A decrease in the antioxidant effect was recorded at 15 µM
Trolox. The antioxidant activity disappeared at 20 µM. On the other hand, at higher concentrations
(from 40 to 160 µM) a dose-dependent prooxidant effect was recorded, as indicated by the positive
increase in the percentage variation of the CM-H2DCFDA fluorescence.

These results demonstrate a dose-dependent dual behavior of Trolox on the basal ROS production
of HeLa cells following 24 h exposure.

In parallel to the assessment of the oxidative status of the cells, cell viability was analyzed by both
MTT test and propidium iodide staining in HeLa cells following 24 h exposure (Figure 2A,B).

The measurement of the metabolic activity of the cells by the MTT assay (Figure 2A) showed a
dose-dependent reduction in cell viability with a maximum effect observed at 160 µM Trolox.

Moreover, as shown in Figure 2B, HeLa cells exposed for 24 h to Trolox at concentrations of 40, 80,
and 160 µM showed a significant increase in the fluorescence of PI compared to control cells, while no
significant change was observed at lower Trolox concentrations (Figure 2B). Propidium iodide cannot
pass through a viable cell membrane, but it binds to DNA intercalating with the double helix in dead
cells. Therefore, the results obtained with propidium iodide confirmed the viability results obtained
with the MTT test.
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Figure 1. Percentage variation of fluorescence intensity in HeLa cells exposed for 24 h to increasing 
concentrations of Trolox (from 2.5 to 160 µM) and then charged with 5-(and-6)-chloromethyl-2′,7′-
dichlorodihydrofluorescein diacetate (CM-H2DCFDA). The ordinates indicate the percentage 
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Figure 1. Percentage variation of fluorescence intensity in HeLa cells exposed for 24 h
to increasing concentrations of Trolox (from 2.5 to 160 µM) and then charged with
5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate (CM-H2DCFDA). The ordinates
indicate the percentage variation of the probe fluorescence intensity, which was calculated as follows:
(fluorescence of control cells− fluorescence of treated cells)/(fluorescence of control cells)× 100. Data are
expressed as mean ± SEM of 3 independent experiments.
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Figure 2. (A) The vitality of HeLa cells exposed for 24 h to increasing concentrations of Trolox (from 2.5
to 160 µM) assessed by MTT test. Data are expressed as percentage vs. control. (B) The vitality of
HeLa cells exposed for 24 h to increasing concentrations of Trolox (from 2.5 to 160 µM) assessed by the
fluorescence intensity (% vs. control) of propidium iodide. Data are expressed as mean ± SEM of 3
independent experiments. The statistical significance of data was analyzed by one-way ANOVA and
Dunnett test. * = p < 0.05; ** = p < 0.01; *** = p < 0.001.
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3.2. Apoptosis Detection

To deepen the knowledge about the reduced cell viability caused by the exposure to high Trolox
concentrations in HeLa cells, the hypothesis of apoptosis induction was tested. One of the hallmarks of
apoptosis is represented by the translocation of phosphatidylserine from the inner to the outer leaflet
of the plasma membrane, thus exposing phosphatidylserine to the external cellular environment [42].
HeLa cells were exposed to 40, 80, and 160 µM Trolox, respectively, which were the concentrations
found to induce oxidative stress and to decrease cell viability dose dependently, and to Trolox 2.5 µM
for comparison. After 14 h exposure, the cells were double-stained with annexin V and propidium
iodide, and the relative fluorescence was recorded with a multiplate reader. A shorter incubation time
of 14 h was chosen in this case, after preliminary tests, in order to detect, if any, the early translocation
of phosphatidylserine through annexin V binding before the occurrence of cell death. It is known that
the kinetic profile of phosphatidylserine exposure in the outer layer of plasma membrane precedes
the loss of membrane integrity. As previously assessed in other cell types, 14 h after the exposure
to an apoptotic stimulus phosphatidylserine translocation is detectable, while the loss of membrane
integrity is not yet [43]. As reported in Figure 3, the percentage variation of the annexin V fluorescence
appeared strongly increased in cells exposed to 40, 80, and 160 µM Trolox for 14 h, but not in cells
exposed to 2.5 µM Trolox.
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Figure 3. Effect of Trolox after 14 h exposure on annexin V and propidium iodide fluorescence
(expressed as percentage variations of control) in HeLa cells. Details as Figure 1. Data are expressed
as mean ± SEM of 3 independent experiments. Statistical significance of differences was assessed by
one-way ANOVA and Dunnett test. ** = p < 0.01; *** = p < 0.001.

3.3. Dose-Dependent Effect of Trolox on Basal ROS Production and Cell Volume after 2 h Exposure

After having demonstrated that Trolox can induce apoptosis at high concentrations, we tested
the hypothesis of the possible involvement of the vitamin E analog in the induction of one of the first
events of apoptosis, the Apoptotic Volume Decrease, which is known to occur in the first 1–2 h [31,44].
Therefore, the investigation of the dose-dependent effects of Trolox on HeLa cells was deepened at
2 h exposure.

HeLa cells exposed for 2 h to different concentrations of Trolox (range: 2.5–160 µM) and then
charged with CM-H2DCFDA showed the same dual behavior observed at 24 h. A decrease in the basal
ROS level was evident at lower concentrations (2.5–20 µM), as indicated by the reduced fluorescence
of the intracellularly trapped probe, while an increase in the basal ROS levels was detected at higher
concentrations (40–160 µM) (Figure 4A).
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Figure 4. (A) Percentage variation of fluorescence intensity in HeLa cells exposed for 2 h to increasing
concentrations of Trolox (from 2.5 to 160 µM) and then charged with CM-H2DCFDA. Details as Figure 1.
(B) Effect of increasing concentrations of Trolox on cell volume after 2 h incubation. Data are expressed
as cell volume percentage variation calculated as follows: (cell size of control cells − cell size of treated
cells/cell size of control cells) × 100. Data are expressed as mean ± SEM of 3 independent experiments.

Comparing the percentage variation of CM-H2DCFDA fluorescence at the highest concentrations
tested after 2 and 24 h, an increased percentage variation was observed after 2 h exposure. For example,
at 160 µM, the percentage variation of CM-H2DCFDA fluorescence was about 75% after 2 h incubation
(Figure 4A), while it was about 40% after 24 h (Figure 1). It cannot be excluded that after 24 h exposure,
the occurrence of cell death could cause a possible leakage of the intracellularly trapped probe from
the cells, which could contribute to some extent to decrease the fluorescence signal.

In parallel, the cell size of the cells exposed to different Trolox concentrations was measured.
A decrease in cell dimension at 40, 80, and 160 µM after 2 h was evident (Figure 4B), and it was
indicative of isotonic cell shrinkage, namely, AVD.

3.4. Effect of SITS on the Trolox-Induced AVD

AVD is known to be due to the loss of K+ and Cl− from the cells [45]. As reported in
Figure 5, when HeLa cells were preincubated with the 0.5 mM disulfonic stilbene derivative SITS
(4-Acetamido-4′-isothiocyanato-stilbene-2,2′-disulfonic acid), a known inhibitor of Cl− channels [46],
and then exposed to Trolox 80 and 160 µM for 2 h, the Trolox-induced isotonic shrinkage was completely
prevented. On the other hand, SITS alone was not able to produce any significant alteration of cell size.
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Figure 5. Effect of SITS (4-acetamido-4’-isothiocyanostilbene) (0.5 mM) on the Trolox-induced cell
volume decrease. Details as Figure 4B. Data are reported as mean ± S.E.M of 3 independent experiments.
Statistical significance was assessed by one-way ANOVA and Dunnett test. ** = p < 0.01.

4. Discussion

Oxidative stress, which occurs when the production and accumulation of reactive species in cells
and tissues are not balanced by the antioxidant defenses of a biological system, has been recognized as
an important factor in the genesis of several diseases, including chronic and degenerative diseases [47].
This accounts for the great interest devoted in the last years to antioxidant compounds and to their
capacity in protecting cells from oxidative damage. However, some studies have pointed out that
antioxidants can exert prooxidant effects under particular conditions, depending on their concentration
and the nature of surrounding molecules [48]. This study is aimed to analyze the dose-dependent effect
of Trolox, a widely utilized synthetic analog of vitamin E, on the basal ROS production and viability of
HeLa cells, focusing on the ability of the compound to induce apoptosis at high concentrations.

In HeLa cells, Trolox showed significant antioxidant activity, expressed as the ability to reduce the
endogenous ROS production detected by the ROS-sensitive probe CM-H2DCFDA. The antioxidant
activity was expressed at concentrations included in the range of 2.5–15 µM. At 20 µM, the Trolox
antioxidant activity appeared reduced compared to the previous concentrations, as observed after
2 h incubation, or disappeared, as observed after 24 h incubation. At 40 µM, Trolox activity was
reversed becoming prooxidant. The prooxidant effect showed a marked concentration-dependence
with the highest effect observed at the highest concentration tested (160 µM). The prooxidant effect was
accompanied by a reduction in cell viability as assessed by MTT test and propidium iodide staining.

These results are in agreement with results obtained on HUVEC cells exposed for 24 h to a wide
range of Trolox concentrations [39]. However, in the case of HeLa cells, the prooxidant effects appeared
at lower concentrations compared to HUVEC cells, where the prooxidant behavior, accompanied by a
reduction in cell viability, was detected at much higher concentrations (500–1000µg/mL) [39]. This points
out the cell-type specificity in the dual behavior of Trolox and in the threshold concentration for the
inversion of its antioxidant behavior in prooxidant behavior. The cell-type specificity could be influenced
by the oxidative status of the cell and by the intracellular antioxidant defenses. The appearance of the
prooxidant behavior as a consequence of the accumulations of phenoxyl radical (PhO·), arising, in turn,
from the antioxidant activity of Trolox, can depend on the intracellular concentrations of antioxidants,
such as GSH or ascorbic acid, able to neutralize the radical forms of Trolox. In our experimental model,
40 µM seems to be the threshold concentration for the inversion.
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In our study, the reduction in the cell viability was ascribed to apoptosis, as assessed by the early
detection (after 14 h incubation) of phosphatidylserine translocation by annexin V binding.

The study on the prooxidant effect of Trolox in HeLa cells was deepened by the analysis of the
early effects of the vitamin E analog after 2 h incubation. The dual behavior, antioxidant at lower
concentrations and prooxidant at higher concentrations, was evident already after 2 h incubation,
with a pronounced increase in the intracellular oxidative stress at 80 and 160 µM. At this early stage,
the prooxidant effect of Trolox was paralleled by the isotonic shrinkage of the cells, ascribed to AVD.
This represents one of the first events of apoptosis, known to start within 0.5–2 h after apoptosis
induction [37]. AVD is mainly due to KCl release from the cells, followed by osmotic loss of water.
KCl occurs thanks to the activation of K+ and Cl− channels in several cell types [31–33,49]. The Cl−
channel involved in this process is known to be the volume-sensitive outwardly rectifying (VSOR)
anion channel in different cell types [31,50,51]. They are known to be activated by osmotic cell swelling
and to be involved in cell volume regulation and apoptotic cell death. VSOR channels are expressed in
several cell types including HeLa cells [52,53].

In our study, we tested the hypothesis of possible induction of these channels by exposure to high
concentrations of Trolox, 80 and 160 µM, respectively, which are the concentrations able to exert a
marked prooxidant effect in HeLa cells. The use of SITS, known to block Cl− channels including VSOR
channel [54], was able to completely inhibit the Trolox-induced isotonic cell shrinkage, demonstrating
the role of the vitamin E analog in the induction of volume-sensitive Cl− channels, and, in turn, in AVD
induction. On the other hand, the only treatment with SITS did not produce any alterations in cell
volume, suggesting that these channels are normally closed in basal conditions.

As regards the mechanism through which Trolox can activate volume-sensitive Cl− channels in
HeLa cells, VSOR have been demonstrated to be sensitive to ROS in HeLa cells [48]. The obtained
results demonstrate that Trolox at high concentrations can increase the intracellular ROS basal level.
This, in turn, could activate volume-sensitive Cl− channels, which play a key role in the apoptotic process.
As demonstrated in HeLa, U937, and PC12 cells [31,45,53], the activation of AVD-inducing VSOR Cl−
channel is an early requisite event of apoptosis, because its inhibition can prevent further apoptotic
events such as caspase-3 activation, cytochrome c release, and DNA laddering. Therefore, this study,
for the first time, disclosed the role of Trolox at high concentrations in AVD and VSOR Cl− channel
activation, although future studies will be needed to analyze the effect of high Trolox concentrations on
AVD induction in comparison with other oxidant agents and to deepen the mechanisms and signaling
events underlying the Trolox effect.

5. Conclusions

In conclusion, this study clarified the concentration dependence of the antioxidant and prooxidant
activity of Trolox in HeLa cells over a wide range of concentrations, disclosing the threshold inversion
concentration of its antioxidant/prooxidant behavior. Although this study has been carried out
on a single cellular type, the obtained results can be used as a model for further studies on other
antioxidants in other cell types. In fact, this study underlines the need to evaluate in advance the
dose dependence of the effects of the substance under investigation, its possible prooxidant behavior,
and the antioxidant/prooxidant inversion threshold before carrying out any evaluation on its biological
effect on any experimental system.

Moreover, this study disclosed for the first time the role of the vitamin E analog at high
concentrations in the induction of one of the first events of apoptosis, AVD, through the induction of
oxidative stress and VSOR Cl− channel activation.
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