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Therapeutic Approaches
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Oxidative stress and inflammation are two phenomena that are directly involved in
practically all pathologies and especially in aging. Oxidative stress, which is associated with
the redox state, constitutes an important mechanism in many physiological processes, such
as adaptations to physical exercise, cell signaling, and hypothalamic appetite regulation.
Inflammatory mediators are known to be essential in mechanisms such as the generation
of gastric mucus for the protection of the stomach and for the repair of tissues via the
mobilization of stem cells. However, when these two phenomena are deregulated, their
actions are harmful. In this Special Issue, we ask ourselves several questions: How and
when should we allow or block oxidative stress and inflammation? What is the advisable
dose of antioxidant or anti-inflammatory therapy associated with aging? Are diet, physical
exercise, and decreased psychological stress the best therapies for oxidative stress and
inflammation control? In this Special Issue, we have published 14 articles: 7 original
research articles and 7 reviews. They describe everything from the inflammatory and
oxidative processes involved in different diseases to functional foods containing molecules
that counteract these phenomena.

In order to reflect upon the comments made in this Special Issue in a coherent way,
the publications have been divided into two sections that we will comment on below.

Environmental pollution has become a major public health risk in recent decades,
causing millions of deaths worldwide. Among pollutants, we find harmful or harmful com-
ponents that can be both physical, chemical, and biological. Identifying these compounds
is the starting point to combat them.

In their original research article, Heba Al Housseiny et al. [1] have identified and re-
flected how the exposure of a product called PM2.5, which is derived from the combustion
of matter, is associated with a decrease in lung function, impaired immunity, and exacerba-
tions in lung disease. Their results show how these particles are capable of reducing cell
viability and increasing the inflammatory parameters and oxidative stress in lung epithelial
cells. These data suggest that effective mitigation strategies are necessary to address not
only the identification of polluting particles but also their possible neutralization and
treatments that avoid their toxicity [1].

Acute respiratory distress syndrome is one of the pathologies of the respiratory system.
This condition presents with the acute onset of respiratory failure that leads to bilateral
pulmonary infiltrates seen on chest radiographs, hypoxemia, etc., and that can result in
direct lung lesions, pneumonia, sepsis, and even death. Globally, it has an incidence of
around 15 to 80/100,000 inhabitants per year, and so far, no beneficial drug therapy has
been developed; however, it has been found that platelets play a fundamental role in
this disease. Therefore, Chuan-Mu Chen et al. [2] describe studies that show the possible
benefits of antiplatelet therapy for prevention and treatment via the control of platelet
activity and describe the mechanisms of action that are involved.

Dry eye syndrome affects approximately 40% of the adult population. It manifests
as hyperemia, glare, fatigue, and eye irritation. The most critical consequences of this
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desiccant stress are inflammation and damage to the ocular surface, which, in severe cases,
can lead to blindness, scarring, opacification or ulceration of the cornea, and blurred vision.
Treatments for this condition include lubricating drops, anti-inflammatory therapy, or
immunosuppressants such as cyclosporine. However, all of these treatments can cause
adverse effects that limit their use. For this reason, in their original article, Dmitry V.
Chistyakov et al. [3] have tested a therapy with a new ophthalmic formulation containing a
zileuton solution based on dimethylsulfoxide. Their results showed the high efficacy of
the proposed therapy. On the one hand, DMSO decreased the activity of pro-inflammatory
protagladins, and on the other hand, zileuton decreased the cytokine levels released by T
cells. In this way, the two compounds presented synergistic activity that opens the door to
more effective anti-inflammatory therapies against said pathology [3].

Gender differences in cardiovascular diseases (CVD) as well as the identification of
biomarkers for disease detection are challenges that are of great importance today. In the
original study by Laura Bordoni et al. [4], they recruited 547 individuals comprising both
men and women with or without cardiovascular disease to identify useful biomarkers to
characterize gender differences in CVD. The study evaluated blood parameters such as
plasma membrane fluidity, erythrocyte lipid hydroperoxides, and trimethylamine (TMA).
Lower plasmatic TMA was observed in male CVD patients compared to in the healthy
male controls, while higher levels of TMA were measured in female CVD patients with
respect to the female controls. Diphenyl−1-pyrenylphosphine (DPPP) was significantly
lower in male CVD patients compared to in the healthy controls, while no significant
changes were measured in females with or without CVD. The results obtained allowed
Laura Bordoni et al. to conclude that TMA could be an effective marker for the detection
and prevention of CVD and that the DPPP value could be predictive biomarker of CVD in
men [4].

Breast cancer remains as one of the most common cancers today. As advances in
diagnostic and treatment methods continue to become more effective, the survival rate con-
tinues to increase. However, the chemotherapy that is administered, although effective, still
presents important adverse reactions, such as difficulty concentrating and remembering or
alterations in processing speed. Patients may also experience symptoms of gastrointestinal
(GI) issues, such as diarrhea and vomiting as well as long-term hepatotoxicity or liver
damage. In their review, Taurean Brown et al. [5] describe how the series of symptoms ex-
perienced by cancer patients are interconnected and mediated by inflammatory responses.
Therefore, new therapeutic approaches could help improve the quality of life in breast
cancer patients after treatment [5].

Protecting the kidneys is essential in the management of diabetes-derived problems.
There is good evidence to illustrate the causal link between oxidative stress and the pro-
gression of diabetes-related kidney disease (DKD). Currently, the only therapeutic options
that are for DKD are limited to systemic interventions for the metabolic changes related to
diabetes, such as dyslipidemia, hypertension, and hyperglycemia. Given the important
role that oxidative stress plays in various aspects of kidney injury, the redox imbalance
could be considered to be potential therapeutic target for renal failure in diabetic pa-
tients. This review article written by Keiichiro Matoba et al. [6] shows recent therapeutic
approaches to prevent DKD by targeting the antioxidant effects of newly developed antihy-
perglycemic agents.

In their review, Spyridon Methenitis et al. [7] discuss the possibility of exercise-induced
muscle damage being a suitable model of inflammation for the evaluation of nutraceutical
anti-inflammatory properties. Low-grade, subclinical inflammation is one of the main
pathophysiological mechanisms underlying most chronic and non-communicable diseases.
In this sense, the use of functional foods, those with bioactive compounds and, in this
case, with an anti-inflammatory capacity, could be a model to take into consideration in
humans. The capacity of these compounds could be highly valued since it is known that
bioavailability is a key point in their effectiveness [7].
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Compounds with pharmacological activities with the possibility of having great
therapeutic power have been found in nature.

Telomere shortening and oxidative stress have been linked to aging and patients with
cancer and inflammatory diseases. In 2016, the New England Journal of Medicine published
an article showing how danazol, a synthetic androgen, promotes telomere lengthening in
circulating human leukocytes, comparing its effects to a hydroethanolic root extract that is
known to stimulate telomerase activity. These findings open the door for treatments for
associated diseases, telomeres, or aging. In this Special Issue, Isabelle Guinobert et al. [8]
show how danazol, similar to extracts from the Astragalus mongholicus plant, has positive
effects on telomerase-dependent telomere lengthening in human lymphocytes in their
review. These findings create possibilities for new treatments for diseases that are associated
with aging [8].

Diospirin is a medicinal compound derived from the Diospyros lotus, which has
anticancer, antituberculous, and antileishmanial activities against Leishmania donovani.
Adnan Shahidullah et al. [9] describe a modulatory role in the inflammatory response
induced by lipopolysaccharides (LPS) in mouse macrophages through the inhibition of
nitric oxide and several cytokines via the ER-stressed calcium-p38 MAPK/CHOP/Fas path-
way. These effects have not been shown previously and could have important therapeutic
uses [9].

Prolonged strenuous exercise can induce unfavorable biological changes and symp-
toms, including inflammatory responses that can lead to intestinal barrier dysfunction.
Many athletes use non-steroidal anti-inflammatory drugs to treat inflammation-induced
algesthesia. Sihui Ma et al. [10] have verified how hyperimmunized milk supplementation,
obtained after immunizing cows against specific antigens, protects intestinal function,
exerts anti-inflammatory effects, and promotes the development of immunity against
various pathogens. This could be a viable nutritional approach for preventing intense
exercise-induced symptoms.

Caloric restriction has been shown to be a powerful intervention to extend both lifespan
and health span in various animal models, from yeast to primates. Furthermore, in humans,
caloric restriction has been found to induce cardiometabolic adaptations that are associated
with better health. Daniele La Russa et al. [11] studied the long-term effects of caloric
restrictions on the inflammatory and redox balance in aged, obese rats. They found that
caloric restriction not only induces weight loss but also positively modulates both the anti-
inflammatory and antioxidant pathways while also improving the circulating adiponectin
levels in obese old rats. Along with achieving normal weight, these adaptations, which are
induced by caloric restriction, suggest that the redox and inflammatory imbalance in obese
aged rats appears to be caused by obesity rather than by aging [11].

Microglia play an important role in the development of neurodegenerative diseases,
but the mechanisms of action have yet to be specified. When activated, they can express
pro-inflammatory cytokines that act on the surrounding brain and spinal cord, something
that can have a detrimental effect on nerve cells when they acquire a chronic inflammatory
function and promote neuropathologies. In their bibliographic review, Tamotsu Tsukahara
et al. [12] set out to clarify the mechanism of action by which the porcine liver decomposition
product, which is rich in phospholipids, exerts beneficial effects on cognitive functions in
healthy humans. The authors propose that this food is function due to its possibility of
enhancing visual memory and delay recall as well as to improve Hasegawa’s Dementia
Scale-Revised scores and the Wechsler Memory Scale in healthy adults and discuss whether
it would be convenient to use it in patients with neurodegenerative diseases. Additionally,
they reinforce their hypothesis by outlining other recent findings showing the bidirectional
interactions between lysophospholipids, microglia, and age-related neurodegenerative
diseases [12].

Fatty acids (n-3 PUFA) are long chain polyunsaturated fatty acids that contain 18,
20 or 22 carbon atoms and that exert a multitude of benefits on human health. Specifi-
cally, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) have been found to
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produce both cardioprotective and responses by modulating membrane phospholipids,
thereby improving cardiac mitochondrial functions and energy production. Dietary sup-
plementation of n-3 PUFAs has been found to reduce the endothelial cell apoptosis and
mitochondrial dysfunction associated with oxidative stress. Additionally, it has the capacity
to restore myocardial performance and vascular reactivity by counteracting the release of
pro-inflammatory cytokines in vascular tissues and in the myocardium. In their review,
Francesca Oppedisano et al. [13] have summarized the molecular mechanisms underlying
the antioxidant and anti-inflammatory effects of n-3 PUFAs on vascular and cardiac tissues
and their implication in the prevention and treatment of cardiovascular diseases.

Due to medical advances and lifestyle changes, the life expectancy of the population
has increased. For this reason, it is important to achieve healthy aging by reducing the
risk factors that cause age-related damage and pathologies. Through nutrition, one of the
pillars of health, we are able to modify these factors by modulating the intestinal microbiota.
In their bibliographic review, Elisa Sanchez-Morate et al. [14] show that diets such as the
Mediterranean and Oriental diets exert healthy effects, mainly due to the high consumption
of polyphenols and fibers, which interact with the intestinal bacteria, thereby generating
beneficial effects on the body. Additionally, the low consumption of fats in these diets
favors the state of the microbiota, thereby further contributing to the maintenance of good
health [14].

In conclusion, this Special Issue addresses the roles that oxidative stress and inflamma-
tion play in different pathologies, such as ophthalmological, respiratory, and cardiovascular
diseases as well as in obesity, cancer, and diabetes. In addition, without forgetting that phar-
macological treatments are essential for their treatment, it has been revealed how natural
products, diets, or certain foods could positively influence action against these diseases.
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Abstract: Caloric restriction (CR) represents a powerful intervention for extending healthspan
and lifespan in several animal models, from yeast to primates. Additionally, in humans, CR has
been found to induce cardiometabolic adaptations associated with improved health. In this study,
we evaluated in an aged and obese rat model the effect of long-term (6 months) caloric restriction
(−40%) on the oxidative/inflammatory balance in order to investigate the underlining mechanisms.
In plasma, we analyzed the oxidative balance by photometric tests and the adiponectin/tumor
necrosis factor-α-induced gene/protein 6 (TSG-6) levels by Western blot analysis. In the white
adipose tissue, we examined the protein levels of AdipoR1, pAMPK, NFκB, NRF-2, and glutathione
S-tranferase P1 by Western blot analysis. Our results clearly showed that caloric restriction significantly
improves the plasmatic oxidative/inflammatory balance in parallel with a major increase in circulating
adiponectin levels. Additionally, at the level of adipose tissue, we found a positive modulation of
both anti-inflammatory and antioxidant pathways. These adaptations, induced by caloric restriction,
with the achievement of normal weight, suggest that inflammatory and redox imbalance in obese
aged rats appear to be more linked to obesity than to aging.

Keywords: caloric restriction; inflammation; oxidative balance; adiponectin; plasma; white
adipose tissue

1. Introduction

Obesity prevalence is constantly growing worldwide in all age groups and represents a serious
publichealth problem, given its close correlation with several chronic diseases [1,2]. Obesity is not
always the result of an excessive intake of food and/or lack of physical activity, but it is also favored by
other factors (stress, drugs, or hormonal metabolic alterations) that alter the physiological mechanisms
capable of regulating the supply of energy in relation to consumption, as happens, for example,
with advancing age. In particular, the age-related changes in body fat distribution (increase in
abdominal obesity) and metabolism (insulin resistance and metabolic syndrome) represent key factors
in a vicious cycle that can accelerate the aging process itself and the progression of age-related
diseases [3,4]. Lines of evidence from several studies have shown that obesity adversely affects health
status and life span through cellular processes in a manner similar to aging [3,4].

Aging is a complex, multifactorial process driven by both intrinsic (genetic) and extrinsic
(environmental) factors. The aging process is linked to homeostasis deterioration characterized by an

Biomedicines 2020, 8, 532; doi:10.3390/biomedicines8120532 www.mdpi.com/journal/biomedicines

7



Biomedicines 2020, 8, 532

alteration of both oxidative and inflammatory states. The free radical theory of aging has been proposed
since 1956 and highlights how the accumulation of oxidized biomolecules during chronic oxidative
stress is the basis of the age-related structural and functional alterations of all types of cells [5,6].
Over the past decades, the close link between free radicals and aging has found corroboration in several
studies [7–9], although some published papers appear to contradict this theory [10,11]. The aging
process is also characterized by a chronic low-grade of inflammation, defined as inflamm-aging [12],
with an upregulation of proinflammatory cytokines and inflammatory compounds, all of which have
been shown to be involved in the pathogenesis of age-related diseases [13]. The theory of oxidation
and inflammation of aging, termed oxi-inflamm-aging, was proposed to better define what occurs
during the aging process [14,15].

Additionally, obesity is characterized by a redox/inflammatory imbalance that is probably due
to the endocrine activity of adipose tissue via the production of several adipokines involved in the
development of inflammation, oxidative stress, abnormal lipid metabolism, increased production of
insulin, and insulin resistance [16–21]. In particular, visceral obesity is associated with the development
of chronic metabolic diseases through a convergence of a chronic inflammatory state and enhanced
production of reactive oxygen species [21]. Lines of evidence from several studies have shown that
obesity adversely affects health status and life span through cellular processes in a manner similar
to aging, and the link between these processes appears to be adiponectin [3,4]. This adipokine,
mainly secreted from adipocytes, modulates a number of metabolic processes and represents a key
molecule in maintaining the functionality of many organs [22]; it is also involved in the development
and progression of several obesity-related malignancies such as breast cancer [23,24]. As adiponectin
physiologically decreases with age [25] and obesity negatively affects the decline in adiponectin
levels [26], it can be assumed that obesity alters the aging process through the regulation of adiponectin.

Caloric restriction (CR) is a dietary intervention with a chronic reduction of total calorie intake
without incurring malnutrition. CR activates a complex series of events and represents a powerful
intervention for extending healthspan and lifespan in several animal models, from yeast to primates [27].
Although the detailed mechanisms remain to be established, several sets of experimental data have
confirmed that CR induces metabolic remodeling in several organs and tissues, including white adipose
tissue (WAT). In particular, CR modulates the adipokine expression profile in rodent WAT [28,29].
WAT plays a central role in the regulation of both energy storage and expenditure and is also directly
involved in the regulation of lifespan. The current knowledge on the molecular and cellular events
associated with CR underline how the beneficial effects of this dietary intervention can be due to an
improvement in the plasma and tissue redox inflammatory profile [30–32].

Given the close relationship between obesity and aging/age-related diseases, the present
studyundertakes to determine the similarities in underlying mechanisms related to both obesity
and aging, focusing our attention on the key role played by adiponectin. Since the use of old animals is
very important to phenocopy the systemic aging context, we used an elderly and obese rat model,
a useful model that mimics the weight gain due to aging that occurs in humans.

2. Materials and Methods

2.1. Animals

Experiments were performed on young (13–15 weeks old, n = 6) and aged (72 weeks old, n = 12)
male Sprague–Dawley rats. Animals were housed in the animal care facility of the University of
Calabria (Italy) in a 12:12 h light–dark cycle and temperature-controlled rooms (22 ◦C) and had free
access to food and water. The old animals were then divided into two subgroups: (1) Control rats
were continued on an ad libitum diet of a standard laboratory chow (ssniff diet V1535, German;
metabolizable energy 3.057 Kcal/Kg), while (2) food-restriction rats were fed a diet of the same chow,
restricted to 60% of the intake measured by weight in pairedcontrol chow-fed rats. The food restriction
diet was carried on for a total period of 6 months, and thenthe aged animals (control and treated) were
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sacrificed at 24 months old. Water and food intakes were recorded every other day, while body mass
was recorded monthly. Animals were euthanized with isoflurane (4%) followed by cervical transection,
and several tissueswere immediately removed: abdominal fat, kidney, blood, and skeletal muscle.
All experiments were carried out in accordance with the European Guidelines for the care and use of
laboratory animals (Directive 26/2014/EU) and were approved by the local ethical committee of the
University of Calabria and by the Italian Ministry of Health (license n.295/2016-PR).

2.2. Measurement of Plasma Oxidative Status

Plasma oxidative status was evaluated through photometric measurement kits combined with
a free radical analyzer system and a spectrophotometric device reader (FREE Carpe Diem, Diacron
International, Grosseto, Italy), which are routinely used in our laboratory in both human and rat
models [33–38]. The diacron-reactive oxygen metabolite (dROM) test was employed for analyzing
the total amount of hydroperoxides in plasma samples. The normal range of the test results was
250–300 U.CARR (Carratelli Units), where 1 U.CARR corresponds to 0.8 mg/L of hydrogen peroxide.
Total plasma antioxidant capacity was measured using a biological antioxidant capacity (BAP) test.
Results are expressed in μmol/L of the reduced ferric ions.

2.3. Western Blot and Densitometric Analysis

White adipose tissue samples were lysed in ice-cold RIPA buffer containing a protease inhibitor
cocktail (Sigma-Aldrich, Milan, Italy) and centrifuged for 20 min at 20,817× g at 4 ◦C. After removing
the layer of lipids, supernatants were collected and the protein concentration was quantified using
the Bradford method (Sigma, St Louis, MO, USA). For blood samples, after centrifuging for 15 min
at 1500× g at 4 ◦C, plasma was collected and diluted (1:10 v/v) in ice-cold RIPA buffer containing a
protease inhibitor cocktail (Sigma-Aldrich, Milan, Italy). The same amounts of total protein lysate
were heated for 5 min in Laemmli buffer (SigmaAldrich, Milan, Italy), separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDSPAGE) in a Bio-Rad Mini Protean III machine and then
electroblotted onto a nitrocellulose membrane (NitroBind, Maine Manufacturing, Maine, USA) using
a mini transblot (BioRad Laboratories, Hercules, CA, USA). The gels for immunoblot analyses were
transferred to a nitrocellulose membrane and incubated overnight at 4 ◦C, with primary antibodies
diluted in TBS-T directed against AdipoR1, pAMPK, NFκB, NRF-2, GSTP1, TSG6, and adiponectin,
followed by species-specific peroxidase-linked secondary antibodies (1:2000; Santa Cruz Biotechnology
Inc., Dallas, TX, USA) for 1 h at room temperature. Immunodetection of protein bands was performed
with an enhanced chemiluminescence kit (Western Blotting Luminol Reagent, Santa Cruz Biotechnology
Inc.), and the membranes were exposed to X-ray films (Ultracruz Autoradiography Film, Santa Cruz
Biotechnology Inc.). The films were then scanned, and densitometric analysis of the bands was
performed using ImageJ software (1.52a version, National Institutes of Health, Bethesda, MD, USA).
Beta actin and serum albumin were used as loading controls, respectively, for tissue and blood
protein normalization.

2.4. Statistical Analysis

Data were analysed by one-way analysis of variance (ANOVA), followed by the Bonferroni
multiple comparisons test using GraphPad/Prism version 5.01 statistical software (SAS Institute,
Abacus Concept Inc., Berkeley, CA, USA. All the results are expressed as the mean ± SE.

3. Result

3.1. Effects of CR on Obesity and Plasmatic Oxidative Balance

In laboratory rodents, obesity is defined as the achievement of a 20% increase in body mass
index [39]. In our obesity model, the aged rats (2 years old) showed a significant increase in body
weight, greater than 45%, compared to young rats (13–15 weeks old). Furthermore, these aged
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specimens had a significant plasma oxidative imbalance, with a considerable increase in oxidative
stress and a parallel and severe decrease in the antioxidant barrier. In our model, the calorie restriction
(−40%) for 6 months determined a significant decrease in body weight (−34%) vs. control and, at the
same time, significantly improved the oxidative balance with a remarkable decrease in oxidative stress,
independent of changes in the plasmatic antioxidant barrier. The body weight data and the trend of
both oxidative stress (d-ROMs) and antioxidant capacity efficiency (BAP) in plasma of young rats (Y),
obese aged (OA), and aged undergoing calorie restriction (CRA) rats are reported in Figure 1.

Figure 1. Plasmatic values of oxidative stress (d-ROMs) (a) and antioxidant capacity efficiency (BAP)
(b) tests in young rats (Y), obese aged (OA), and aged undergoing calorie restriction (CRA)rats. Data
are means ± SE of five determinations for each animal (n = 6). Statistical differences were evaluated
by one-way ANOVA, followed by Bonferroni’s multiple comparison test (* p < 0.05; ** p < 0.001;
*** p < 0.0001).

3.2. Effects of CR on Plasmatic Adiponectin Levels and Inflammation Markers

To assess the possible role played by adiponectin in the antioxidant effect of CR, we evaluated its
plasmatic protein levels through Western blotting analysis. In parallel, we also evaluated the plasmatic
protein levels of TSG-6, a multifunctional protein associated with inflammation. Our results clearly
indicate that the obesity condition associated with aging does change the circulating adiponectin levels
and also induces a significant increase in TSG-6 levels, confirming the low-grade proinflammatory
state found in both obesity and aging (Figure 2a). The caloric restriction determines an increase in the
adiponectin plasma levels (doubled compared to both young and aged rats) and a significant reduction
of the TSG-6 proinflammatory marker, which reverts to the values of the young rats (Figure 2b).

Figure 2. Western blotting of adiponectin (a) and TSG6 (b) in plasma samples of Y, OA, and CRA rats;
(a1,b1) show the densitometric quantification of the blots. Protein loading was verified by plasmatic
albumin level. Data are means ± SE of five determinations for each animal (n = 6). Statistical differences
were evaluated by one-way ANOVA, followed by Bonferroni’s multiple comparison test (* p < 0.05;
** p < 0.001).
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3.3. Effects of CR on AdipoR1–pAMPK–NFκB Pathway in Adipose Tissue

Since adipose tissue represents a crucial junction in inflammatory processes and it is also a reserve of
adipokines, we analyzed the AdipoR1–pAMPK–NFκB pathway at the level of adipose tissue. Through
its receptor, adiponectin mediates AMPK activation (pAMPK), which is involved in the inhibition of
NFκB activation and the suppression of inflammation. In our model, the obesity condition associated
with aging determines an upregulation of AdipoR1, with a consequent increase of the AMPK active
form in adipose tissue (Figure 3a,b). Despite the activation of this anti-inflammatory pathway, NFκB
levels found in obese and aged subjects (control) were high compared to the young rats. CR, with the
achievement of normal weight and the rise of both AdipoR1 and pAMPK, significantly inhibited NFκB
expression (Figure 4) and consequently suppressed the proinflammatory state, which appears to be
more linked to obesity than aging (Figure 2b).

Figure 3. Western blotting of AdipoR1 (a) and AMPK activation (pAMPK) (b) in adipose tissue samples
of Y, OA, and CRA rats; (a1,b1) show the densitometric quantification of the blots. Protein loading was
verified by using the anti-β-actin antibody. Data are means ± SE of five determinations for each animal
(n = 6). Statistical differences were evaluated by one-way ANOVA, followed by Bonferroni’s multiple
comparison test (** p < 0.001).

Figure 4. Western blotting of NFκB (a) in adipose tissue samples of Y, OA, and CRA rats; (a1) shows
the densitometric quantification of the blots. Protein loading was verified by using the anti-β-actin
antibody. Data are means ± SE of five determinations for each animal (n = 6). Statistical differences
were evaluated by one-way ANOVA, followed by Bonferroni’s multiple comparison test (*** p < 0.0001).

3.4. Effects of CR on Antioxidant Enzymes in Adipose Tissue

To analyze the oxidative imbalance linked to obesity detected at the plasma level, we evaluated
two important cytoplasmatic antioxidant enzymes, SOD1 and GSTP1, in adipose tissue. SOD1, the most
important preventive antioxidant, showed no significant changes in the three groups of rats (data not
shown). Regarding the GSTP1 monomer (23 kDa), the form with antioxidant and proliferative activity,
our results showed a significant increase in obese rats while it is reduced in CRArats (Figure 5a).
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We also evaluated NRF2, a transcription factor physiologically present in the cytosol that migrates
to the nucleus only under stress conditions, where it stimulates the expression of antioxidant genes.
Our results clearly showed that in obese aged rats, the cytoplasmic fraction of NRF2 is significantly
increased, while in CRA rats, it is significantly decreased (Figure 5b).

Figure 5. Western blotting of GSTP1(a) and NRF2(b) in adipose tissue samples of Y, OA, and CRA rats;
(a1,b1) show the densitometric quantification of the blots. Protein loading was verified by using the
anti-β-actin antibody. Data are means ± SE of five determinations for each animal (n = 6). Statistical
differences were evaluated by one-way ANOVA, followed by Bonferroni’s multiple comparison test
(* p < 0.05; *** p < 0.0001).

4. Discussion

This study was designed to evaluate the effect of long-term (6 months) caloric restriction (−40%)
on the oxidative/inflammatory balance in an aged and obese rat model and the putative role of
adiponectin. Our results showed notable alterations in redox/inflammatory status in our aging obesity
model compared to young rats and revealed that CR treatment improves the plasmatic and cellular
capacity to neutralize oxidative insults and induces a significant reduction of proinflammatory markers.
This improvement of the redox/inflammatory status during CR is connected with an important
increase in adiponectin plasma levels, thus suggesting an important role of this adipokine in the
antioxidant/anti-inflammatory properties of the organism. Additionally, at the level of adipose tissue,
we found a positive modulation of both anti-inflammatory and antioxidant pathways.

During the aging process, there is often a gradual increase in body weight and, typically, the fat
is redistributed from the subcutaneous to the abdominal deposits and the liver, and this phenotypic
change can affect energy metabolism and systemic insulin resistance [40]. Aged rodents develop
increased fat mass, with close similarities to aged humans [41], making these animals excellent
experimental models for analyzing both obesity and aging. In our experimental model, age-related
physiological weight gain leads to two-year-old rats with 45% increased body weight compared to the
young animals and, therefore, with overt obesity [39]. These aged and obese specimens, according
to the oxidation–inflammation theory of aging [14,15], showed a considerable increase in oxidative
stress, a parallel and severe decrease in the antioxidant barrier, and a significant upregulation of TSG-6,
a multifunctional protein associated with inflammation [42]. Our results clearly indicate that the
obesity condition associated with aging induces oxidative/inflammatory stress situations, confirming
the oxidative imbalance and low-grade proinflammatory state found in both obesity and aging [4].
In our aged and obese rat model, we did not detect changes in plasma adiponectin levels with respect
to the young animals. Several factors may influence adiponectin levels and activity. In obesity, as the
metabolic role of adipocytes changes, the secretion of adiponectin decreases in both humans and
rodents, and this is associated with chronic inflammation [4,26,43]. Data on adiponectin levels and
aging have revealed conflicting results; some authors have indicated that plasmatic adiponectin levels
increase with advancing age [44], while others have reported no age-related changes in its levels [4,25].
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Interestingly, in our model, the long-term caloric restriction reversed obesity, determining a
significant decrease in body weight (−34%) and, in parallel, increasing the adiponectin plasma levels,
which were doubled compared to both young and obese aged control rats. The increased adiponectin
plasma levels led to the improvement of the proinflammatory state, with a severe reduction of the TSG-6
proinflammatory marker, which reverted to the values of the young rats. The protein TSG6, a critical
anti-inflammatory cytokine detected in the context of many inflammatory diseases, is produced in
response to inflammatory mediators, mostly after TNF-α stimulation [42]. The anti-inflammatory
and cytoprotective effects of adiponectin have long been known [45–47], and caloric restriction is also
considered a possible strategy to better body metabolic and inflammatory profiles [48,49]. The role
played by adiponectin and caloric restriction in maintaining/restoring the oxidative balance is less clear.
A wide number of studies have reported a negative correlation of adiponectin levels with markers of
oxidative stress [50] and a cause–effect relationship between the metabolic syndrome and a deteriorated
oxidative status related to the altered secretion of adipokines [51]. In addition, it has been suggested
that oxidative stress can inhibit adiponectin expression in obesity, but the mechanism underlying this
regulation is unclear [19]. Our results show a clear improvement in the plasma redox status with a
remarkable decrease in oxidative stress, independent of changes in the plasmatic antioxidant barrier.

To investigate the mechanisms triggered by caloric restriction in the improvement of
oxidative/inflammatory status in our model, we analyzed anti-inflammatory and antioxidant pathways
at the level of adipose tissue, focusing on the key role played by adiponectin. Adipose tissue represents a
crucial junction in inflammatory/oxidant processes, and it is also a reserve of adipokines. The biological
activities of adiponectin are closely related to the activation of AMP-activated protein kinase (AMPK),
a key enzyme in the regulation of cellular energy homeostasis and fatty acid metabolism [52,53].
Several authors have reported that AMPK plays an important role in the modulation of inflammation,
and AMPK activators exert a protective effect in animal models of inflammatory diseases [45].
In addition, AMPK can inhibit ROS generation [53,54]. Recently, it has been suggested that adiponectin
may control inflammation by upregulating AMPK phosphorylation and then reducing the ROS-initiated
inflammatory response [54]. Moreover, in cellular models, adiponectin treatment linearly decreased
the production of ROS [54]. Through its receptor, adiponectin exerts an anti-inflammatory response by
AMPK activation (pAMPK), which is involved in the inhibition of NFκB activation and consequent
TNF-α and IL-1β downregulation [45].

In our model, the obesity condition associated with aging determines an upregulation of AdipoR1,
with a consequent increase of the AMPK active form in adipose tissue. Despite the activation of this
anti-inflammatory pathway, the NFκB levels found were high compared to young rats. CR, with the
achievement of normal weight, enhances the stimulation of both AdipoR1 and pAMPK, with significant
inhibition of NFκB expression and, consequently, suppression of the proinflammatory state.

To better understand the tissue redox balance, we also focused on the expression of two important
cytoplasmatic antioxidant enzymes, SOD1 and GSTP1, in adipose tissue. CR has been shown to
positively affect tissue redox homeostasis by the enhancement of endogenous antioxidant systems [55].
In our model, the expression of SOD1, the most important preventive antioxidant, showed no
significant changes in all groups of rats used, while the GSTP1 monomer, the form with antioxidant
and proliferative activity, showed a negative modulation by CR treatment. We also evaluated the
expression of NRF2, a transcription factor that is physiologically present in the cytosol that migrates to
the nucleus only under stress conditions, where it stimulates the expression of antioxidant genes. Our
results clearly show that in obese aged rats, the cytoplasmic fraction of NRF2 is significantly increased
and that CR induces a substantial decrease, probably due to a translocation effect in the nucleus to
modulate the expression of antioxidant genes.

Overall, our results highlight that the long-term caloric restriction leads to the achievement of
normal weight and induces a number of adaptations that improve the redox/inflammatory status at
both plasma and tissue levels, suggesting that inflammatory and redox imbalances in obese aged rats
appear to be more linked to obesity than to aging.
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Abstract: Air pollution has become the world’s single biggest environmental health risk of the past
decade, causing millions of yearly deaths worldwide. One of the dominant air pollutants is fine
particulate matter (PM2.5), which is a product of combustion. Exposure to PM2.5 has been associated
with decreased lung function, impaired immunity, and exacerbations of lung disease. Accumulating
evidence suggests that many of the adverse health effects of PM2.5 exposure are associated with
lung inflammation and oxidative stress. While the physical structure and surface chemistry of PM2.5

are surrogate measures of particle oxidative potential, little is known about their contributions to
negative health effects. In this study, we used functionalized carbon black particles as surrogates for
atmospherically aged combustion-formed soot to assess the effects of PM2.5 surface chemistry in lung
cells. We exposed the BEAS-2B lung epithelial cell line to different soot at a range of concentrations
and assessed cell viability, inflammation, and oxidative stress. Our results indicate that exposure to
soot with varying particle surface composition results in differential cell viability rates, the expression
of pro-inflammatory and oxidative stress genes, and protein carbonylation. We conclude that particle
surface chemistry, specifically oxygen content, in soot modulates lung cell inflammatory and oxidative
stress responses.

Keywords: air pollution; soot; particulate matter; lung inflammation; functional groups

1. Introduction

Air pollution has become one of the greatest environmental health hazards to millions around the
world and is primarily caused by years of industrialization and population growth, particularly in
developing countries [1,2]. In the past decade, air pollution alone has been linked to 7 million annual
deaths worldwide. The Global Burden of Disease Study identified air pollution as a risk factor for
cardiovascular disease and respiratory infections, and it is estimated to have contributed to nearly
5 million premature deaths worldwide in 2017 alone [3,4].

Air pollutants are separated into two categories depending on the source of production. Primary
pollutants such as heavy petroleum products (soot) and oxides of nitrogen (NOx) and sulfur (SOx)
are emitted into the air by the combustion of fossil fuels, vehicle exhaust, natural fires, industrial
practices, and natural dust [5]. Secondary pollutants are formed when primary pollutants react with
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other molecules in the atmosphere, altering their toxin absorption ability. Secondary pollutants include
ozone, acid rain, and particulate air pollution [5].

Particulate matter (PM) is a complex mixture of volatile organic and inorganic compounds,
including solid particles and liquid droplets, with different physicochemical properties and toxicity [6,7].
Carbon black, produced by an incomplete combustion of soot, comprises a significant portion of PM.
The toxicity of PM is characterized by its size, surface chemistry, solubility, and ability to form reactive
oxygen species. Fine PM size ranges from 2.5 μm to 10 μm in aerodynamic diameter (PM2.5 to PM10).
Notably, PM2.5 is known to exacerbate many pre-existing heart and respiratory diseases that increase the
risk of death [8]. The finest particles, PM2.5, have been reported to induce inflammation and oxidative
stress in the respiratory tract, and they exacerbate respiratory and cardiovascular diseases including
long-term chronic diseases such as cancer and asthma. Yet, the mechanisms underlying PM2.5-induced
inflammation are still unknown [8–12]. The mortality rate due to PM2.5 is more prominent in the
elderly, pregnant women, infants, and low-income populations [13,14]. Exposure to fine particles
affects lower-income populations in which a significant proportion have an income below the poverty
threshold, leading to environmental inequality and propagating economic burden [15,16].

Exposure of the nasal and lung epithelia to PM2.5 triggers an inflammatory response within the
respiratory system that, if not resolved, can contribute to chronic inflammation. This inflammatory
response is characterized by the production of extracellular signaling proteins, including cytokines
and chemokines secreted by epithelial and immune cells, and it plays a critical role in the lung’s
defense mechanism against oxidative stress [17]. Previous studies have described an increase in
the expression of cellular pro-inflammatory cytokines such as interleukin 6 (IL-6) and interleukin
1 beta (IL-1β) following exposure to PM2.5 [18–20]. Protein carbonylation has also been reported as a
biomarker of oxidative stress-induced protein damage and has been associated with the development of
cardiovascular and respiratory diseases [21,22]. A few studies have shown that protein carbonylation is
increased in PM2.5-treated human keratinocytes and rat epithelial lung cells [23]. Thus, while cytokine
expression and protein carbonylation may serve as important biomarkers for numerous lung diseases,
their role in PM2.5-induced lung inflammation has not been extensively investigated in human cells.

Many of the adverse health effects of PM2.5 exposure are hypothesized to be derived from
oxidative stress, which is initiated by the formation of reactive oxygen species (ROS) within cells [24].
Although several studies have demonstrated the ROS potential and inflammatory action of diesel
particulates from diesel engine combustion, the causative factors are less clear. Most studies use
organics diluted and extracted from real exhaust particulates, and results reported may be skewed
relative to cell exposure to the “complete” soot, i.e., PM2.5 along with its heteroatoms and condensed
fractions. It is increasingly being recognized that extracts of diesel soot are a poor representation of the
full range of toxicity and mutagenic effects [25]. Rather, the particles, and specifically their surface
chemistry, are thought to have considerable direct health impacts. Yet, no studies have assessed and
quantified the effect of parameters such as particle size, morphology, and surface chemistry in the
cellular response to combustion-formed PM2.5 exposure. Therefore, we investigated these effects in
human lung epithelial cells by using modified functionalized carbon blacks (soot) as surrogates for
combustion-formed particulates. Our goal in using this approach was to understand the hierarchy
of detrimental effects of soot from a combustion engine, subject to atmospheric aging, including the
health effects of the primary particle itself, as compared to those of the functional groups on the
carbonaceous backbone.

This work focuses on the identification of oxidative and pro-inflammatory factors induced as
a response to exposure of human lung epithelial cells to synthetic soot in various surface chemistry
forms. By exposing a male lung epithelial cell line (BEAS-2B) to lab-generated R-250 carbon black
(nascent, nitric acid-treated, and ozone-treated carbon black), we tested the hypothesis that exposure
to soot with different surface composition results in differential toxicity, inflammatory, and oxidative
stress responses in human lung epithelial cells. We assessed the cell viability and expression of genes
related to the inflammatory response and oxidative stress, including IL-1β, IL-6, superoxide dismutase
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2 (SOD2), nuclear factor erythroid 2-related factor 2 (NFE2L2), and protein carbonylation levels at
different time points and concentrations of soot. Our data indicate that the surface chemistry and
concentration of soot, specifically higher oxygen content and concentration, play a critical role in the
inflammatory and immune response initiated in the lung epithelium, and they are associated with a
decrease in cell viability and an increase in protein carbonylation levels and expression of inflammatory
cytokine genes.

2. Experimental Section

2.1. Synthesis and Characterization of Soot

Commercially produced carbon black (Regal 250, Cabot Corporation, Apharetta, GA, USA) was
used as the model carbon black for its chemical purity and absence of organic content [25]. Synthetic
soot was produced by functionalizing R250 carbon black via controlled oxidation by the methods
described below. Four soot preparations were used for experiments:

(1) Nascent soot (S1): Unmodified, non-oxidized, R250. This commercially produced carbon black
was used as the model nascent soot form given its chemical purity and absence of organic content;

(2) Nitric acid-treated soot (S2): Wet chemical treatment of R250 was conducted by treating 1 g of
carbon black with 100 ml of laboratory-grade concentrated nitric acid (HNO3, >90%) at 80 ◦C
under reflux for 24 h, just below the acid’s boiling point of 83 ◦C. The carbon–acid mixture was
continuously stirred for uniform oxidation and functionalization. The mixture was maintained
at a consistent simmer, and thereafter, it was washed with distilled water, filtered, and dried to
obtain functionalized carbon black as synthetic soot;

(3) Ozone-treated soot (S3): Dry gaseous treatment of carbon black was performed via exposure to
ozone (O3) generated by subjecting oxygen (O2) to ultraviolet (UV) light. Ozone, a reactive gas,
interacts with the carbon at room temperature and mildly oxidizes it, thereby functionalizing the
carbon in the process. This method is a comparatively mild oxidative treatment than the wet
acid reflux;

(4) Nitric acid and heat-treated soot (S4): The powdered form of HNO3-treated carbon black was
subjected to isothermal heat treatment at 300 ◦C in a hot-wall furnace for 1 h under an inert
(Ar) environment.

All synthetic soot preparations were further characterized for their atomic oxygen content and
functional groups introduced onto the carbon black surface. Characterization was performed by X-ray
photoelectron spectroscopy (XPS) and thermogravimetric analysis (TGA), as indicated below.

2.2. X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy was used to identify and quantify possible different functional
groups on the carbon surface and their contribution to the total surface atomic oxygen. XPS is a surface
analysis technique based on the photoelectric effect where incoming X-rays of a known wavelength (λ)
are used to eject surface electrons. With the known total energy of a photon, the kinetic energy (KE) of the
ejected electron is measured, and the binding energy (BE) is calculated. The BE of a core–shell electron
is characteristic of the element from which it is ejected and is used to identify the elements present.
XPS experiments were performed using a Physical Electronics VersaProbe II instrument equipped with
a monochromatic Al kα x-ray source (hν = 1486.7 eV) and a concentric hemispherical analyzer. Charge
neutralization was performed using both low-energy electrons (<5 eV) and argon ions. The binding
energy axis was calibrated using sputter-cleaned Cu foil (Cu 2p3/2 = 932.7 eV, Cu 2p3/2 = 75.1 eV).
Peaks were charge referenced to the C-C band in the carbon 1s spectra at 284.5 eV. Quantification of the
elements was done by curve-fitting of the high-resolution scan using the CasaXPS software.
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2.3. Thermogravimetric Analysis (TGA)

A TA instruments Thermogravimetric Analyzer TA 5500 coupled with a Discovery Mass
Spectrometer (MS) was used to analyze mass loss and the composition of the evolved gases.
The temperature was ramped up at 5 ◦C/min in an inert atmosphere. Thermal analysis of the
material gives a qualitative assessment of the volumetric uniformity of functionalization of the carbon;
therefore, TGA is used as a bulk material characterization tool to complement the results observed
by XPS. When subject to a steady temperature ramp, functional groups on the carbon oxidize (leave)
at different temperatures. The subsequent mass loss curve can be used to qualitatively identify the
oxygen functional groups present on the carbon blacks.

2.4. Cell Culture and Soot Exposure

Cells from the male bronchial epithelial cell line BEAS-2B (ATCC® CRL-9609™) were thawed
and cultured in RPMI-1640 medium (Gibco), supplemented with 2 mM glutamine (Gibco), 10% (v/v)
heat-inactivated fetal bovine serum (VWR), and 10,000 units of Penicillin–Streptomycin (Gibco). Cells
were grown in a 75 cm2 (T75) cell culture Flask (Corning) and incubated at 37 ◦C in a humidified
chamber with 5% CO2.

2.4.1. Cell and Soot Exposure for Cell Viability Assessment

For cell viability studies, BEAS-2B cells were plated in 24-well plates (Corning) at a density
of 50,000 cells per well overnight prior to treatment with the soot preparations. The powder soot
preparations were dissolved in a small amount of DMSO and then diluted in PBS. The final concentration
of DMSO in the cell exposure medium was <1%. Moreover, the volume of soot solution added did not
exceed 10% of the total media volume in the well. Cells were incubated with the soot preparations
described above for either 6 h or 24 h at concentrations ranging from 1.56 μg/mL to 100 μg/mL at 37 ◦C
in a humidified chamber with 5% CO2.

2.4.2. Cell Culture and Soot Exposures for Gene Expression Assessment

To quantify the expression of inflammatory and oxidative stress genes, BEAS-2B cells were plated
in 24-well plates (Corning) at a density of 50,000 cells per well overnight prior to treatment with the
soot preparations. The powder soot preparations were dissolved in methanol (MeOH, negative control)
and then diluted in PBS. The final concentration of MeOH in the cell exposure media was <0.5%.
Moreover, the volume of soot solution added did not exceed 10% of the total media volume in the well.
Cells were incubated for 6 h at 37 ◦C in a humidified chamber with 5% CO2 with all soot preparations,
at concentrations of 1.56 to 12.5 μg/mL for inflammatory genes expression and of 3.125 μg/mL for
oxidative stress genes expression.

2.4.3. Cell Culture and Soot Exposures for Protein Carbonylation Assessment

For protein carbonylation studies, BEAS-2B cells were grown in a 75 cm2 (T75) cell culture
Flask (Corning) and incubated at 37 ◦C in a humidified chamber with 5% CO2. To quantify protein
carbonylation, cells were plated in 12-well plates (Corning) at a density of 100,000 cells per well
overnight prior to treatment with the soot preparations. The powder soot preparations were dissolved
in methanol (MeOH, negative control) and then diluted in PBS. The final concentration of MeOH in
the cell exposure media was <1%. Moreover, the volume of soot solution added did not exceed 10% of
the total media volume in the well. Cells were incubated for 24 h at 37 ◦C in a humidified chamber
with 5% CO2 with all the soot preparations at concentrations of 25 μg/mL.

2.5. Cell Viability Assay

Cell viability was assessed using the MultiTox-Fluor Multiplex Cytotoxicity Assay Kit
(Promega, Madison WI, USA), according to the manufacturer’s instructions at 6 h and 24 h post-exposure
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with the different soot preparations. The assay was tested for cell viability and cytotoxicity using
specific positive controls: digitonin (toxicity) and ionomycin (necrosis).

2.6. RNA Purification and cDNA synthesis

After exposure to soot preparations, cells were harvested in TRizol (Life Technologies, Austin,
TX, USA) and RNA was extracted using the Direct-zol kit (Zymo Research, Irvine, CA, USA) in the
presence of DNAse. Total RNA was quantified by nanodrop measurement and stored at −80 ◦C until
further analysis. For cDNA synthesis, 500 ng of RNA were retrotranscribed using the High Capacity
cDNA kit (Life Technologies), following the manufacturer’s protocol. The cDNA reactions were stored
at −20 ◦C until further use.

2.7. Real-Time PCR

The expression of inflammatory and oxidative stress-related genes was measured in 40 ng of
cDNA by Real-Time PCR with TaqMan™ assays (Life Technologies). The following probes were
used: IL1B (assay Hs01555410), IL6 (assay Hs00174131), NFE2L2 (assay Hs00232352), and SOD2
(assay Hs00167309). A housekeeping gene 18S (assay Hs03003631, Life Technologies) was used as
a normalization control from 2 ng of cDNA. The reactions were conducted in triplicate using the
TaqMan™ Fast Advanced Master Mix in 10 μL of final volume, following the manufacturer’s protocol.
Expression results (Ct values) were monitored and extracted using the QuantStudio 12K Flex Software,
and data were analyzed using the relative quantification method [26].

2.8. Total Protein Determination

After exposure to soot, cells were harvested in 150 μL of 20 mM Tris-HCl lysis buffer at pH 7.5.
The total protein concentration in lysates was determined by the Bicinchoninic Acid (BCA) protein
assay (Pierce), following the manufacturer’s protocol, using bovine serum albumin as a standard.

2.9. Protein Carbonylation Assay

The high sensitivity Protein Carbonyl ELISA Kit (Enzo Life Sciences, Farmingdale, NY, USA; cat
#ALX-850-312-KI01) was used to determine the concentration of protein carbonylation starting from a
sample volume containing 200 μg of protein and following the manufacturer’s protocol.

2.10. Statistical Analysis

Cell proliferation, gene expression, and protein carbonylation data are presented as means ± SE.
Data were plotted, and statistical analyses were performed using the GraphPad Prism software
(v.8.4.3). Interactions of treatment and concentration were determined by two-way ANOVA followed
by Dunnett’s post hoc test, and differences among treatment groups were analyzed by one-way ANOVA
followed by Tukey’s post hoc analysis with the GraphPad Prism software (v.8.4.3). Values of p < 0.05
were considered statistically significant.

3. Results

3.1. Characterization of Soot

An illustrative transmission electron micrograph (TEM) of a carbon black aggregate and primary
particle is shown in Figure 1. After wet and dry chemical treatment, and prior to conducting cell
exposures, the different soot preparations were characterized to determine their atomic oxygen content
and functional groups introduced onto the carbon surface by XPS and TGA, as indicated below.

XPS was performed using survey and high-resolution scans, to identify the elements present
on the surface of treated soot, specifically oxygen groups. As a baseline, nascent (untreated) carbon
black (S1) was also subject to the same analytical procedure. Elements in each soot preparation were
quantified via curve-fitting of the high-resolution scans using the commercial software CasaXPS. Table 1
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shows the measured atomic percentages of the elements present in the analyzed soot. Table 2 gives the
relative percentages of oxygen functional groups present in the soot samples. As expected, the oxygen
content is higher in the acid-treated soot (S2) than the ozone-treated soot (S3) and acid + heat-treated
soot (S4). Wet acid reflux treatment of carbon black resulted in ≈32 atomic % oxygen compared to a
≈10 atomic % from dry gaseous treatment, the latter being a relatively mild oxidant with oxidation
performed at room temperature, explaining this difference in the type and degree of functionalization.
Moreover, being the most reactive group, the -COOH functional group is selectively removed with
heat treatment from the carbon black, significantly reducing the oxygen content to ≈12 at (%) overall as
measured by XPS. TGA-MS revealed a negligible mass loss for the ozone-treated sample (S3) between
300 and 500 ◦C despite the curve fit value of ≈2 at (%) carboxylic assignment. Various factors account
for this observation. First, lactone (i.e., ester) and carboxylic anhydride groups can also register as
“carboxylic” groups by the XPS curve fit, given similar C1s binding energy. (Notably, these groups
do not possess the labile hydrogen nor form an anionic state.) Possessing greater thermal stability,
these groups do not decompose at 300 ◦C. Moreover, the 2 at (%) carboxylic content as extracted by
deconvolution is near the minimal level detectable by this fitting procedure, which is estimated as
≈1 at (%). Correspondingly, ozone treatment is known to introduce minimal carboxylic (-COOH)
functionality in carbons as well.

 

Figure 1. TEM image of a carbon black (A) aggregate and (B) primary particle.

Table 1. Elemental content measured as atomic percent for samples S1–S4. S1: nascent soot, S2: nitric
acid-treated soot, S3: ozone-treated soot, S4: nitric acid and heat-treated soot.

Soot Treatment
Measured Atomic 1 %

C O N S

S1 None 97.2 1.3 – 0.9
S2 HNO3 67.8 31.5 1.3 –
S3 Ozone 90 9.4 – 0.6
S4 HNO3 + 300 ◦C 86.5 13.2 – 0.2

1 C: carbon, O: oxygen, N: nitrogen, S: sulfur.

Table 2. Oxygen group percentages for samples S1–S4.

Soot Treatment
Oxygen Groups %

C-O C=O O-C=O Total O

S1 None – – – 1.3
S2 HNO3 10.2 4.9 9.4 34.0
S3 Ozone 2.2 1.4 2.4 8.3
S4 HNO3 + 300 ◦C 7.3 3.8 0.5 12.1
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3.2. Cell Viability and Cytotoxicity in BEAS-2B Cells Exposed to Synthetic Soot

BEAS-2B cell viability was measured at 6 and 24 h after exposure to soot preparations
(Figures 2 and 3). A significant interaction of concentration and particle effect was found at both
time points (p < 0.0001, two-way ANOVA). Treatment with ionomycin (positive control) resulted
in a 95% reduction in cell viability after 6 h. When assessing independent effects, we found that
after 6 h of treatment with S1 and S4 (soot with the lowest -COOH functional group content)
(Table 2), there were no significant differences in cell viability at all the concentrations tested (Figure 2).
Furthermore, the treatment of cells with soot containing the highest -COOH content (S2, S3) resulted
in a reduction of viable cells in a dose-dependent manner. Treatment with S2 (9.4% -COOH content)
resulted in a significant loss of cell viability at concentrations of 12.5 μg/mL and above. For S3
(2.4-COOH content), this effect was observed at a higher concentration (at least 50 μg/mL) (Figure 2).

Figure 2. BEAS-2B cell viability expressed as percentage of viable cells at 6 h after exposure to four
different soot preparations (S1–S4). The bars summarize data from three independent experiments
(n = 3 replicates per experiment) with results normalized to control (cells exposed to DMSO). Data
are expressed as mean ± SEM. * p < 0.001 (Dunnett’s post hoc multiple comparisons test). Two-way
ANOVA interaction: p < 0.0001, F (21, 40) = 7.640; concentration effect: p < 0.0001, F (7, 40) = 25.67);
soot-type effect (p < 0.0001, F (3, 40) = 69.91. For a description of S1–S4, see Section 2.

Figure 3. BEAS-2B cell viability expressed as percentage of viable cells after exposure to four different
soot preparations for 24 h. The graph summarizes data from three independent experiments (n = 3
replicates per experiment), with results normalized to control cells (exposed to DMSO). Data are
expressed as mean ± SEM. * p < 0.001 (Dunnett’s post hoc multiple comparisons test). Two-way
ANOVA interaction: p < 0.0001, F (21, 36) = 11.59; concentration effect: p < 0.0001, F (7, 36) = 100.4; soot
type effect (p < 0.0001, F (3, 36) = 127.6). For a description of S1–S4, see Section 2.
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At the 24-h time point, the exposure of cells to S1 and S4 at a concentration of 50 μg/mL or above
induced a significant reduction in cell viability (p < 0.001) (Figure 3). The effect was observed at a
much lower concentration (6.25 μg/mL and above) for S2, the soot with the highest -COOH content.
Finally, the effect was observed at a concentration of 25 μg/mL or higher for S3 (Figure 3).

3.3. Expression of Pro-Inflammatory Genes in Cells Exposed to Synthetic Soot

To assess the ability of the different soot to induce an inflammatory response in BEAS-2B cells,
we conducted real-time PCR experiments on extracts from cells exposed to S1–S4. To avoid significant
cell death, we selected concentrations below 12.5 μg/mL and the 6-h time point based on the results
obtained in Figure 2. We measured the expression of two pro-inflammatory cytokines (IL-1β and IL-6)
that have been previously reported to increase in response to particulate matter exposure in human
bronchial epithelial cells [20,27]. We limited our focus to IL-6 and IL-1β to compare the inflammatory
effects of all soot preparations on IL-6 and IL-1β expression to these previously established outcomes.
A significant interaction of concentration and particle effects was observed after 6 h of exposure to
S1–S4 for both genes (IL-1β, p = 0.022; IL6, p < 0.0001, two-way ANOVA) (Figures 4 and 5).

Figure 4. Expression of human interleukin-1 mRNA (IL1B) (relative to 18S expression) in BEAS-2B
cell after exposure to soot preparations for 6 h. The graph summarizes data from three independent
experiments (n = 3 replicates per experiment), with results normalized to controls (exposed to methanol)
and expressed as mean± SEM. Two-way ANOVA interaction: p= 0.0109, F (12, 71)= 2.415; concentration
effect: p < 0.0001, F (4, 71) = 30.51; soot type effect (p < 0.0001, F (3, 71) = 15.48). * p < 0.05, different
from control (Dunnett’s multiple comparison’s test). For a description of S1–S4, see Section 2.

The expression of IL-1β was significantly increased in a dose-dependent manner, when cells where
exposed to S2, S3, or S4 at concentrations above 3.125 μg/mL (Figure 4). At the lowest concentration
tested (1.56 μg/mL), only soot with a higher total oxygen content and C=O groups (S2 and S4) induced
significant changes in IL-1β expression (Figure 4). A comparison of IL-1β expression in cells exposed
to all soot at the highest concentration (12.5 μg/mL) revealed a significant effect of functionalized
particles (S2, S3, S4) vs. nascent particles (p < 0.05, one-way ANOVA) (Figure 6A). This effect was also
observed at concentrations as low as 3.125 μg/mL (Figure 6B).
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Figure 5. Expression of human interleukin-6 mRNA (IL6) (relative to 18S expression) in BEAS-2B
cell after exposure to soot preparations for 6 h. The graph summarizes data from three independent
experiments (n = 3 replicates per experiment), with results normalized to controls (exposed to methanol)
and expressed as mean± SEM. Two-way ANOVA interaction: p< 0.0001, F (12, 61)= 5.563 concentration
effect: p < 0.0001, F (4, 61) = 36.99; soot type effect (p < 0.0001, F (3, 61) = 22.84). * p < 0.05, different
from control (Dunnett’s multiple comparison’s test). For a description of S1–S4, see Section 2.

Figure 6. Human IL-1β mRNA (IL1B) expression (relative to 18S expression) in BEAS-2B cells treated
with S1–S4 soot at 3.125 μg/mL (A) or 12.5 μg/mL (B) for 6 h. The graphs summarize data from
three independent experiments (n = 3 replicates per experiment), with results normalized to controls
(exposed to methanol) and expressed as mean ± SEM. a: different from control, b: different from S1
(p < 0.05). One-way ANOVA (p < 0.001, F (4, 20) = 20.47).

Similarly, the expression of IL-6 was significantly higher in cells exposed to functionalized soot
(S2, S3, S4) at 6.25 μg/mL and 12.5 μg/mL, and it was significantly higher at 3.125 μg/mL only in
cells exposed to S2 (Figure 5). When comparing the effects of different soot exposure at the highest
concentration (12.5 μg/mL), we found significant differences among particles, with S2 inducing a
significantly higher IL-6 mRNA expression than S3 and S4 (Figure 7A), and all three functionalized soot
stimulating higher expression than the nascent (S1) particle (p < 0.05). In contrast, when comparing
the effects of different soot at 3.125 μg/mL, the IL-6 response mimicked that of IL-1β (Figure 7B).
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Figure 7. Human IL-6 mRNA (IL6) expression (relative to 18s) in BEAS-2B cells treated with S1–S4
soot at 3.125 μg/mL (A) or 12.5 μg/mL (B) for 6 h. The graphs summarize data from three independent
experiments (n = 3 replicates per experiment), with results normalized to controls (exposed to methanol)
and expressed as mean ± SEM. a: different from control and S1 (p < 0.001), b: different from S2 (p < 0.05),
c: different from control. One-way ANOVA (p < 0.001, F (3, 8) = 25.7).

3.4. Expression of Oxidative Stress-Related Genes in Cells Exposed to Synthetic Soot

To assess the ability of the different soot preparations to induce the expression of oxidative
stress-related genes in BEAS-2B cells, we conducted real-time PCR experiments on extracts from cells
exposed to S1, S2, S3, and S4. We selected a concentration of 3.125 μg/mL at a 6-h time point considering
that all soot preparations elicited changes in IL-6 and IL-1β gene expression at this concentration
(Figure 4), while minimizing cell death (Figure 2). We measured the expression of two genes related to
oxidative stress (SOD2 and NFE2L2), as previous studies have observed that PM2.5-induced oxidation
alters the expression of these genes in respiratory tract cells [28]. Both NFE2L2 and SOD2 are critical
molecules in the lung’s defense mechanism against oxidative stress, and their disruption enhances
susceptibility to airway inflammation [29,30].

A significant interaction of particle effects on SOD2 and NFE2L2 expression (SOD2, p = <0.0001;
NFE2L2, p = 0.0001, one-way ANOVA) was observed after 6 h of exposure to all soot particles at
3.125 μg/mL. SOD2 expression was significantly downregulated in cells exposed to S2, S3, and S4,
but not S1 (Figure 8A). Cell exposure to S2 and S3 resulted in the most significant downregulation
in SOD2 expression, both being the highest in O-C=O content compared to S1 and S4 (Table 2).
Similarly, the expression of NFE2L2 was downregulated by cell exposure to all soot preparations,
including S1, with the greatest effect observed in S2 and S3 exposure (Figure 8B). Comparison of SOD2
and NFE2L2 expression in cells exposed to all soot preparations at 3.125 μg/mL revealed a significant
effect of functionalized particles (S1, S2, S3, S4) vs. control particles.

3.5. Protein Carbonylation in Cells Exposed to Synthetic Soot

To assess the ability of the soot preparations to alter protein carbonylation, we measured
carbonylation levels in protein extracts from BEAS-2B cells exposed to S1, S2, S3, and S4 at a
concentration of 25 μg/mL at a 24-h time point. We chose this concentration because it is the minimum
concentration that results in a reduction in cell viability at this time point. The exposure of cells to S2
and S4, i.e., the soot with the highest oxygen, C-O, and C=O content, resulted in the greatest increase
in total of protein carbonylation compared to S1 and S3 (Figure 9). Interestingly, the increase of protein
carbonylation triggered by S2 and S4 mimics the effects observed on IL-1β expression at 12.5 μg/mL at
6 h of exposure.
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Figure 8. Expression of oxidative stress genes (relative to 18S expression) in BEAS-2B cells treated
with S1–S4 soot at 3.125 ug/mL for 6 h. (A) Superoxide dismutase 2 (SOD2) mRNA. (B) Nuclear factor
erythroid 2-related factor 2 (NFE2L2) mRNA. The graphs summarize data from three independent
replicates, with gene expression results normalized to controls (exposed to DMSO) and expressed as
mean ± SEM. a: different from control, b: different from S1, c: different from S4. One-way ANOVA
(p < 0.05).

Figure 9. Protein carbonylation levels in BEAS-2B cells treated with S1–S4 soot at 25 ug/mL for 24 h.
Results are expressed as nmol/mg of total protein. a: different from S1 and S3. One-way ANOVA
(p < 0.001, F (3, 12) = 63.07).

4. Discussion

Air pollution is a significant health hazard that is associated with the worsening of cardiopulmonary
disease and reduction of life expectancy. It is estimated that over 90% of the world population is exposed
to higher than recommended levels of ambient air pollution, including outdoor particle pollution such
as PM2.5 [31]. Decades of epidemiological and toxicological research have demonstrated that exposure
to PM2.5 is detrimental to lung health and contributes significantly to the development and exacerbation
of a multitude of lung diseases [32]. Nonetheless, the cellular and molecular mechanisms driving
these outcomes remain poorly understood, and the influence of physicochemical characteristics of soot
particles in these mechanisms has not been yet explored. Accumulating evidence from in vivo and
in vitro studies using environmental samples or purified PM2.5 mixtures have indicated that the lung
epithelium responds to particle exposures in a dose- and time-dependent manner, by activating redox
responses, initiating and/or exacerbating inflammation, and causing DNA damage and epigenetic
alterations [14]. In this study, rather than evaluating the effects of purified particles from environmental
samples, we investigated the effects of exposing lung epithelial cells to synthetic soot. We assessed
the effects of particles directly on oxidative stress and inflammatory responses to understand the
contributions of their surface chemistry vs. the carbonaceous soot backbone itself. Our data revealed
that surface chemistry, and specifically oxygen and carboxylic acid content, contributes to cell death, the
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expression of inflammatory and oxidative stress genes, and protein oxidative damage (carbonylation)
in human lung epithelial cells in a concentration and time-dependent way.

Many of the adverse health effects of PM2.5 exposure are hypothesized to be derived from oxidative
stress and inflammation, which is initiated by the formation of reactive oxygen species (ROS) and
expression of pro-inflammatory genes within cells [33]. Although several studies have demonstrated
the ROS potential and inflammatory action of diesel particulates from diesel engines [34], the causative
factors are less clear. Most studies assessing these effects have used organics diluted and extracted
from real exhaust particulates, and the results reported may be skewed relative to cell exposure to
the “complete” soot, i.e., particulate matter along with its heteroatoms and condensed fractions. It is
increasingly being recognized that extracts of diesel soot are a poor representation of the full range
of toxicity [35]. Rather, the particles and, in particular, their surface chemistry have considerable
direct impacts. To understand and potentially quantify the effect of parameters such as particle size,
morphology, and chemistry, this study used surface-modified carbon black being a close substitute
in its make and morphology. Functionalized carbon black is a surrogate for soot to understand
the hierarchy of detrimental effects of soot from a combustion engine, i.e., the health effects of the
primary particle itself as compared to those of the functional groups on the carbonaceous backbone.
We chose carbon black to be able to control the extent of functionalization introduced and study the
cell response by selectively modifying the material to exclude acidic functional groups. Exposure of a
human lung epithelial cell line to model soot that closely resembles real combustion-generated soot
in structure, particle size, and chemistry allowed us to identify and associate specific outcomes with
particle physicochemical characteristics.

To our knowledge, this is the first study to examine the effects of surface particle chemistry and
nanostructure on human lung epithelial responses. Prior studies using purified environmental samples
have reported limited and often contradictory outcomes. Moreover, the majority of in vitro studies
testing for toxicity use washing soot extracts that convolve condensed organics on the particles with
extracted organics from the particle, ignoring the fixed particle surface chemistry. This has complicated
the toxicity assessment of engine exhaust products, which is mainly due to our limited understanding
of the specific contributions of different soot components. Our study provides new information on the
contributions of surface chemistry to the particle’s cytotoxicity. Our data indicate that both oxygen
content and functional groups enhance the particle’s ability to induce cell death. We demonstrate
here that particles with the highest surface oxygen percentage and carboxylic acid content impair cell
viability at lower concentrations than those with lower oxygen and carboxylic acid content. In addition,
we show that this effect is also concentration- and time-dependent. Higher exposure times (24 h vs. 6 h)
resulted in a significantly lower number of viable cells for a given concentration in particles with lower
carboxylic acid content (S1, S4), but not in those with higher content (S2, S3).

It has been recently shown that exposure to PM2.5 below the current U.S. Environmental Protection
Agency standards is associated with increased mortality [36]. This suggests that the inhalation of
soot at very low concentrations may induce cellular damage that accumulates over time. While it is
not possible to determine how closely the concentrations tested in this study reflect those of actual
in vivo exposures in the human lung epithelium, we aimed to use concentrations that do not cause
significant cytotoxicity when determining the contributions of particle chemistry on inflammation
and oxidative stress effects. Thus, we examined the expression of two pro-inflammatory markers
known to be expressed by lung epithelial cells (IL-1β and IL-6) [37] in BEAS-2B cells exposed for 6 h to
soot at concentrations that were not toxic and did not have major effects on cell viability (12.5 μg/mL
or lower). Our results demonstrate that the presence of functional groups in the particle’s surface
was sufficient to induce an inflammatory response, as indicated by the stimulation of IL-1β and IL-6
gene expression by S2, S3, and S4, but not S1. Moreover, this effect was dose-dependent, indicating a
potential mechanism involving the activation of pattern recognition receptors [38]. These receptors are
known for recognizing specific ligands such as pathogen- and damage-associated molecular patterns,
which are endogenous ligands derived from stressed cells [39]. The activation of pattern recognition
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receptors such as Toll-like-receptors in response to PM exposure results in the release of cytokines
and chemokines to attract immune cells to the site of injury [40,41]. At the highest concentration
tested (12.5 μg/mL), we did not observe a differential effect on IL-1β expression among different soot
preparations. However, the expression of IL-6 mRNA was significantly higher in cells exposed to
S2. This soot not only presents the higher oxygen atomic content, but also the higher percentage of
-COOH, C=O, and C-O groups. In a previous study, 100 μg/mL ultrafine carbon black was observed
to increase mRNA and protein expressions of IL-1β and IL-6 in primary rat epithelial lung cells,
but IL-6 protein expression was delayed compared to IL-6 mRNA expression, and IL-1β mRNA and
protein expression were not correlated [42]. Other studies have shown that IL-1β mRNA levels do
not necessarily reflect IL-1β protein secretion [43]. Furthermore, it has been observed that endotoxin
contamination, a component of some environmental PM preparations, may cause an intracellular
accumulation of cytokines, including IL-1β [44], although previous findings indicate that endotoxin
is usually found on coarse PM [45]. To further investigate the inflammatory effects of the synthetic
soot, future studies should also examine the expression of IL-8 and TNF-α, as these genes have been
implicated in numerous human lung diseases [46,47] and found to be upregulated in human bronchial
epithelial cells exposed to PM [48,49].

In addition to studying the inflammatory response triggered by soot exposure, we examined
the expression of SOD2 and NFE2L2, which play a critical role in antioxidant defense mechanisms
against ROS. We used a concentration that did not significantly reduce cell viability (3.125 μg/mL) but
was enough to elicit an inflammatory response by altering IL-6 and IL-1β gene expression. We found
that the presence of functional groups in the particles’ surface was sufficient to alter the expression
of both SOD2 and NFE2L2, as indicated by the gene expression changes in cells exposed to S1, S2,
S3, and S4. Interestingly, SOD2 mRNA expression was significantly lower in cells exposed to all soot
variants, including S1, but NFE2L2 gene expression was not significantly affected in cells treated with
S1. The expression of SOD2 and NFE2L2 was the lowest in cells exposed to S2 and S3, the highest total
oxygen carboxylic acid-containing soot, indicating a potential role of these groups in the inhibition of
these gene’s expression.

Combined, these findings suggest that PM2.5 toxicity induces a decrease in the expression of
antioxidant response genes SOD2 and NFE2L2. Under physiologic conditions, ROS generation is
minimized by antioxidant proteins, but an overproduction of ROS disturbs the antioxidant defense
system, leading to oxidative stress [30]. ROS are produced by the reduction of molecular oxygen and
the formation of superoxide anions. Superoxides are precursors to most ROS but are metabolized
by SOD2 to hydrogen peroxide (H2O2). Catalase (CAT) serves as a protective enzyme that breaks
down H2O2 and eliminates ROS formation. Some studies have shown that exposure to PM2.5 induces
a loss of SOD2 and CAT activity, leading to an accumulation of ROS [24]. PM2.5 has also been
observed to downregulate protein kinase B (Akt) signaling, which is a known modulator of SOD2
and NFE2L2, decreasing the expression of SOD2 and NFE2L2 [49,50]. Another study observed that
NFE2L2 expression in human BEAS-2B bronchial epithelial cells is downregulated when cells are
subjected to high concentrations of PM2.5 or repeated exposure protocols [51].

An impairment in the antioxidant defense mechanism by the downregulation of SOD2 and
NFE2L2 increases the expression of IL-1β and IL-6, inducing an inflammatory response, as observed in
our findings [52]. Based on our data, a decrease in SOD2 and NFE2L2 gene expression is associated
with a significant increase in IL-1β and IL-6, particularly in cells treated with S2 and S4, potentiating an
inflammatory response as expected. The high oxygen content of S2 and S4 makes them potential good
oxidants that can cause changes in oxygen saturation and can react with molecular oxygen to form H2O2

and the most potent form of ROS, hydroxyl radicals. Exposure to PM2.5 can downregulate CAT activity,
causing an overaccumulation of these ROS, resulting in production and oxidative stress, increasing the
inflammatory response [53]. While S3 (O3 treated PM2.5) did not cause the most significant increase in
IL-1 β and IL-6 gene expression, S3 along with S2 did cause the most significant decrease in SOD2 and
NFE2L2 gene expression. O3 generates ROS, including H2O2, thus exerting similar effects to soot with

29



Biomedicines 2020, 8, 345

higher oxygen content [54]. Overall, more research is needed to elucidate the mechanisms by which
the expression of antioxidant enzymes and transcription factors relates to oxidative stress responses
induced by soot with varying surface chemistry.

Carbonylation is an irreversible protein modification induced by oxidative stress and is associated
with chronic inflammation. Thus, we examined protein carbonylation as a potential biomarker of
oxidative stress induced by exposure to PM2.5 in our studies. Protein carbonylation is a well-used
biomarker for studying numerous human diseases, including Alzheimer’s disease, diabetes, and
chronic lung disease. Despite this, very little is known about PM2.5-induced protein carbonylation and
its role in oxidative stress. We exposed BEAS-2B cells for 24 h to soot preparations at a concentration
that elicited changes in cell viability at 24 h (25 μg/mL) but no cell death. Protein carbonylation has
been previously observed to increase in human keratinocytes exposed to PM2.5 at 50 μg/mL at a 24-h
time point [23], indicating that changes in protein carbonylation require higher concentrations of PM
than those required to elicit changes in gene expression. We found that that protein carbonylation
was significantly higher in cells exposed to S2 and S4 compared to cells exposed to S1 and S3,
thus following a similar trend observed in IL-1β and IL-6 gene expression. Targets of carbonylation are
dependent on the oxidative environment of the cell and abundance of ROS. In the NFE2L2/Kelch-like
ECH-associated protein 1 (KEAP1) mechanism, cytoplasmic KEAP1 binds NFE2L2, targeting it for
proteasomal degradation. When carbonylated, KEAP1 releases NFE2L2, which translocates to the
nucleus and, along with other transcription factors, binds to antioxidant response elements to produce
cytoprotective proteins [22].

Our study has several limitations. First, while our characterization of lung epithelial
cellular responses to synthetically modified soot revealed important contributions of surface
chemistry, we used a submerged monolayer culture model wherein cells have been removed
from their physiological conditions, including interactions with neighboring cells in the airway
epithelium. Therefore, our studies will need to be replicated and investigated by alternative methods
such as exposures in air–liquid interface cell cultures, using cell lines and primary cells of the
lung and nasal epithelia, and using in vivo exposure models. Second, the BEAS-2B cell line is
derived from an adult male individual; therefore, our results do not reflect the potential effects of
sex/gender and/or age in the observed responses. Considering the known differential effects of air
pollution exposure in men and women [55], and in individuals of different age groups and disease
status [56], it will be important to expand these investigations to models that are representative of such
populations. Third, while according to the literature, a particle concentration of 100 μg/mL corresponds
to approximately 16μg/cm2 if all the suspended particles are deposited on the cells on the surface of the
plates [57], we have not directly measured the proportion of particles that were in contact with cultured
cells in our experiments. Finally, we have reported a differential reduction on the percent of viable cells
as well as changes in mRNA expression of selected inflammatory and oxidative stress-related genes
upon exposures, although in the current study, we have not evaluated changes in cytokine protein
expression, the activity of oxidative stress enzymes, nor mechanisms previously associated with PM2.5

responses, including mitochondrial damage, apoptosis, autophagy, DNA damage, and epigenetic
changes [52,58–60].

Our study has potential implications for environmental health. Vehicular traffic and consequent
engine exhaust and industrial emissions are among the top contributors to outdoor pollution that
results in millions of annual causalities worldwide. In light of the recent COVID-19 outbreak, one pilot
(unpublished) study highlighted that an increase of only 1 μg/m3 in PM2.5 is associated with an
8% increase in the COVID-19 death rate [61]. While particle air pollution regulations are currently
based on mass, the discussion is ongoing as to whether to include particle number concentration as a
pseudo-surrogate for particle surface area. The results from our study reflect the impact of particle
surface chemistry and physical structure as direct operative factors in health impacts, suggesting that
such factors should be considered when developing environmental policies. These physicochemical
properties are relatable to combustion conditions and fuel, indicating that precautions for exposure to
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small particles from various sources may be improved, and corresponding improvements in mitigation
strategies may be more rapidly engineered.

In summary, we report that particle surface chemistry contributes to the cellular and molecular
responses exerted in lung epithelial cells. We show that higher oxygen content and carboxylic acid
functional groups in soot result in greater cell damage and death and cause the cells to react by
activating inflammatory responses. These effects are exacerbated by soot concentration and exposure
time. Together, our results demonstrate the role of particle surface chemistry as a direct operative
factor impacting health. This physicochemical property is relatable to combustion conditions and fuel
type. Thus, precautions for exposure to other soot types with similar surface (oxygen) chemistry may
be improved, enabling better assessment from other anthropogenic sources and thereby formulating
effective mitigation strategies to tackle this problem worldwide.

5. Conclusions

We conclude that particle surface chemistry, and specifically oxygen content and the presence
of carboxylic acid groups in soot, differentially affect inflammatory and oxidative stress responses in
human lung epithelial cells.
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Abstract: Dry eye syndrome (DES) is characterized by decreased tear production and stability,
leading to desiccating stress, inflammation and corneal damage. DES treatment may involve
targeting the contributing inflammatory pathways mediated by polyunsaturated fatty acids and
their derivatives, oxylipins. Here, using an animal model of general anesthesia-induced DES, we
addressed these pathways by characterizing inflammatory changes in tear lipidome, in correlation
with pathophysiological and biochemical signs of the disease. The decline in tear production
was associated with the infiltration of inflammatory cells in the corneal stroma, which manifested
one to three days after anesthesia, accompanied by changes in tear antioxidants and cytokines,
resulting in persistent damage to the corneal epithelium. The inflammatory response manifested
in the tear fluid as a short-term increase in linoleic and alpha-linolenic acid-derived oxylipins,
followed by elevation in arachidonic acid and its derivatives, leukotriene B4 (5-lipoxigenase product),
12-hydroxyeicosatetraenoic acid (12-lipoxigeanse product) and prostaglandins, D2, E2 and F2α
(cyclooxygenase products) that was observed for up to 7 days. Given these data, DES was treated by a
novel ophthalmic formulation containing a dimethyl sulfoxide-based solution of zileuton, an inhibitor
of 5-lipoxigenase and arachidonic acid release. The therapy markedly improved the corneal state in
DES by attenuating cytokine- and oxylipin-mediated inflammatory responses, without affecting tear
production rates. Interestingly, the high efficacy of the proposed therapy resulted from the synergetic
action of its components, namely, the general healing activity of dimethyl sulfoxide, suppressing
prostaglandins and the more specific effect of zileuton, downregulating leukotriene B4 (inhibition of
T-cell recruitment), as well as upregulating docosahexaenoic acid (activation of resolution pathways).

Keywords: dry eye syndrome; inflammation; oxidative stress; corneal damage; tear lipidome;
5-lipoxigenase; leukotriene B4; prostaglandins; dimethyl sulfoxide; zileuton
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1. Introduction

Dry eye syndrome (DES; also known as dry eye, dry eye disease, or keratoconjunctivitis sicca)
is a common multifactorial ocular surface disease, characterized by decreased production/increased
evaporation of the tear, resulting in its hyperosmolarity and instability of the tear film [1]. DES affects
up to 40% of the adult population and manifests as eye irritation, hyperemia, glare, eye fatigue,
and blurred vision [2,3]. Etiologically, alterations in tear homeostasis are associated with dysfunction
of the lachrymal and/or Meibomian glands (such as in Sjögren syndrome and Meibomian Gland
Dysfunction (MGD)) as well as a number of other factors, including contact lens wearing, adverse
effects of various medications, complications of ocular surgery and general anesthesia [1,4–7].

In DES pathogenesis, the reduced tear production and/or alterations in the tear composition results
in the loss of lubricating, nourishing and protective qualities of tears against the ocular surface tissues [8].
The most critical consequences of this desiccating stress are ocular surface inflammation and damage,
which in severe cases can cause blindness, due to corneal scarring, opacification or ulceration [3].
Consistently, the generally accepted treatment of DES involves not only using lubricating eye drops
and ointments, but also topical anti-inflammatory therapy [9,10]. Unfortunately, the administration
of common ocular anti-inflammatory medications, such as corticosteroid eye drops or cyclosporine,
is associated with a number of adverse effects in patients with dry eye, which generally limits their
employment [11]. Thus, there is a great demand for a new safe and effective anti-inflammatory therapy
for DES.

The solution to this problem requires an understanding of the mechanisms underlying
inflammation in DES, which can be selectively targeted. Currently, it is recognized that an inflammatory
reaction in DES is triggered by cytokines (such as interleukin (IL) 1 beta and tumor necrosis factor alpha
(TNF-α)) secreted in tear fluid (TF) during the early stages of the disease. Indeed, hyperosmolarity of
the tear film stimulates an inflammatory cascade, resulting in the release of these cytokines by limbal
epithelial cells [12]. In addition, the desiccating stress leads to compensatory reflex stimulation of the
lachrymal gland, which may activate a neurogenic inflammatory cytokine response [3,8]. These events
induce maturation and an increase in the density of antigen-presenting dendritic cells in the cornea,
subsequent activation of T-cells and their recruitment to the ocular surface (including conjunctiva and
lacrimal glands) and release of additional effector cytokines in the TF, thereby causing further damage
to the corneal epithelium [3,13]. These processes are accompanied by infiltration of the cornea by
leucocytes and other immune cells [3,14]. Consistently, DES can be treated by using drugs blocking
the activation of T cells (i.e., lifitegrast, LFA-1 antagonist) or inhibiting cytokine production by these
cells (i.e., cyclosporine, suppressor of calcineurin regulated transcription of cytokine genes), as well as
using cytokine receptor inhibitors [13,15,16]. Inflammatory changes in DES are also associated with
oxidative stress of the ocular surface tissues, stemming from TF deficiency. Indeed, TF contains low
molecular weight antioxidants (glutathione, ascorbic acid, and others) and reactive oxygen species
(ROS) scavenging enzymes (glutathione reductase, glutathione peroxidase, superoxide dismutase, etc.)
thereby providing local antioxidant defense [17,18]. Accordingly, the inflammatory component of DES
can be attenuated by the topical administration of antioxidants [6,19].

The separate classes of molecules that contribute to inflammatory responses in DES and can
be targeted in its prospective therapy are polyunsaturated fatty acids (PUFAs) and their derivative
oxylipins, representing multipotent lipid mediators of inflammation. Oxylipins are biosynthesized
from PUFAs via multiple oxidative reactions catalyzed by specific enzymes (cyclooxygenase
(COX), lipoxygenase (LOX) or cytochrome P450 monooxygenase (CYP)) or proceeding in an
enzyme-independent manner in the presence of ROS [20]. Previously, it was suggested that chronic
inflammation in DES is associated with an imbalance between omega-3 (docosahexaenoic acid
(DHA) and eicosapentaenoic acid (EPA)) and omega-6 (arachidonic acid (AA)) PUFAs, which lead
to the hyperproduction of proinflammatory lipid mediators (omega-6 derivative oxylipins, such as
prostaglandins) and underproduction of proresolving (omega-3 derivative oxylipis) molecules [21].
Consistently, DES patients were characterized by upregulation of prostaglandin (PG) E2 in TF, the levels
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of which correlated with their symptom grades [21–23]. Interestingly, selective inhibition of COX-2,
responsible for PGE2 biosynthesis, reduced the levels of pro-inflammatory cytokines in DES apparently
via the attenuating effect of PGE2 on antigen-presenting dendritic cells [24], indicating the existence
of interrelation between inflammatory pathways in DES. Although COX suppression seems to be a
promising route in DES therapy, the well-acknowledged inhibitors of cyclooxygenases, non-steroidal
anti-inflammatory drugs (NSAIDs), are not recommended in patients with DES, due to a number of
severe side effects [25,26]. Thus, it is important to develop an alternative approach to selective targeting
of the oxylipin-dependent inflammatory pathways, based on an understanding of the dynamic changes
of the full spectrum of these lipid mediators in DES.

Previously, we developed a rabbit model of DES, closely reproducing the pathogenesis of the
human disease [27]. In this model, DES is induced by exposure of the animals to general anesthesia,
which diminishes the production of basal and reflex tears and decreases the stability of the tear film
thereby inducing common signs of the disease [4,28]. In a more recent study, we adopted a quantitative
UPLC-MS/MS-based approach to identify and characterize baseline patterns of lipid mediators in the
TF of healthy rabbits and demonstrated that they did not differ significantly from that of human TF [29].
Here, we employed these approaches to characterize TF lipidomic changes in DES, focusing on PUFAs,
oxylipins and phospholipid derivatives contributing to the regulation of inflammation, and to find
correlations between these changes and the pathophysiological and biochemical signs of the disease.
Based on the data obtained, we proposed a novel complex anti-inflammatory therapy, targeting the
specific oxylipin-mediated mechanisms revealed in DES. Using subsequent morphological, biochemical
and lipidomic studies, this therapy was found to markedly improve the corneal state in DES by selective
suppression of its inflammatory component, without affecting tear production rates.

2. Experimental Section

2.1. Materials

Anesthetic preparation containing 50 mg/mL tiletamine and 50 mg/mL zolazepam was from
Virbac (Carros, France). Xylazine hydrochloride was from Nita-Farm (Saratov region, Russia).
Ultragrade Tris was from Amresco (Solon, OH, USA). Phosphate-buffered saline (PBS) was from
Thermo Fisher Scientific (Waltham, MA, USA). Zileuton, DMSO, hemoglobin, luminol, hydrogen
peroxide solution, and Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) were from
Sigma-Aldrich (St. Louis, MO, USA). Reagents for histological examination were from Biovitrum
(Moscow, Russia). Bicinchoninic acid (BCA) assay kit was from Sigma-Aldrich. Glutathione peroxidase
and superoxide dismutase assay kits were from Randox (Crumlin, UK). Tumor necrosis factor
alpha (TNF-α) and interleukin 10 (IL-10) assay kits were from Immunotex (Stavropol, Russia).
The Schirmer’s test tear strips were from Contacare Ophthalmics and Diagnostics (Vadodara, Gujarat,
India.). The deuterated oxylipins standards 6-keto PGF1α-d4, TXB2-d4, PGF2α-d4, PGE2-d4, PGD2-d4,
LTC4-d5, LTB4-d4, 5(S)-HETE-d8, 12(S)-HETE-d8, 15(S)-HETE-d8, Oleoyl Ethanolamide-d4, EPA-d5,
DHA-d5, and AA-d8 were from Cayman Chemical (Ann Arbor, MI, USA). Solid-phase lipid extraction
cartridge Oasis® PRIME HLB was obtained from Waters, Eschborn, Germany. Other reagents and
suppliers used in this study were from Sigma-Aldrich, Amresco, or Serva (Heidelberg, Germany) and
were at least of reagent grade. All buffers and other solutions were prepared using ultrapure water.

2.2. Experimental Animals and Ethics Statement

The study involved a total of 102 healthy New Zealand white rabbits (6 months old, weight of 2.3
to 3 kg) purchased from a certified farm (Krolinfo, Moscow region, Russia). The rabbits were housed
in individual cages (795 × 745 × 1776 mm3) under normal conditions (12 h light/12 h dark, 22–25 ◦C,
55–60% humidity) with free access to food and water. The daily monitoring of health status of all
animals involved ophthalmological exam, inspection of habitus, derma and mucous membranes as
well as monitoring of heart/respiratory rates and body temperature. No adverse events were observed

37



Biomedicines 2020, 8, 344

during the course of the study. The humane euthanasia of the animals intended for histological
analysis of the anterior segment of the eye was performed by an overdose of the anesthetic (for general
anesthesia conditions, see next section). The eyeballs of the animals were enucleated postmortem.
Otherwise, the animals were rehabilitated for three days and returned to the farm. The animals
were treated according to the 8th edition “Guide for the Care and Use of Laboratory Animals” of the
National Research Council and “Statement for the Use of Animals in Ophthalmic and Visual Research”
of The Association for Research in Vision and Ophthalmology (ARVO). The study was approved by the
Belozersky Institute of Physico-chemical Biology Animal Care and Use Committee (Protocol number
1/2016, 12 January 2016).

2.3. Experimental Model

The experiments were performed using a single-blind method. The rabbits were divided into 17
groups, 6 animals in each group (Table 1), and treated as described in Section 3. DES was induced
by introducing rabbits into prolonged general anesthesia as described in previous studies [6,30].
Particularly, the animals were placed in prone position in a restraining device and subjected to
repeating intramuscular injection of anesthetic preparation containing 1:2 mixture of 50 mg/mL
tiletamine/zolazepam and 20 mg/mL xylazine hydrochloride to achieve continuous narcotic sleep for
6 h. For the anti-inflammation therapy, the animals received conjunctival instillations of the eye drops,
consisting of either 50% dimethyl sulfoxide (DMSO) in normal saline (0.90% w/v of NaCl), or the same
solution containing 0.5 mg/mL (0.05% (w/v)) zileuton. The eye drops were prepared under sterile
conditions. Each of the formulations was administrated 1 drop 3 times daily in each eye for up to
7 days, starting from the day of DES induction.

Table 1. Parameters of the experimental groups.

Group Treatment Analysis Time of Analysis

1 - Histology 0 h (control)
2 - Histology 6 h
3 - Histology 1 d 1

4 - Histology 3 d
5 - Histology 7 d
6 - Schirmer’s test 0 h, 6 h, 1 d, 3 d, 7 d
7 - Biochemistry 1 0 h, 6 h, 1 d, 3 d, 7 d
8 - Lipidomics 2 0 h, 6 h, 1 d, 3 d, 7 d
6 DMSO Histology 1 d
7 DMSO Histology 3 d
8 DMSO Histology 7 d
9 DMSO/zileuton Histology 1 d
10 DMSO/zileuton Histology 3 d
11 DMSO/zileuton Histology 7 d
12 DMSO Schirmer’s test 1 d, 3 d, 7 d
13 DMSO Biochemistry 1 1 d, 3 d, 7 d
14 DMSO Lipidomics 2 1 d, 3 d, 7 d
15 DMSO/zileuton Schirmer’s test 1 d, 3 d, 7 d
16 DMSO/zileuton Biochemistry 1 1 d, 3 d, 7 d
17 DMSO/zileuton Lipidomics 2 1 d, 3 d, 7 d

1 Measurement of total protein concentration, total antioxidant activity, antioxidant enzyme activity, and cytokine
concentration in TF; 2 UPLC-MS/MS of lipid mediators (PUFAs, oxylipins and phospholipid derivatives) in TF;
d: day.

2.4. Histological Analysis

Histological analysis of the cornea was performed essentially as described earlier [6,31,32]. Briefly,
the eyeball was enucleated immediately postmortem and fixed in 10% neutral buffered formalin
in phosphate buffer (pH 7.4) for 24 h at room temperature. The cornea and iris were trimmed out,
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dehydrated (absolute isopropanol, 7 portions × 5 h) and embedded in Histomix paraffin medium.
Eight 3-micron thick serial nasotemporal cross-sections of each cornea were obtained and mounted on
glass slides. The sections were then deparaffinized (xylene, 5 min, two times), hydrated, and stained
with Carazzi’s hematoxylin and 0.5% eosin Y. Stained sections were dehydrated by 96% ethanol
and xylene, cleared in BioClear tissue clearing agent, mounted into BioMount synthetic medium,
and examined using Leica DM4000 microscope with Leica DFC Camera (Leica, Wetzlar, Germany)
or Zeiss AxioVert.A1 microscope with Axiocam IC C5 camera (Carl Zeiss, Oberkochen, Germany).
Processing of the microphotographs was performed using the AxioVision 8.0 and ZEN 2 lite ZEISS
Microscope Software (Carl Zeiss, Oberkochen, Germany) and Adobe Photoshop CS6 Extended (Adobe
Systems, San Jose, CA, USA) software.

2.5. Schirmer’s Test

Tear secretion in animals was measured without topical or general anesthesia according to the
following procedure [6,30]. Schirmer’s test tear strips were placed under the lower eyelid the restrained
animal for 5 min, and the length of the moistened paper (in mm) was recorded. The procedure was
repeated at least three times, and the average values were calculated.

2.6. TF Collection

The collection of TF for analytical purposes was performed in separate groups of animals (Table 1).
For biochemical analysis, TF was obtained according to the Schirmer’s test procedure, except for the
strip was allowed to get moistened for exactly 20 mm. Fifteen millimeters-long fragments of the strip
were then cut off, extracted with 150 μL of PBS for 30 min and the resulting solution was collected
and stored until the biochemical analysis (see Sections 2.7–2.9) at −80 ◦C [6]. To collect TF samples for
lipidomic analysis [29] (see Sections 2.10 and 2.11), the strip was allowed to get moistened reaching
exactly 15 mm, the procedure was repeated with 3 strips and 15 mm fragments of each strip were cut
off, transferred to a plastic tube with 1 mL of anhydrous methanol containing 0.1% v/v BHT and stored
at −80 ◦C.

2.7. Total Protein Concentration Measurement

The concentration of total protein in TF samples was measured using BCA assay. Colorimetric
reaction was monitored with Synergy H4 Hybrid plate reader (Biotek, Winooski, VT, USA).
The calibration curve was plotted using standard solutions of bovine serum albumin in PBS.

2.8. Total Antioxidant Activity Analysis

The total antioxidant activity in TF was analyzed using hemoglobin/H2O2/luminol system [6,33,34].
Briefly, the TF samples were diluted 1:4 by PBS and added to the reaction mixture, containing 0.01 mM
luminol and 0.5 mM hemoglobin. The reaction was initiated in the presence of 6 μM H2O2 and
chemiluminescence of the samples was monitored every one second for 10 min using Glomax-Multi
Detection System luminometer (Promega, Madison, WI, USA). The results were calculated in the Trolox
equivalent after measuring chemiluminescence of standard solutions, containing 1–8 μM Trolox in PBS.

2.9. Antioxidant Enzymes Activity and Cytokine Concentration Analysis

The activities of superoxide dismutase and glutathione peroxidase and the contents of TNF-α and
IL-10 in TF samples were measured without their additional dilution using the respective commercially
available kits. The colorimetric reactions were monitored using Synergy H4 Hybrid Reader (Biotek,
Winooski, VT, USA).
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2.10. Lipid Extraction

The extraction of lipids for UPLC-MS/MS analysis was performed exactly as described in our
resent study [29]. Briefly, TF samples were mixed with 2 ng of deuterated internal standard solutions
and centrifuged (12,000× g, 3 min). The supernatants were mixed with 0.1% acetic acid (6 mL) and
loaded onto solid-phase lipid extraction cartridge, which was washed with 15% methanol, 0.1% formic
acid (2 mL), and the lipids were eluted with 500 μL of anhydrous methanol and subsequently with
500 μL of acetonitrile. The obtained TF extracts were concentrated by evaporation, reconstituted in
50 μL of 90% methanol and stored at −80 ◦C.

2.11. UPLC-MS/MS Analysis

TF lipids were analyzed in the obtained extracts using 8040 series UPLC-MS/MS mass spectrometer
(Shimadzu, Japan) in multiple-reaction monitoring mode at a unit mass resolution for both the precursor
and product ions [29,35]. The lipids separation was performed by reverse-phase UPLC on Phenomenex
C8 column (0.4 mL/min, sample temperature of 5 ◦C). The compounds were eluted with 10–95%
acetonitrile gradient in 0.1% (v/v) formic acid and subjected to MS analysis using electrospray ionization
(in both positive and negative ion modes). The molecular ions were fragmentized by collision-induced
dissociation in the gas phase and analyzed by tandem (MS/MS) mass spectrometry. The selected lipids
were identified and quantified by comparing their mass-spectrometric and chromatographic data
with those obtained for the corresponding oxylipins standards (see Section 2.1.) using Lipid Mediator
Version 2 software (Shimadzu, Japan).

2.12. Statistical Analysis

The line charts in the figures represent mean ± SEM. Statistical significance was assessed using
the repeated measure ANOVA (for analysis within the groups) and one way ANOVA (for analysis
between the groups) with post-hoc pairwise comparisons using Tukey’s test. The probability of less
than 0.05 was considered significant.

3. Results

3.1. Dynamics of Inflammation in DES: Tear Production and Morphological Changes in the Cornea

To characterize the inflammatory responses associated with DES, a control group and four
experimental groups of animals were created (groups 1–5, Table 1). To induce DES, the animals
within all the experimental groups were exposed to six hours of general anesthesia in accordance
with the approach developed in our previous study [6]. Using this setup, we assessed the dynamics
of the pathological process in DES, focusing on its inflammatory component. To this end, we
performed a histopathological examination of corneas obtained from animals euthanized immediately
after anesthesia (at the sixth hour), as well as on days one, three and seven. To complete DES
characterization, the intensity of tear production was analyzed in a separate group of animals (group 6,
Table 1) using a standardized Schirmer’s test.

It was found that tear production decreased two-fold immediately after anesthesia and was
completely restored only on day three (Figure 1a). These changes were associated with pronounced
morphological changes in the cornea, involving denudation of the corneal stroma, which had already
appeared during the period of narcotic sleep, as a result of a large number of deaths of the corneal
epithelial cells (Figure 1b, C0). The denudation was preserved focally on day one (Figure 1b, C1).
On the remainder of the surface, the epithelium was non-homogenous, consisting of different numbers
of layers. Notably, at this stage, the epithelium was abundantly infiltrated by inflammatory cells, mainly
granulocytes. Such infiltrates were even found in the areas, where its structure was not significantly
altered. The corneal stroma also contains a granulocyte infiltrate. Moderate areas of denudation
and multiple epithelial lesions, together with the signs of inflammatory infiltration in the stroma
but without intraepithelial infiltration, remained on day three (Figure 1b, C3). In addition, at this
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time-point, the stroma contained activated keratocytes and exhibited remodeling processes. The signs
of inflammation were not entirely resolved until the seventh day after DES induction (Figure 1b, C7).
Meanwhile, sporadic areas of denudation remained until day seven, when they were surrounded by
reepithelialization rolls along the edges, indicating a developed healing process.

a b 

 
Figure 1. Dynamic changes in tear secretion and corneal morphology in general anesthesia-induced
DES. (a) The results of standardized Schirmer’s tests performed in animals at 6th hour, 1st day, 3rd
day or 7th day after their exposure to 6-h general anesthesia. ∗ p < 0.05 compared with the values
measured in the control group. (b) Representative microscopic images of hematoxylin and eosin-stained
cross-sections of the corneas obtained at 6th hour (C0), 1st day (C1), 3rd day (C3) and 7th day (C7)
after exposure of the animals to general anesthesia. The image of the normal cornea is also presented
(N). Stromal denudation (complete absence of the corneal epithelium) areas (red arrowheads), loci of
desquamation/destruction of the epithelial layer (orange arrowheads), and sites of reepithelialization
(green arrows; the detachment of the new epithelium from the stroma represents an artifact stemmed
from histological processing) are indicated. The inflammatory changes include granulocytic infiltration
of the corneal epithelium (intraepithelial granulocytes; black arrowheads) and stroma (black arrows),
and postinflammatory signs of regeneration (activation of stromal keratocytes) at the ex-sites of the
infiltration (blue arrows). Ep: epithelium; Str: stroma; DM: Descemet’s membrane and endothelium.
Hematoxylin and eosin staining, magnification 200×. The central areas of the cornea are presented.
Gaps, cracks and folds of preparations are of an artificial origin.

We concluded that the pathological process in our DES model involved ocular surface inflammation,
reaching a maximum on day one after anesthesia, which was accompanied by a decline in tear production
and prolonged corneal damage.

3.2. Dynamics of Inflammation in DES: Biochemistry and Lipidomics of the Tear Fluid

To understand the mechanisms underlying the inflammatory reactions observed on the ocular
surface, we next examined biochemical markers of the associated inflammatory pathways, focusing
on lipid mediators (Figure 2). The analysis was performed on TF, which is known to be responsible
for nourishing the cornea and maintaining the immune responses of the ocular surface [29]. TF was
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collected using Schirmer’s strips in experimental group 8 (Table 1), following the aforementioned
timeline and analyzed by a high-performance, quantitative mass-spectrometric approach, developed in
our recent studies [29]. In parallel, TF samples (group 7, Table 1) were analyzed for total protein content,
characteristic proinflammatory (TNF-α) and anti-inflammatory (IL-10) cytokines and antioxidant
molecules (total antioxidant activity (low molecular weight antioxidants), superoxide dismutase
and glutathione peroxidase), which were previously characterized as markers of anesthesia-induced
DES [6].

Figure 2. Mechanisms of biosynthesis of lipid mediators. Metabolites of arachidonic acid (AA), linoleic
acid (LA) and alpha-linolenic acid (ALA) are divided into the groups synthesized via lipoxygenase
(LOX), cyclooxygenas (COX), cytochrome P450 monooxygenase (CYP) or reactive oxygen species (ROS)
dependent pathways. The other abbreviations are as follows: AEA, N-arachidonoylethanolamine;
DHA, docosahexaenoic acids; 9,10-DiHOME, 9,10-dihydroxyoctadecamonoenoic acid;
12,13-DiHOME, 12,13-dihydroxyoctadecamonoenoic acid; EPA, eicosapentaenoic acid; 9,10-EpOME,
9,10-epoxyoctadecamonoenoic acid; 12,13-EpOME, 12,13-epoxyoctadecamonoenoic acid;
9-HODE, 9-hydroxyoctadecadienoic acid; 13-HODE, 13-hydroxyoctadecadienoic acid; 9-KODE,
9-oxo-octadecadienoic acid; 13-KODE, 13-oxo-octadecadienoic acid; LTB4, leukotriene B4;
lyso-PAF, lyso-platelet-activating factor; OEA, oleoylethanolamine; PGD2, prostaglandin D2; PGE2,
prostaglandin E2; PGF2α, prostaglandin F2α. The mediators altered in DES and affected by the
proposed anti-inflammatory therapy (see below) are indicated in red and gray colors, respectively.

It was noted that the pathological process reflected in TF as a rapid decline of the total antioxidant
activity and moderate upregulation of glutathione peroxidase (day one) as well as a more delayed
suppression of superoxide dismutase, manifested on day three (Figure 3). The observed alterations
were accompanied by inflammatory changes, such as an increase in total protein concentration and a
decrease in IL-10 content, without having a significant effect on TNF-α. Importantly, these changes
were most pronounced on day one, which concurred with histological findings (see Figure 1).
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Figure 3. Dynamic changes in biochemical properties of TF in DES. The animals were exposed to general
anesthesia for 6 h (shown as gray box). TF samples were collected before (norm) and immediately after
(6 h) the general anesthesia as well as on 1, 3, and 7 day post-exposure. The samples were analyzed for
total protein, TNF-α, IL-10, as well as total antioxidant activity (in Trolox equivalent) and activity of
glutathione peroxidase and superoxide dismutase using the respective assays. * p < 0.05 as compared
to parameters of TF of the intact (control) animals.

A UPLC-MS/MS analysis of TF samples revealed a total of 23 lipid mediators, including three PUFAs
(AA, DHA and EPA), 18 oxylipins and three phospholipid derivatives (OEA, AEA, Lyso-PAF) (Figure 4;
full names and biosynthesis pathways for all lipids detected in the study are presented in Figure 2).
The identified oxylipins were assigned to five subgroups, namely cyclooxygenase (COX)-dependent
derivatives of AA (PGD2, PGE2, PGF2α, TXB2), cytochrome p450 (CYP)-dependent derivatives
of LA (9,10-DiHOME/9,10-EpOME and 12,13-DiHOME/12,13-EpOME), as well as lipoxygenase
(LOX)-dependent derivatives of AA (5-HETE, 12-HETE, and LTB4), LA (9-HODE/9-KODE and
13-HODE/13-KODE) and ALA (9-HOTrE, 13-HOTrE). The detected lipid mediators exhibited different
behavior in DES. Thus, the most prolonged change in TF content was observed for AA and its
COX-dependent (PGD2, PGE2, PGF2α) and LOX-dependent (LTB4, 5-HETE, 12-HETE) products,
most of which exhibited sustained growth until the seventh day after the anesthesia. The significant
increase in LTB4 was accompanied by an increase and a subsequent decrease in the TF content of its
precursor 5-HETE. In turn, the LOX/oxidative stress-dependent derivatives of LA (9-HODE/9-KODE
and 13-HODE/13-KODE), LOX-dependent derivatives of ALA (9-HOTrE, 13-HOTrE), CYP derivatives
of LA (9,10-EpOME and 12,13-EpOME) as well as the phospholipid derivative AEA demonstrated a
short-term increase on day one indicating the critical significance of this time-point as the peak of the
oxidative and inflammatory response. Finally, no significant DES-dependent changes were observed
in the case of DHA and EPA, as well as OEA and Lyso-PAF.
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Figure 4. Dynamic changes in TF content of lipid mediators in DES. The animals were exposed to general
anesthesia for 6 h (shown as gray box). TF samples were collected before (norm) and immediately after
(6 h) the general anesthesia as well as on 1, 3, and 7 day post-exposure. The concentrations of the lipid
mediators (phospholipid derivatives, PUFAs and oxylipins) in TF were measured using quantitative
UPLC-MS/MS analysis. * p < 0.05 as compared to the parameters of TF of the intact (control) animals.
The identified oxylipins are divided into subgroups according to their precursors (AA, ALA, LA,
phospholipids) and major biosynthetic pathways, involving COX, LOX, or CYP.
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Considered together, these data demonstrate that anesthesia-induced DES is associated with
oxidative stress and inflammatory response, with the latter being governed mainly by AA and its
derivative oxylipins, namely 5-HETE/LTB4 (5-LOX products) and 12-HETE (12-LOX product) as well
as COX-dependent prostaglandins (PGD2, PGE2, PGF2α).

3.3. Selective Targeting of Inflammation in DES: Rationale for the Drug Formulation

The obtained lipidomic data indicated that ocular inflammation in DES was governed mainly by
two pathways, which depend on AA release and involve its processing by 5/12-LOX and COX.
Thus, its targeting may include compounds dampening these pathways. The common COX
inhibitors, NSAIDs, are efficacious in relieving different forms of ocular inflammation, but they
can exacerbate DES by causing severe side effects [25,26]. Therefore, we focused on alternative
methods of treatment, such as targeting LOX-dependent pathways. For this purpose, we chose zileuton
(N-(1-Benzo(b)thien-2-ylethyl)-N-hydroxyurea), an anti-asthmatic drug, selectively inhibiting 5-LOX
and thereby suppressing the generation of leukotrienes, including LTB4 [36]. An important benefit of
zileuton is that it also inhibits AA release and, consequently, downregulates prostaglandins [37].

Given that zileuton (a low water-soluble drug) had never been employed in ophthalmology,
a new formulation was developed for its administration in the form of eye drops, containing dimethyl
sulfoxide (DMSO). DMSO was selected as it is low toxic [38,39], high tissue permeable, and facilitates
the penetration of other compounds through biological membranes [40,41]. The use of up to 50%
DMSO was recognized as not causing any adverse reactions upon topical administration in the
eye [38,42]. Since maximum solubility of zileuton in 50% solution of DMSO in PBS was reported to be
0.5 mg/mL [43], we settled on the formulation of complete eye drops, consisting of 0.5 mg/mL zileuton
in normal saline, containing 50% DMSO. According to the results of clinical examinations performed
by an experienced veterinarian (co-author of this study), this dosage was well tolerated by both healthy
rabbits and the animals with DES. Thus, no signs of local (i.e., in the cornea, conjunctiva, iris or eyelids)
or systemic reactions were registered. It should be emphasized that the formulation was not regarded
as final, but it was approved for primary verification of the proposed anti-inflammatory approach.

3.4. Selective Targeting of Inflammation in DES: A Morphological Study

To trial the suggested anti-inflammatory therapy, DES was induced in six experimental groups of
animals (groups 6–11, Table 1), which subsequently received instillations of the complete zileuton/DMSO
eye drops (zileuton groups) or 50% DMSO in normal saline (DMSO groups). One drop of each of these
forms was administrated three times daily in each eye for up to seven days and the animals were
euthanized on days one, three and seven following the anesthesia for histological analysis.

Schirmer’s tests performed on similar groups of animals receiving the same instillations of
zileuton/DMSO or DMSO (groups 12 and 15, Table 1), revealed no effect of the therapy on tear
production (Figure 5a). Yet, already on the first day after the anesthesia, the corneas of zileuton groups
exhibited pronounced histological signs of epithelial recovery, such as reepithelization rolls (Figure 5b,
Z1). The area of denudation was minimal, as single-layer epithelium covered a significant part of the
surface, which was drastically in contrast to the untreated samples. Importantly, at this time-point,
the cornea exhibited almost no inflammatory infiltrate both in epithelium and stroma. On day three,
the epithelium was restored across most of the cornea: the stromal denudation areas were rare and
their size did not exceed single cells (Figure 5b, Z3). The newly formed epithelium had a thickness of
several layers, although it did not reach the full-size characteristic of normal tissue. These samples
exhibited no edema and acute inflammation, but there were signs of the completed inflammatory
process and subsequent regeneration, such as an increased number of activated keratocytes at the
corresponding sites. Finally, on day seven, the cornea of the rabbits which received zileuton (Figure 5b,
Z7) was indistinguishable from the tissue of the healthy animals (Figure 5b, N).
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Figure 5. Dynamic changes in tear secretion and corneal morphology in DES in the course of
anti-inflammatory therapy. The animals were exposed to general anesthesia for 6 h (shown as gray
box) and subsequently received instillations of the eye drops containing 50% DMSO (D1, D3, D7) or
50% DMSO with 0.5% zileuton (Z1, Z3, Z7) for 7 days. (a) The results of standardized Schirmer’s tests
performed at 6th hour, 1st day, 3rd day or 7th day after the exposure. (b) Representative microscopic
images of hematoxylin and eosin-stained cross-sections of the corneas at 1st (D1, Z1), 3rd (D3, Z3) and 7th
(D7, Z7) day after exposure. The image of the normal cornea is also presented (N). Stromal denudation
(complete absence of the corneal epithelium) areas (red arrowheads), loci of desquamation/destruction
of the epithelial layer (orange arrowheads), and sites of reepithelialization (green arrows) are indicated.
The inflammatory changes include granulocytic infiltration in the corneal epithelium (intraepithelial
granulocytes; black arrowheads) and stroma (black arrows), neovascularization (yellow arrows),
and postinflammatory signs of regeneration (activation of stromal keratocytes) at the ex-sites of the
infiltration (blue arrows). Ep: epithelium; Str: stroma; DM: Descemet’s membrane and endothelium.
Hematoxylin and eosin staining, magnification 200×. The central areas of the cornea are presented.
Gaps, cracks and folds of preparations are of an artificial origin.

Interestingly, some of these effects can be attributed to DMSO, as animals of the DMSO group also
exhibited accelerated recovery from the anesthesia-induced lesions. Thus, on day one after anesthesia,
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their cornea contained far fewer denudation areas and signs of intraepithelial infiltration by granulocytes
(Figure 5b, D1). However, on days one to three, its stroma was still infiltrated by granulocytes (Figure 5b,
D1, D3), whereas in the zileuton group, these infiltrations were completely absent (Figure 5b, Z1,
Z3). Furthermore, in the DMSO group, the stroma contained newly formed capillaries (signs of
neovascularization), characteristic of keratitis (Figure 5b, D1). Although these animals exhibited early
signs of regeneration, these were less prominent than in the zileuton group. Overall, DMSO enhanced
corneal healing and produced a moderate anti-inflammatory effect, while zileuton effectively reduced
stromal infiltration by granulocytes, neovascularization and other manifestations of acute inflammation.

Overall, we concluded that the treatment using zileuton/DMSO-containing eye drops can markedly
improve the corneal state in DES, by selective suppression of its inflammatory component without
affecting tear production rates.

3.5. Selective Targeting of Inflammation in DES: Biochemistry and Lipidomics of the Tear Fluid

To address the mechanisms underlying the observed therapeutic effects, we next analyzed
alterations in biochemical properties and the lipid content of TF, associated with zileuton/DMSO
treatment. To this end, TF was collected in animals from two DES groups (groups 13–14 and 16–17,
Table 1) receiving either complete eye drops (zileuton groups) or DMSO alone (DMSO groups).
The therapy using zileuton/DMSO had almost no impact on the antioxidant activity of the TF but
prevented the increase in total protein concentration in the TF (Figure 6). These effects could be
associated with DMSO activity, as a similar picture was observed in the DMSO group. Yet only the
therapy with eye drops containing zileuton upregulated the anti-inflammatory cytokine IL-10 and
attenuated the decline in activity of the superoxide dismutase.

 

Figure 6. Dynamic changes in biochemical properties of TF in DES in the course of anti-inflammatory
therapy. The animals were exposed to general anesthesia for 6 h (shown as gray box) and subsequently
received instillations of the eye drops containing 50% DMSO (gray) or 50% DMSO with 0.5% zileuton
(red), 1 drop 3 times daily in each eye for 7 days. TF samples were collected before (norm) and
immediately after (6 h) general anesthesia as well as on 1, 3, and 7 day post-exposure. The samples
were analyzed for total protein, TNF-α, IL-10, total antioxidant activity (in Trolox equivalent) and
activity of glutathione peroxidase and superoxide dismutase using the respective assays. # p < 0.05 as
compared to parameters of TF of the untreated animals with DES (black). * p < 0.05 as compared to
parameters of TF of the animals from the DMSO or zileuton group.
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These findings were consistent with the results of the UPLC-MS/MS analysis of lipid mediators
of TF in animals of the same groups, confirming the antioxidant and pronounced anti-inflammatory
activity of the proposed therapy (Figure 7). Thus, zileuton/DMSO treatment prevented an increase
in AA and its derivatives, prostaglandins (PGD2, PGE2, PGF2α) and LTB4, whereas the contents
of 5-HETE and 12-HETE were much less affected. In addition, the therapy suppressed short-term
elevations in the content of LOX/oxidative stress-dependent derivatives of LA (9-HODE/9-KODE and
13-HODE/13-KODE), LOX-dependent derivatives of ALA (9-HOTrE, 13-HOTrE), CYP derivatives of
LA (9,10-EpOME and 12,13-EpOME) and the phospholipid derivative AEA.

Figure 7. Dynamic changes in TF content of lipid mediators in DES in the course of anti-inflammatory
therapy. The animals were exposed to general anesthesia for 6 h (shown as gray box) and subsequently
received instillations of the eye drops containing 50% DMSO (gray) or 50% DMSO with 0.5% zileuton
(red), one drop three times daily in each eye for 7 days. TF samples were collected before (norm)
and immediately after (6 h) the general anesthesia as well as on 1, 3, and 7 day post-exposure.
The concentrations of the lipid mediators (phospholipid derivatives, PUFAs and oxylipins) in TF were
measured using quantitative UPLC-MS/MS analysis. # p < 0.05 as compared to parameters of TF of the
untreated animals with DES (black). * p < 0.05 as compared to parameters of TF of the animals from the
DMSO or zileuton group.
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Interestingly, some of these effects were similar among the zileuton and DMSO groups, thereby
demonstrating for the first time the broad anti-inflammatory activity of DMSO. However, LTB4,
the main product of 5-LOX, was faster and more potently downregulated in the zileuton group and its
level was even less than among healthy animals. Furthermore, zileuton treatment generally increased
the TF content of anti-inflammatory mediator DHA, whereas DMSO had no effect in this regard. It
should be added that the animals from the zileuton group also exhibited increased content of oxylipins
9-/13-HOTrE and 9-/13-HODE on the seventh day apparently representing delayed or compensatory
response on the therapy.

Overall, based on the data obtained, we can conclude that the high efficacy of the proposed
complex therapy is a result of the synergetic action of two components of the eye drops, namely the
general healing property of DMSO and the more specific anti-inflammatory effects of zileuton.

4. Discussion

Our study represents the first comprehensive characterization of inflammatory mechanisms in
DES mediating by PUFAs and their derivatives, oxylipins, which was performed in a time-dependent
manner, considering the alterations in tear production rates, as well as the pathophysiological
and biochemical (oxidative stress, cytokine response) signs of the disease. Importantly, it is these
mechanisms that are most commonly impacted by the currently approved anti-inflammatory drugs
(such as dexamethasone or NSAIDs) and represent the prospective targets for novel specific therapies.
Generally, the nomenclature of inflammatory mediators in rabbit tears identified in this study (23
lipids), accords with our recent findings regarding human TF [29]. A number of attempts have been
made to examine alterations in the TF content of PUFAs/oxylipins in DES, both in animal and human
studies, but most of them have focused on single mediators, such as three PUFAs (AA, DHA and EPA)
and two prostaglandins (PGE2 and PGD2). Thus, it was found that the ratio of ω-6 (AA) to ω-3 (DHA
+ EPA) fatty acids is increased in DES patients [21], which concurs with our observations (see Figure 3).
Furthermore, a number of works reported DES-associated growth of the TF level of PGE2, which is
recognized as a hallmark of the disease [21–23,44]. Consistently, in our experiments, PGE2 exhibited
the most pronounced elevation among the identified mediators (see Figure 3). To date, the most
detailed study of lipid mediators in DES has focused on eicosanoids, which were profiled in the TF
of healthy individuals, in comparison with MGD patients, by means of an MS-based approach [45].
The reliable disease-associated increase was found in relation to six compounds, including 5-HETE
and LTB4, which were similarly increased in our DES model. Furthermore, our results complement
these data well, since we detected a significant increase in two more prostaglandins, PGD2 and PGF2α,
as well as 12-HETE. Overall, taking into account our findings and the existing literature data, we
can conclude that an inflammatory response in DES is governed mainly by AA and its derivative
oxylipins 5-HETE and LTB4 (5-LOX products), 12-HETE (12-lipoxigeanse product) as well as PGD2,
PGE2 and PGF2α (cyclooxygenase products). Notably, in our experiments, most of the aforementioned
lipids demonstrated a prolonged increase not reaching their maximum even after seven days of
observation, which correlates with their permanent elevations in human DES patients, exhibiting
chronic inflammation.

It should be added that among the changes in AA derivatives, there was an increase in
AEA (anandamide), a product of the non-oxidative metabolism of AA-containing phospholipid
N-arachidonoyl phosphatidylethanolamine. AEA is an endocannabinoid, exhibiting proinflammatory
activity as it was found to exacerbate endotoxin-induced uveitis, enhancing the clinical score of
intraocular inflammation and increasing the amount of leukocyte and protein concentration in the
aqueous humor [46]. Our results represent the first indication of the participation of AEA in the
inflammatory response associated with DES, recognizing this compound as one of the promising
targets for use in an anti-inflammatory therapy for the disease.

In contrast to AA and its products, six LA derivatives, namely 9-HODE/9-KODE,
13-HODE/13-KODE, and 9,10-EpOME/12,13-EpOME, exhibited a pronounced but short-term increase,
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manifested only on day one after general anesthesia. In fact, this time-point represents a critical period
not only for the inflammatory reaction but also for oxidative responses in our DES model. Thus,
on day one, the most pronounced granulocytic infiltration in the corneal stroma, maximal protein
concentration in TF and the most prominent cytokine alterations were accompanied by minimal
antioxidant activity in TF, indicating the development of oxidative stress. We suggest that increased
levels of 9-HODE/9-KODE and 13-HODE/13-KODE may reflect non-enzymatic oxidation of LA by ROS.
Indeed, these compounds are well-recognized markers of oxidative stress [47,48]. Similarly, biosynthetic
pathways for 9,10-EpOME and 12,13-EpOME, which are produced by neutrophils and macrophages
and mediate different inflammatory effects, may involve non-enzymatic oxidation [20,49,50]. It was
suggested that inflammatory changes on the ocular surface in DES are related to chronic oxidative
stress, accompanied by reduced local antioxidant activity [51,52]. For instance, superoxide dismutase
downregulation was shown to be associated with inflammation in the lacrimal glands and decreased
tear secretion [53], and we observed a decrease in superoxide dismutase activity in DES. Thus,
the quenching of the oxidative stress by topical administration of antioxidants may represent a
powerful strategy in the treatment of the disease (including its inflammatory component), which was
confirmed in our recent study [6].

In addition to AA and LA derivatives, we detected two products of ALA, 9-HOTrE and 13-HOTrE,
to be elevated in the acute phase of inflammation (day one). Notably, 9-HOTrE can be produced
from ALA by 5-LOX and glutathione peroxidase [54]. Moreover, these enzymes can catalyze the
production of AA into 9-HODE [54], another oxylipin increased in the acute phase. In our biochemical
experiments, glutathione peroxidase was found to be moderately upregulated in day one, which
supports the importance of the aforementioned cascades in DES. Thus, in summary, we detected
four LOX-5-dependent oxylipins elevated in the early (9-HODE and 9-HOTrE) and late (5-HETE and
LTB4) phases of anesthesia-induced DES. Based on these data, we proposed that the inflammatory
response, associated with the disease, can be efficiently treated by the topical administration of zileuton,
the only specific inhibitor of 5-LOX, approved by the US FDA [36,55]. The choice of zileuton was
especially justified, as it was previously shown to inhibit the release of AA and, consequently, to
downregulate prostaglandins [37], which, according to our data, contributed most to the development
of prolonged inflammation in DES. Zileuton is a low water-soluble drug which has never been
employed in ophthalmology, to the best of our knowledge. Yet, topical administration of zileuton
(500 μg) dissolved in 100% DMSO was previously employed in animal studies for the treatment of
ear edema [56]. In this study, we used eye drops containing 0.5 mg/mL solution of zileuton in 50%
DMSO. Such concentration of DMSO was recognized as not causing any adverse reactions upon topical
administration in the eye [38,42]. Indeed, according to our observations, the resulting eye drops were
generally well tolerated by the animals. It should be noted that the described composition of the
eye drop was approved only for primary verification of the proposed anti-inflammatory approach
in this study. Further studies are required for careful optimization of the dosage of the proposed
zileuton/DMSO-based prodrug.

The suggested treatment produced an unexpectedly prominent therapeutic benefit, preventing
granulocytic infiltration and other signs of inflammation, and accelerating corneal healing by at least
three days. The underlying mechanisms involved selective inhibition of inflammation without affecting
the antioxidant activity and tear-producing rates. Interestingly, some of the observed benefits can be
attributed to DMSO. Indeed, this compound was previously shown to exhibit its own therapeutic
activity in the eye by facilitating corneal healing and exhibiting anti-inflammatory effects [57–60].
The mechanisms underlying these benefits may be related to the downregulation of PGE2 [61]. A similar
effect of DMSO was observed in our model (see Figure 6). Yet, we have found that DMSO suppressed
several other pathways indicating its broader biological action. For example, it significantly reduced
the activity of glutathione peroxidase, which may partially underlie the suppression of 9-HODE and
9-HOTrE content in TF [54], seen in our experiments. Downregulation of 9-HODE and 13-HODE may
inhibit monocyte activation, reduce pain syndrome and produce other therapeutic effects in DES [62,63].
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Currently, the intravesical instillation of 50% aqueous solution DMSO (RIMSO-50®) is approved by the
FDA for the treatment of interstitial cystitis. Furthermore, DMSO is used as a cosolvent in several other
FDA-approved products, including Onyx® (injection into brain arteriovenous malformation), Viadur®

(subcutaneous implantation) and Pennasid® (topical administration). Although in early studies the
ocular effects of DMSO were considered contradictory and there was no systematic examination
of DMSO-based formulations in ophthalmic clinical trials, today, growing evidence confirms the
feasibility of this compound as a cosolvent in topical medication for the treatment of a wide range of
ophthalmological conditions, including superficial keratitis, blepharoconjunctivitis, blepharitis and
glaucoma [64–67]. Considered together, these data justify the future trialing safety and efficacy of a
50% DMSO-based solution of zileuton.

Despite the prominent healing activity of DMSO, the introduction of zileuton has led to a substantial
improvement in the therapeutic benefit of the eye drops. Thus, according to our histological data, in the
DMSO group, the signs of inflammation, such as infiltration by granulocytes and neovascularization,
remained one to three days after general anesthesia, whereas in the zileuton group, these signs were
absent (see Figure 5b). Indeed, zileuton produced additional, more specific anti-inflammatory effects.
The first specific effect was the pronounced upregulation of IL-10, the anti-inflammatory cytokine
previously found to be associated with DES [68]. Interestingly, a similar effect of zileuton against
IL-10 was demonstrated in other inflammation-related disorders [69]. The second specific effect of
zileuton was the downregulation of the proinflammatory mediator, LTB4. This oxylipin was shown
to govern ocular inflammation, being secreted by the corneal, conjunctival and Meibomian gland
epithelium in response to lipopolysaccharide action [70]. A specific increase in the TF concentration
of LTB4 was also induced by contact lens wearing, a common ethological factor in DES [71]. Given
that LTB4 was established as a key factor in recruiting effector T cells [72,73], its downregulation by
zileuton might specifically suppress the T-cell response in DES (see Introduction section). The third
specific effect of zileuton was the pronounced upregulation of the anti-inflammatory mediator, DHA.
Previously, the deficiency of DHA and EPA was found to correlate with the clinical manifestations
of DES [21]. Consistently, the daily supplementation of these ω-3 PUFAs was found to reduce or
reverse the symptoms of DES in different species including humans [74–76]. DHA is a well-recognized
precursor of proresolving lipid mediators, controlling epithelial wound healing, inflammatory cell
migration and nerve regeneration [21]. Thus, the treatment with zileuton-containing eye drops might
affect the resolution of the inflammatory response in DES by promoting the release of DHA and its
derivative resolvins.

Overall, we can conclude that the high efficacy of the proposed complex therapy resulted from
the synergetic action of its components, DMSO and zileuton. The general healing activity of DMSO
includes the downregulation of prostaglandins. Meanwhile, zileuton suppresses cytokine-dependent
inflammatory mechanisms, apparently restrains the T-cell response via selective inhibition of LTB4
and promotes resolution pathways by upregulating DHA. Thus, these compounds act synergistically,
encompassing virtually all aspects of the mechanism underlying the inflammatory response in DES.
Based on these data, we suggest that the proposed therapeutic approach can be considered in future as
one of the promising methods of DES treatment.
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13-HODE 13-hydroxyoctadecadienoic acid
IL-1 Interleukin-1
IL-10 Interleukin-10
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LTB4 Leukotriene B4
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LOX Lipoxygenase
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MGD Meibomian gland dysfunction
NSAID Nonsteroidal anti-inflammatory drug
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PUFA Polyunsaturated fatty acid
PGD2 Prostaglandin D2
PGE2 Prostaglandin E2
PGF2α Prostaglandin F2 alpha
ROS Reactive oxygen species
TF Tear fluid
TNF-α Tumor necrosis factor alpha
UPLC-MS/MS Ultra performance liquid chromatography-tandem mass spectrometry
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Abstract: Gender differences in the burden of cardiovascular disease (CVD) have been observed
worldwide. In this study, plasmatic levels of trimethylamine (TMA) and blood oxidative biomarkers
have been evaluated in 358 men (89 controls and 269 CVD patients) and 189 women (64 control and 125
CVD patients). The fluorescence technique was applied to determine erythrocyte membrane fluidity
using 1,6-diphenyl-1,3,5-hexatriene (DPH) and Laurdan, while lipid hydroperoxides were assessed
by diphenyl−1-pyrenylphosphine (DPPP). Results show that levels of plasmatic TMA were higher in
healthy men with respect to healthy women (p = 0.0001). Significantly lower TMA was observed
in male CVD patients (0.609 ± 0.104 μM) compared to healthy male controls (0.680 ± 0.118 μM)
(p < 0.001), while higher levels of TMA were measured in female CVD patients (0.595 ± 0.115 μM)
with respect to female controls (0.529 ± 0.073 μM) (p < 0.001). DPPP was significantly higher in
healthy control men than in women (p < 0.001). Male CVD patients displayed a lower value of DPPP
(2777 ± 1924) compared to healthy controls (5528 ± 2222) (p < 0.001), while no significant changes
were measured in females with or without CVD (p > 0.05). Membrane fluidity was significantly
higher (p < 0.001) in the hydrophobic bilayer only in control male subjects. In conclusion, gender
differences were observed in blood oxidative biomarkers, and DPPP value might be suggested as a
biomarker predictive of CVD only in men.

Keywords: gender; membrane erythrocyte; hydroperoxides; biomarker; DPPP; DPH; TMA;
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1. Introduction

Cardiovascular disease (CVD) represents one of the primary causes of death worldwide. Data from
the World Health Organization (WHO) identify CVD responsible for 37% of all deaths in the European
Union (40% and 34% of all deaths in females and males, respectively). Ischemic heart disease accounts
for 20% of CVD deaths in females and 19% in males. Stroke is the second most common cause of CVD
deaths, accounting for 13% of all CVD deaths in females and 9% in males [1].

Genetics, gender, ethnicity, lifestyle, and socioeconomical position contribute to outline
cardiovascular health from a prenatal period of life. Diseases like diabetes, hypertension, obesity,
and unhealthy diets are major risk factors [2]. Genes on sex chromosomes can influence the genes in
autosomes and sex steroids testosterone and estrogen; variations of androgen receptor, whose locus is
on chromosome X, determine sex differences in cardiovascular regulatory mechanisms [3].

CVD can be influenced by early life risk factors; indeed, an association between low body weight
at birth and an increased risk of developing CVD later in life has been observed in both genders [4,5].
Maternal low protein intake and/or high fat diet increase the risk of developing non-communicable
diseases; time-dependent malnutrition during prenatal life modulates the epigenome differently,
leading to CVD or other diseases (i.e., obesity, glucose intolerance) in adult age, according to biological
sex [6,7].

During recent years, several studies have highlighted differences in the incidence of heart disease in
women and men [8–14]. The prevalence of CVD is higher in males than in females [8]. Women develop
CVD later in life, with a higher risk of stroke [9]. A different number of deaths due to CVD is also
reported [10,11].

The increased incidence of death in women due to CVD seems to be associated with atypical
symptoms [10] and different distributions of risk factors [11]. Diabetes and dyslipidemia have a higher
impact in females than in males [11]. Women in their premenopausal life are more protected from CVD
than men by estrogens, so their first myocardial infarction occurs when they are about ten years older
than men. Epidemiological analysis in the period 1980–2010 reveals that CHD incidence was more
reduced in men than in women; however, mortality due to CHD was higher in men than in women
until old age [9]. A large case-control study (involving 24,767 people from 262 centers in 52 countries)
on the association between modifiable risk factors (i.e., diet, alcohol intake, smoking, physical inactivity,
psychosocial stress) and CHD incidence shows a higher impact of social determinants in women than
in men [15]. Thus, better identification of sex differences in CVD is of crucial significance to develop
additional strategies to prevent and treat more efficiently CVD in women and men.

In this context, oxidative stress represents a key process depending on several aspects (i.e., genetics,
lifestyle, environment, etc.) that can affect numerous cell functions. Active metabolites are produced
following redox reactions; e.g., the oxidation of trimethylamine (TMA) to trimethylamine N-oxide
(TMAO) [16], which can be monitored due to its involvement in inflammation, atherosclerosis
development, and impact on visceral adiposity [17–20]. Moreover, at both the plasma membrane level
and lipoproteins, lipid oxidation leads to hydroperoxides production, which significantly contributes
to the oxidation of TMA into TMAO, as it has been observed from in vitro and ex vivo studies [21,22];
then, since TMAO is a reactive molecule, it might promote foam cells formation [23]. The crosstalk
between lipid peroxidation and TMA metabolism might include gender differences that could provide
further insights on CVD; hence, the collection of evidence on this aspect could promote a gender
approach to modulate CVD risk.

To identify biomarkers useful to characterizing gender differences in CVD, the present study
assesses several blood biomarkers: the plasma TMA, the erythrocyte plasma membrane fluidity,
and lipid hydroperoxides are measured in 358 men (89 controls and 269 CVD patients) and 189 women
(64 controls and 125 CVD patients). A different profile in controls and CVD subjects has been
identified according to gender; a direct correlation between plasma TMA level and erythrocyte lipid
hydroperoxides measured by the DPPP probe has been measured in men, while DPH fluorescence
anisotropy was inversely correlated to TMA and DPPP.
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2. Experimental Section

2.1. Subjects

In total, 358 male (89 controls and 269 CVD patients) and 189 females (64 controls and 125 CVD
patients) were recruited in Wejherowo Cardiovascular Center. Inclusion criteria for CVD patients were
the diagnosis of elective or urgent coronary angiography, established according to the Third Universal
Definition of Myocardial Infarction, and 2015 European Society of Cardiology guidelines [24,25].
The control group was recruited amongst the subjects without a self-reported medical history of CVD
(Table 1). The present study was approved by the Regional Bioethical Committee in Gdansk (KB-27/16,
28 December 2016 and extended KB 32-17, 16 November 2017). Informed consent was obtained from
all subjects.

Table 1. Characteristics of the Study Participants.

Control
F = 64/M = 89

CVD
F = 125/M = 269

Obesity (BMI ≥ 30) 14/30 46/98
Hypertension 22/41 102/199

Hyperlipidemia 16/24 78/186
Diabetes mellitus 5/16 41/77

Current or past smokers 7/52 43/153

F—females; M—males.

2.2. Samples Collection

Blood samples were collected in EDTA-containing tubes; plasma samples obtained by
centrifugation at 1300× g for 10 min at 18–25 ◦C were kept frozen at −80 ◦C until TMA analysis.
Erythrocytes were kept frozen at −80 ◦C and used for membrane isolation.

2.3. Plasma TMA and TMAO

Plasma TMA and TMAO were determined by the Ultra High Performance Liquid Chromatography
(UHPLC) tandem mass spectrometry method, based on methods described previously [26,27]. UHPLC
separation was performed on an XBridge ® HILIC 3.5 μm (3.0 × 50 mm, Waters, MA, USA) column on
a NEXERA Shimadzu UHPLC system coupled with QT4500 SCIEX. Trimethyl-d9-amine HCl (d9-TMA,
C/D/N ISOTOPES INC., Quebec, Canda) was used as an internal standard. The 3 μM of d9-TMA
working solution of internal standard (ISWS) was prepared in methanol/acetonitrile (15:85) and 0.1%
formic acid (v/v) (Merck KGaA, Darmstadt, Germany). Calibration samples, QC, and plasma samples
were prepared by the addition 100 μL of cold ISWS to 50 μL of each sample type. All samples were
vortexed and kept on ice for 15 min for protein precipitation. Centrifuged samples (14,000 rpm, 4 ◦C,
for 20 min.) were divided into two parts: without dilution, which were used for the analysis of
TMA concentration and diluted (5:95 of ISWS) for analysis of TMAO. The mobile phase was 70% of
acetonitrile with 0.1% formic acid (v/v) and 30% of 15 mmol/L ammonium formate with 0.1% formic acid
(v/v) (Merck KGaA, Darmstadt, Germany) at a flow rate of 0.4/min. The mass spectrometer was operated
in multiple-reaction monitoring (MRM)-positive electrospray ionization (ESI+). The mass spectrometer
optimized settings were as follows: IonSpray Voltage = 5.5 kV, source temperature = 300 ◦C, collision
gas = 8, and curtain gas = 30.0. Ion transitions used for quantitation: m/z 60.1→ 44.0 for TMA, m/z
76.1→ 59.0 for TMAO and m/z 69.1→ 49.1 for d9-TMA. Calibration curves ranges were from 0.1 to
30 μM and 0.3 to 30 μM for TMA and TMAO, respectively. The limits of quantification were 0.1 μM for
TMA and 0.3 μM for TMAO.
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2.4. Erythrocyte Plasma Membrane Preparation

Erythrocyte membranes were obtained by progressive hemolysis; cells were incubated in 5 mM
Na2HPO4, pH 7.4 at 4 ◦C for 20 min and centrifuged at 9000× g for 15 min at 4 ◦C. The additional
steps of incubation with 2.5 and 1.25 mM Na2HPO4 at pH 7.4 and centrifugation were done to obtain
white membranes.

2.5. Erythrocyte Membrane Fluidity

Membrane fluidity was measured on erythrocyte membrane using 1,6-Diphenyl−1,3,5-hexatriene
(DPH) (Molecular Probes, Eugene, OR, USA) and 6-lauroyl−2-dimethylaminonaphthalene (Laurdan)
(Molecular Probes, Eugene, OR, USA).

A Hitachi 4500 spectrofluorometer was used for fluorescence measurements.
All samples were normalized to the final protein concentration of 0.4 mg/mL, determined using

the Pierce BCA Protein Assay Kit (Thermo Scientific, Waltham, MA, USA).
Steady-state fluorescence anisotropy (r) of DPH was carried out in 1 mL of sodium phosphate

buffer (2.5 mM, pH 7.4), containing 0.4 mg of the plasma membrane and DPH at the final concentration
of 1 μM after 1 h of incubation at 37 ◦C using excitation and emission wavelengths of 360 and 430 nm,
respectively, according to the equation [28]:

r = (I| | − I⊥g)/(I| | + 2I⊥g) (1)

where g is the grating correction factor for the optical system, obtained from the ratio of the perpendicular
and the parallel polarized emission components when the excitation light is polarized in the horizontal
plane, and I|| and I⊥ are the intensities measured with the polarization plane parallel and perpendicular
to that of the exciting beam.

Generalized polarization of Laurdan (GP340) was analyzed in 1 mL of sodium phosphate buffer
(2.5 mM, pH 7.4), containing 0.4 mg of the plasma membrane and Laurdan at the final concentration of
1 μM after 5 min of incubation at 37 ◦C using an excitation wavelength of 340 and emission of 440 and
490 nm, respectively, according to Parasassi’s equation [29]:

GP340 = (IB − IR)/(IB + IR) (2)

where IB and IR are the intensities at the blue (440 nm) and red (490 nm) edges of the emission spectrum
and correspond to the fluorescence emission maximum in the gel and liquid crystalline phases of the
bilayer, respectively [30].

2.6. DPPP Assay

Erythrocyte membrane lipid hydroperoxides were detected using a membrane-localized
fluorescent probe Diphenyl−1-pyrenylphosphine (DPPP) (Cayman Chemical Co., Ann Arbor, MI,
USA), that reacts specifically with hydroperoxides and becomes highly fluorescent when oxidized [22].
Lipid hydroperoxide formation occurs considerably in plasma membranes from unsaturated fatty
acids during oxidative stress [31,32]; the measure of lipid hydroperoxides represents a crucial step of
the propagative lipid peroxidation, which affects membrane and protein conformation with important
outcomes on their functionality [32]. DPPP represents a sensitive and reproducible quantitative method
of total lipid hydroperoxide analysis [33].

Membrane samples, normalized to the final protein concentration of 0.4 mg/mL, were incubated
with 1 μM DPPP in 1 mL PBS at 37 ◦C for 5 min in the dark. The fluorescence intensity of the samples
was measured using 351 and 380 nm as excitation and emission wavelengths, respectively. Results are
expressed as fluorescence intensity (arbitrary units, a.u.).
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2.7. Statistical Analysis

Shapiro–Wilk was used to test the normality of data distribution. The Kruskal–Wallis test and
Spearman correlation were used to determine significant differences among analyzed variables and
correlations, respectively. Precision–recall curves were calculated using the Scikit-learn library for
Python. They were used for testing the power of the logistic regression model based on DPPP and DPH
for males and females, respectively. If not differently specified, statistical analyses were performed
using the SPSS package for Windows, v.20.0 (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Descriptive Statistics

Of the 547 recruited subjects, 358 were male and 189 females. Within the male group, 89 were
healthy controls, while 269 were CVD patients. The male controls’ and CVD patients’ mean ages were
62.6 ± 8.5 and 65.0 ± 12.0, respectively. Within the female group, 64 women were healthy controls,
while 125 were CVD patients. The female controls’ and CVD patients’ mean ages were 66.8 ± 6.7 and
69.5 ±10.3, respectively.

3.2. Gender Differences in the Plasma TMA Level

Plasma TMA levels were significantly different in the two genders, i.e., healthy control men show
higher levels of TMA (0.680 ± 0.118 μM) than women (0.529 ± 0.073) (p = 0.0001). Plasma TMA levels
were significantly lower in male CVD patients compared to controls (Figure 1) (p < 0.001). At the same
time, a higher TMA level in female CVD subjects with respect to healthy controls of the same gender
was observed (Figure 1) (p < 0.001).

Figure 1. Plasma TMA level in males and females. The male control group displays higher plasma
TMA levels compared to female controls. Male CVD patients show a lower TMA value with respect to
healthy controls of the same gender, while an opposite result was observed in the female groups. Male
controls (n = 89) and male CVD patients (n = 269). Female controls (n = 64) and female CVD patients
(n = 125), *** p < 0.001.
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3.3. Gender Differences in the Erythrocyte Plasma Membrane Fluidity

Erythrocyte plasma membrane fluidity was analyzed using fluorescent probes that localize at
different depths of the bilayer. The analysis of the hydrophobic region of the bilayer by DPH showed
significant changes in fluorescence anisotropy (r) in controls: male subjects have a lower value of
anisotropy (r = 0.129 ± 0.558) compared to females (r = 0.166 ± 0.425) (p < 0.001). Male CVD patients
present a higher value of anisotropy with respect to controls (Figure 2) (p < 0.001), while no changes
were observed in female CVD subjects with respect to healthy controls of the same gender (Figure 2)
(p > 0.05).

Figure 2. DPH fluorescence anisotropy (r) in plasma membrane erythrocytes from males and females.
The measured membrane fluidity was higher in male controls with respect to female controls. Male
CVD patients have a lower DPH membrane fluidity with respect to healthy controls of the same gender.
Male controls (n = 89) and male CVD patients (n = 269), *** p < 0.001. Female controls (n = 64) and
female CVD patients (n = 125).

The analysis of the hydrophilic–hydrophobic region by Laurdan showed no changes in generalized
polarization of Laurdan between males and females, as well as in healthy/unhealthy subjects.

3.4. Gender Differences in the Erythrocyte Lipid Hydroperoxide Level (DPPP)

Lipid hydroperoxide levels were measured in erythrocyte plasma membrane using the fluorescent
probe DPPP. DPPP fluorescence was significantly different between healthy males and females,
with men displaying higher values (5528 ± 2222) than women (2616 ± 1065) (p < 0.001). Male CVD
patients show lower values of DPPP compared to healthy controls of the same gender (Figure 3)
(p < 0.001), while no changes in females with or without CVD were measured (Figure 3) (p > 0.05).
Interestingly, the DPPP was directly related to TMA levels (Spearman correlation = 0.317; p < 0.001)
in the male group (Figure 4), but not in the female group (Spearman correlation = 0.067; p = 0.361)
(Figure 4). On the other hand, TMA showed a negative correlation with DPH in males (p < 0.001)
(Figure 4), but not in females (p > 0.05) (Figure 4).
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Figure 3. Lipid hydroperoxides (DPPP) in erythrocytes from male and female subjects. Lipid
hydroperoxides were higher in the male control group with respect to female controls. Male CVD
patients have a lower hydroperoxides level with respect to healthy controls of the same gender. Male
controls (n = 89) and male CVD patients (n = 269), *** p < 0.001. Female controls (n = 64) and female
CVD patients (n = 125). Results are expressed as fluorescence intensity (arbitrary units, a.u.).

Figure 4. Correlations between plasma TMA levels and DPPP in males (a) or females (b), and DPH
anisotropy (r), in the male (c) or female (d) groups. Only in the male group, erythrocyte membrane
lipid hydroperoxide (DPPP fluorescence intensity, a.u.) correlates positively, and membrane fluidity
(anisotropy, r) inversely with plasma TMA.

3.5. Precision–Recall Curves

Results from the precision–recall analysis, resulting by using a logistic model, show that only in
this work, the precision–recall curves (or PR curves) were used because of the presence of unbalanced
data. These curves were built by calculating the precision and recall as the classification threshold
changes. PR curves show precision on the y-axis, against the recall on the x-axis. Those quantities are
defined as follows:

Precision = TP/(TP + FP) (3)

Recall = TP/(TP + FN) (4)
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Where true positive (TP), false positive (FP), and false negative (FN) values were applied. In order
to assign a value to those parameters, a cut-off for distinguishing persons between the two classes
(controls and CVD) was set. Changing the cut-off allows us to obtain different values for TP, FP, and FN,
while the real number of the CVD and controls remains the same. A PR curve shows the relationship
between precision and recalls for every possible cut-off value. Thus, every point on the PR curve
represents the precision and recall for a chosen cut-off. The best cut-off is the one that allows us to have
values of precision and recall both closer to 1. Figure 5 shows the curves for each logistic model. Greater
area under the curve and better the classifier performances: this suggests that DPPP Males classifier,
with an area under the PR curve of 0.941, is the best performing model among all the classifier that has
been used. In this model, the cut-off value that allows to have the highest precision and recall is shown
in Figure 5a. It is worth noting that 69 values of the DPH in the original dataset were missing. Those
values are almost equally divided in each class (39 CVD and 30 controls). The dataset was imputed by
estimating the empirical DPH distribution and using its mean for replacing the missing values.

Figure 5. Precision–recall analysis. The four PR curves present the precision–recall analysis. In the
insets, the values of the area under the curves are reported. In the DPPP males curve (a), the cut-off value
of 0.497 is indicated. The precision–recall curve (a) highlights that erythrocyte lipid hydroperoxides,
measured by DPPP, in men may suggest this parameter as a biomarker to predict CVD in men.
The precision–recall curve for DPPP classifier in females (b), for DPH classifier in males (c), and for
DPH classifier in females (d).

4. Discussion

Our study shows a direct correlation between plasma TMA and erythrocyte lipid hydroperoxides
measured by DPPP in men. Plasma TMA in controls is higher in men than in women, but it decreases
in male patients with CVD, while it increases in female affected by CVD. TMA production depends
mainly on the activity of the gut microflora, which can metabolize dietary choline (phosphatidylcholine,
phosphocholine, sphingomyelin, etc.), betaine, and L-carnitine contained in animal food (i.e., meat,
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fish, egg, etc.). TMA can also be achieved from the catabolism of ergothioneine contained in vegetarian
food (i.e., mushrooms, beans). TMA from gut reaches the liver by portal circulation, where flavin
monooxygenases (FMO3) catalyze its conversion in the TMAO. Lower expression of FMO3 has been
associated with decreased plasma TMAO levels [21,34]. TMAO can also derive from the consumption
of fish meals [35]; as observed in mice, it can be produced through the direct oxidation of TMA [22].
TMAO is distributed to tissues, where it works as an osmolyte or can be cleared by the kidneys. It has
been suggested that TMAO is involved in the development of atherosclerosis by promoting foam
cells formation and atherogenic plaques [36,37]. TMAO contributes to about 11% of the variation in
atherosclerosis susceptibility in mice [21], and its level correlates with several characteristics of plaque
instability, such as markers of inflammation, platelet activation, and intraplaque hemorrhage [22].

Gender differences in the level of FMO3 have been observed, and a lower TMAO production
in the liver of male mice compared to females was measured [21]. The gender difference of TMAO
production in mice has also been associated with testosterone level, which is able to downregulate
FMO3, and to modulate estrogen-dependent upregulation of FMO3 expression; the testosterone can
decrease TMAO levels, and, accordingly, this could explain the lower levels of TMAO in males than
in females [38]. Furthermore, an increased excretion rate of TMAO in male mice was measured with
respect to female animals when mice were treated with choline; in the same animals, TMA level
was higher in male than in female mice. Comparably, in our study, TMA was significantly higher
in men than in women; within the group of the same sex, the decreased level of TMA in male CVD
patients might be associated with sex-hormone regulation and to its different direct oxidation to
TMAO. Females with CVD show higher TMA levels than healthy females, and this might be related to
gender differences in the redox system and metabolic responses [11]. Under physiological conditions,
women appear to be less susceptible to oxidative stress than men, and this can impact differently
on CVD development (i.e., coronary heart disease); gender differences in oxidative stress response
might affect the risk of developing atherosclerosis [11]. A link between TMA oxidation and free
radicals has been observed; increased TMAO levels have been associated with vascular inflammation
through activation of the NLRP3 inflammasome by reactive oxygen species (ROS) due to the TMAO
inhibition of the SIRT3-SOD 2-mtROS pathway [39]. ROS production increases in several inflammatory
diseases and they have an active role in CVD [40]. In our study, healthy men display higher levels of
TMA and lipid hydroperoxides measured by DPPP than male CVD patients. Remarkably, the lipid
hydroperoxides in erythrocyte membrane might represent a biomarker of CVD. The precision–recall
curves (Figure 5) demonstrate that DPPP can be used to predict CVD only in men. Since our model can
discriminate between ill and healthy people, and our goal is to minimize the number of false negatives,
only the PR curve of the DPPP males, with an area under the curve of 0.941, can be considered as a
possible prognostic factor.

As previously reported, biomarkers of oxidative stress were lower in females than in males [11,41],
and healthy women have lower DPPP levels than healthy men. However, in female CVD patients, lipid
hydroperoxides increase in respect to males affected by CVD. Changes in the DPPP in men and women
could be due also to the double role of ROS, which, in addition to catalyzing the oxidative process, can
also have a regulatory function. Lipid hydroperoxides are involved in the stress signaling that mediates
several cellular responses (i.e., induction of antioxidant enzymes, apoptotic death) and may have
gender-dependent regulations. Furthermore, the different level of hydroperoxides may also be related
to differences in the metabolic pathways involved in the removal of lipid hydroperoxides and in the
repairing reactions; indeed, lipid hydroperoxides should be removed to avoid the propagation of lipid
peroxidation [42]. The excision/reduction/repair pathway comprises the activity of several enzymes
like phospholipase A2, glutathione peroxidase (GPX), and an acyltransferase, which, as reported in the
kinetic models, are less involved in hydroperoxide repair with respect to the enzymes phospholipid
hydroperoxide glutathione peroxidase (PHGPX), phospholipase A2, and acyltransferase, that work
through reduction/excision/repair reactions. Transfected cells with PHGPX were particularly efficient
in removing lipid hydroperoxides; PHGPH can interact more easily than GPX with polar (i.e., H2O2)
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and lower polarity substrates (i.e., lipid hydroperoxides). Gender differences in glutathione peroxidase
and phospholipase A2 activity have been observed, and they might contribute to partially explain the
gender differences in lipid hydroperoxide levels [11,42–45].

The increased DPH fluorescence anisotropy in male CVD patients compared to controls indicates
a reduced fluidity in the hydrophobic region of the membrane. The decline of membrane fluidity
negatively interferes with the membrane protein dynamicity and finally, influences protein functions.
Lower fluidity can depend on the fatty acid composition, the oxidative process at lipid or protein
level, and metabolic regulation [30,46]. Lipid composition varies according to the diet: a diet rich
in mono-polyunsaturated fatty acids (i.e., extra virgin olive oil (EVOO), seed) modulates bilayer
composition toward a more fluid state of lipids, compared to a saturated fatty acid diet (i.e., meat,
cheese). Oxidative processes decrease membrane fluidity due to the increased number of intermolecular
interactions. In healthy subjects, DPH anisotropy was higher in women than in men, and no changes
in fluidity were measured in women, even in the presence of CVD. Considering the gender difference
observed in lipid hydroperoxides, fluidity changes could mainly depend on dietary lipid composition
and metabolic regulation. Changes in lipid profile (i.e., triglycerides, HDL-cholesterol), smoking,
and diabetes have a stronger negative impact in post-menopausal women than men, while total
cholesterol and LDL have a more significant effect in men [11,47]. Besides, hyperlipidemia and diabetes
can amplify oxidative stress, with substantial implications for atherosclerosis development.

The main limitation of this study is the lack of subjects’ dietary habits, including alcohol
consumption, to correlate the observed changes at the membrane level. Smoking habits cannot explain
observed differences in DPH anisotropy, TMA, and hydroperoxide levels. On the other hand, gender
differences measured in the peripheral biomarkers TMA, DPPP, and DPH represent remarkable data,
which could be used to better address gender-specific therapies for CVD. Besides, weak changes in
TMAO measured in our groups (Supplementary Material Table S1) could be only partially associated
with plasma TMA levels. Finally, the direct correlation between plasma TMA and hydroperoxides level
that emerged from this study warrants attention, and its potential use as a blood biomarker predictive
of CVD in men might have relevant implications in CVD prevention.

Future studies able to correlate gender differences of other biochemical parameters associated with
enzymes involved in the regulation of plasma TMA metabolism are warranted, especially considering
that recently TMA, but not TMAO, has been proposed as a marker of cardiovascular risk [48,49].
Furthermore, additional studies aimed at the correlation between food components and membrane
lipid redox state could be useful to investigate.

5. Conclusions

Gender differences in CVD have been identified in plasma TMA level and at the erythrocyte
membrane level. Healthy females have a lower basal level of TMA and lipid hydroperoxides than
males, while their membrane in the hydrophobic region results in less fluid than in healthy males.
Female CVD patients are characterized by a higher plasma TMA than their healthy controls, while no
differences in lipid hydroperoxides and membrane fluidity between control and CVD females were
measured. Male CVD patients show a decreased fluidity in the hydrophobic region of the erythrocyte
membrane. Erythrocyte lipid hydroperoxides measured by DPPP can be proposed as new biomarkers
to predict CVD in men.
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Abstract: Prolonged strenuous exercise may induce inflammation, cause changes in gastrointestinal
permeability, and lead to other unfavorable biological changes and diseases. Nutritional approaches
have been used to prevent exercise-induced inflammatory responses and gastrointestinal disorders.
Hyperimmunized milk, obtained by immunizing cows against specific antigens, promotes the
development of immunity against pathogens, promotes anti-inflammatory effects, and protects
intestinal function. Immune protein (IMP) is a concentrated product of hyperimmunized milk and is
a more promising means of supplementation to protect against acute infections and inflammation.
To determine whether IMP has protective properties against exercise-induced gastrointestinal
dysfunction and inflammation, we examined biochemical markers, intestinal damage markers,
and pro-/anti-inflammatory profiles of young male runners using a randomized, placebo controlled,
cross-over design. Urine samples were collected and used for measurements of creatinine,
N-acetyl-β-d-glucosaminidase, osmotic pressure, and specific gravity. Titin was measured
as a muscle damage marker. Further, urine concentrations of complement 5a, calprotectin,
fractalkine, myeloperoxidase, macrophage colony-stimulating factor, monocyte chemotactic protein-1,
intestinal fatty acid binding protein (I-FABP), interferon (IFN)-γ, interleukin (IL)-1β, IL-1 receptor
antagonist, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p40, and tumor necrosis factor (TNF)-α were measured by
enzyme-linked immunosorbent assays. We demonstrated that urine osmotic pressure, urine specific
gravity, I-FABP, IFN-γ, IL-1β, and TNF-α were reduced by 8 weeks of IMP supplementation,
indicating that IMP may have potential in preventing strenuous exercise-induced renal dysfunction,
increased intestinal permeability, and inflammation. Thus, IMP supplementation may be a feasible
nutritional approach for the prevention of unfavorable exercise-induced symptoms.

Keywords: hyperimmunized milk; exercise; inflammation; intestinal permeability; cytokine
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1. Introduction

Prolonged strenuous exercise may induce unfavorable biological changes and symptoms, including
inflammatory responses, such as leukocyte infiltration [1–3]; gastrointestinal (GI) incidents, such as
diarrhea, nausea, and gastric pain [4–6]; delayed-onset muscle soreness; muscle and internal organ
injury; and immune suppression [7–11].

Strenuous exercise can also induce intestinal barrier dysfunction. The GI mucosa serves as the
first line of defense against invasion from non-self antigens [12]. Functional loss of the GI barrier,
consisting of the enterocyte membranes, tight junctions, mucous, and localized macrophages, may bring
unwanted biological and pathological consequences by allowing harmful substances (e.g., bacteria,
xenobiotics, hydrolytic enzymes, and so forth) to enter into the circulation [13].

Many athletes use aspirin, ibuprofen, and other non-steroidal anti-inflammatory drugs (NSAIDs)
to treat inflammation-induced algesthesia [14]. However, NSAIDs inhibit cyclooxygenase (COX) in
the GI mucosa, aggravating the GI symptoms and harming athletes’ performance and wellbeing.
Therefore, supplementation for protecting the GI barrier merits consideration [15].

Hyperimmunized milk is obtained by immunizing cows against specific antigens. This technique
results in the enrichment of various immunoglobulins in the milk product [16]. In 1957,
Stolle first produced hyperimmunized milk by injecting cows with various bacteria pathogenic
to humans (26 kinds of antigens, including Escherichia coli, Salmonella typhimurium, Shigella dysenteriae,
Staphylococcus pyogenes, Proteus vulgaris, and others) [16]. Hyperimmunized milk is reported
to possess health-promoting effects, including immunoregulatory, performance-enhancing effects,
and NSAID-induced GI damage-preventing effects [17–20]. For instance, oral administration of milk
from cows hyperimmunized against pathogenic bacteria is reported to down-regulate inflammatory
responses in the gut, and may reduce allergic disease [21], protect against radiation-induced
opportunistic infection and lethality [22,23], alleviate inflammatory responses to carrageenin [24],
abrogate the lymphocyte response to concanavalin A [25], and prevent or treat neonatal bacterial
infection [26].

Hyperimmunized protein, also known as “immune protein (IMP)”, is a concentrated product of
hyperimmunized milk, and therefore provides more promise as a supplement to protect individuals
from acute inflammation. Wang et al. reported that oral administration of bovine milk from
hyperimmunized cows down-regulated Th17 and Th2 responses and reduced interleukin (IL)-17A
in the gut [21]. Additionally, IL-1β, IL-2, IL-6, and tumor necrosis factor (TNF)-α production were
reduced, and collagen-induced arthritis was reported as being alleviated with 49 days of administration
of hyperimmune colostrum [27]. When injected with a novel anti-inflammatory factor isolated from
milk from hyperimmunized cows, a mastitis mouse model showed less mammary inflammation,
and edema was suppressed by as much as 80% in carrageenin-challenged rats [24]. However, to the best
of our knowledge, the protective effect of neither hyperimmunized milk nor IMP on exercise-induced
inflammation and other adverse events have been reported to date. Therefore, we sought to test the
potential benefits of IMP supplementation on prolonged strenuous exercise.

In order to determine whether IMP has protective properties on exercise-induced organ damage
and inflammation, we examined biochemical markers, cytokine excretion profiles, and organ damage
markers in young male runners undergoing a 3000 m full-speed running test (3000 m time trial (3000 m
TT)) with or without 8-week IMP supplementation.

2. Materials and Methods

2.1. Experimental Design

We designed a double-blind randomized cross-over placebo-controlled study. The participants
were recruited to participate in two separate experimental trials with a 1 month wash out period:
supplementation of either (1) immune protein (IMP trial) or (2) placebo protein (PLA trial). All of
the participants were asked to complete three separate 3000 m TT at three time points in each trial
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(first race: before supplementation, M0; second race: 1 month after supplementation, M1; third race:
2 months after supplementation, M2) (Figure 1). The experimental protocols were approved by the
Ethics Committee of Waseda University (2017-319, date of approval: 11 April 2018). Written informed
consent was obtained from all the participants prior to their enrollment in the study. The experiments
were carried out from April 2018 to January 2019.

2.2. Participants

Seven young men participated in this study. The participants were recreationally active and had no
chronic diseases. The characteristics of the participants were as follows: age, 18.7± 1.5 (mean± standard
deviation, SD) years; height, 171.8 ± 7.7 cm; body mass, 60.4 ± 3.1 kg. Participants read and signed an
informed consent form prior to engaging in the study. Inclusion criteria were as follows: (a) participants
had to be male long-distance runners from Waseda University between the ages of 18 and 30 years
old; (b) participants had to be healthy and free of any known disease, determined by a medical
history questionnaire; (c) participants had to be individuals who do not change training loads and diet
content/amount during the experimental period; and (d) participants had to abstain from supplemental
protein or amino acids for 3 months prior to participating. A physical activity questionnaire and medical
history form were filled out prior to participation to establish that physical activity requirements were
met and to identify potential risk factors that could be aggravated by participation in the study.

2.3. Immune Protein Supplementation

Following an initial baseline 3000 m TT, subjects were asked to take IMP powder (IMP trial) or a
matched placebo (normal protein powder, PLA trial) two times a day for 8 weeks. IMP and placebo were
provided in packaged, single doses (10 g), and were obtained from Ortho Inc. (Ortho Incorporation,
Tokyo, Japan). IMP and placebo are administrated by mixing with water.

2.4. Experimental Protocol

After recruitment, the subjects were counter-balanced on the basis of body weight and 3000 m TT
into a PLA or IMP trial. There were no significant differences between groups for any of these variables.

The subjects carried out 3000 m TTs at time point of M0, M1, and M2. The time trials were carried
out on an athletic field. The food and fluid intake of subjects was not restricted on the days of the
races (Figure 1). IMP or PLA were consumed over 2 months, separated by a 1-month wash-out period,
according to previous studies [28–30]. Ratings of perceived exertion (RPE) were obtained using the
Borg scale. Body composition and body fat percentage were obtained using an InBody 720 Body
Composition Analyzer (Inbody Japan Inc., Tokyo, Japan). Participants were asked to self-report if they
experienced discomfort during the experiment period.

Figure 1. Experimental design. Immune protein powder (IMP) or a matched placebo (normal protein
powder, PLA) were administered for 2 months in a cross-over randomized controlled trial (RCT).
Arrows indicate the times at which 3000 m time trials were performed.
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2.5. Urine Sampling and Analysis

Pre-exercise urine samples (Pre) were collected 30–60 min before each 3000 m TT. After the
pre-sampling, participants were allowed to perform warm-up exercises ad libitum prior to the 3000 m
TT. Post-exercise urine samples (Post) were collected within 30 min after completion of the time trial.
The urinary excretion of participants was not restricted before exercise. The collected urine samples
were centrifuged at 1000× g for 10 min to remove sediments. The supernatants were stored at −80◦C
until analysis.

2.6. Assays for Urine Biochemistry, Inflammatory Substances, and Organ Damage Markers

Urine creatinine, N-acetyl-β-d-glucosaminidase (NAG), osmotic pressure, and specific gravity
were measured by Koutou-Biken Co. (Koutou-Biken Co., Tsukuba, Japan).

IL-1β, IL-6, and TNF-α concentrations were measured with Quantikine high sensitivity
(HS) enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems Inc., Minneapolis, MN,
USA). IL-1 receptor antagonist (ra), monocyte chemotactic protein (MCP)-1, and macrophage
colony-stimulating factor (M-CSF) concentrations were also measured with Quantikine ELISA kits
(R&D Systems Inc., Minneapolis, MN, USA). Intestinal fatty acid binding protein (I-FABP) and
fractalkine concentrations were measured with Duoset ELISA kits (R&D Systems Inc., Minneapolis,
MN, USA). IL-2, IL-4, IL-8, IL-10, IL-12p40, complement 5a (C5a), and interferon (IFN)-γ concentrations
were measured with OptEIA ELISA kits (Becton Dickinson Biosciences, San Diego, CA, USA).
Calprotectin and myeloperoxidase (MPO) concentrations were measured with ELISA kits (Hycult
biotechnology Inc, Uden, The Netherlands). Titin concentration was measured by ELISA as previously
described [31]. The absorbance was measured spectrophotometrically on a VersaMax Microplate
Reader (Molecular Devices Inc., San Jose, CA, USA) according to the manufacturer’s instructions.
The concentration of each protein was calculated by comparison with a calibration curve established in
the same measurement.

2.7. Statistical Analysis

The sample size was calculated using the program G*Power [32]. Six subjects were required to
detect an effect size of f = 0.5 for the within-between interaction, with a power of 0.8 and a significance
level of 0.05 under the assumption of a correlation coefficient among repeated measures r = 0.7 and
a nonsphericity correction of ε = 0.5. Data are presented as means ± SD. A two-way analysis of
variance (ANOVA) was performed to determine the main effects of protein (IMP or PLA) or time
points for 3000 m race time, body composition, ΔRPE, and body fat percentage. A three-way ANOVA
with mixed-effects analysis was performed to determine the main effects of protein (IMP or PLA),
time points (M0, M1, and M2), and exercise. Urine creatinine was used for urinary parameters’
correction. Statistical significance was defined as p < 0.05. Statistical analysis was performed using
GraphPad 8.0 (Graphpad, Ltd., La Jolla, CA, USA).

3. Results

3.1. Body Composition, RPE, and 3000 m Time Trial Results

No significant interaction was observed between IMP and PLA in race time (Figure 2). Body weight,
body fat percentage, and RPE were not different between participants in the IMP trial and PLA trial
(Figure 3). No adverse events were self-reported or observed during the study period.
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Figure 2. Results of 3000 m time trials. The data are presented as means ± SD.

Figure 3. Body composition, body fat percentage, and ratings of perceived exertion (RPE) results.
(A) Body weight change, (B) change in body fat percentage, (C) RPE at each time point, and (D) RPE
change between IMP and PLA. The data are presented as means ± SD. *** p < 0.001.

3.2. Renal Function Markers

NAG, urine osmotic pressure, and specific gravity were measured as indicators of renal function.
The right side of each figure in Figure 3 shows the data of the PLA supplementation period and the
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left side shows the data of the IMP supplementation period. Urine NAG was increased by exercise,
indicating renal damage occurred after 3000 m TT (Figure 4A). However, in the IMP period, significant
interaction effects on urine osmotic pressure changed and specific gravity change were observed
(Figure 4B,C). Summary data are available in Table 1.

Table 1. Summary of data from Figures 4–10.

Name Trial
M0 M1 M2

IMP PLA IMP PLA IMP PLA

NAG>
(IU/L)

Pre
Post

2.729 ± 1.438
8.543 ± 2.540

1.714 ± 1.182
7.257 ± 4.712

2.729 ± 0.991
10.457 ± 5.369

2.943 ± 1.258
5.629 ± 1.847

2.500 ± 1.956
11.971 ± 8.136

2.471 ± 1.423
9.029 ± 7.692

UOP
mOSm/L

Pre
Post

878.7 ± 205.1
785.8 ± 130.2

642.5 ± 275.9
580.3 ± 179.7

869.4 ± 284.2
867.3 ± 86.36

906.2 ± 193.6
676.0 ± 169.4

672.7 ± 205.5
729.0 ± 63.38

879.7 ± 188.6
670.7 ± 211.8

SPG Pre
Post

1.026 ± 0.006
1.024 ± 0.003

1.019 ± 0.008
1.018 ± 0.006

1.025 ± 0.008
1.027 ± 0.004

1.025 ± 0.006
1.018 ± 0.009

1.019 ± 0.004
1.022 ± 0.003

1.024 ± 0.006
1.020 ± 0.006

I-FABP
(pg/mgCr)

Pre
Post

196.8 ± 52.90
4783 ± 2491

354.0 ± 473.5
6335 ± 2411

183.7 ± 195.1
3635 ± 1249

232.0 ± 283.4
5139 ± 2331

370.0 ± 450.9
4845 ± 2402

205.9 ± 206.8
7609 ± 4507

Titin
(pg/mgCr)

Pre
Post

912.0 ± 613.6
978.1 ± 637.1

1329 ± 1147
1466 ± 846.7

1050 ± 1146
802.1 ± 400.1

968.5 ± 849.9
11901 ± 720.4

828.6 ± 561.3
848.5 ± 586.2

838.8 ± 621.9
1355 ± 1238

IFN-γ
(pg/mgCr)

Pre
Post

2.030 ± 1.089
1.716 ± 0.710

3.694 ± 2.713
2.273 ± 1.261

2.351 ± 0.998
1.488 ± 0.206

2.004 ± 0.971
2.273 ± 1.261

2.801 ± 0.908
1.821 ± 0.797

1.990 ± 0.785
2.834 ± 1.665

IL-1β
(pg/mgCr)

Pre
Post

0.132 ± 0.073
0.272 ± 0.089

0.285 ± 0.292
0.462 ± 0.355

0.152 ± 0.107
0.210 ± 0.088

0.189 ± 0.153
0.496 ± 0.559

0.251 ± 0.148
0.235 ± 0.169

0.150 ± 0.084
0.297 ± 0.161

TNF-α
(pg/mgCr)

Pre
Post

0.139 ± 0.123
0.121 ± 0.104

0.073 ± 0.051
0.153 ± 0.132

0.153 ± 0.098
0.082 ± 0.053

0.107 ± 0.170
0.091 ± 0.087

0.124 ± 0.074
0.069 ± 0.074

0.096 ± 0.127
0/231 ± 0.240

C5a
(ng/mgCr)

Pre
Post

0.991 ± 1.998
4.726 ± 4.349

0.232 ± 0.219
5.362 ± 7.272

0.181 ± 0.079
2.992 ± 2.598

0.125 ± 0.068
3.766 ± 5.757

0.125 ± 0.058
2.967 ± 2.559

0.125 ± 0.057
1.782 ± 1.073

Calprotectin
(ng/mgCr)

Pre
Post

21.18 ± 22.26
27.31 ± 21.49

12.25 ± 11.94
29.43 ± 27.06

15.47 ± 14.25
25.68 ± 19.60

17.19 ± 26.81
31.23 ± 34.14

10.40 ± 9.010
23.56 ± 21.63

13.30 ± 11.63
26.53 ± 29.17

Fractalkine
(pg/mgCr)

Pre
Post

0.241 ± 0.251
0.104 ± 0.200

0.398 ± 0.200
0.276 ± 0.357

0.329 ± 0.488
0.295 ± 0.484

0.385 ± 0.274
2.276 ± 0.357

0.323 ± 0.214
0.252 ± 0.380

0.579 ± 0.422
0.356 ± 0.507

MCP-1
(pg/mgCr)

Pre
Post

175.6 ± 96.93
341.7 ± 238.7

166.4 ± 75.83
364.7 ± 241.2

151.8 ± 40.74
257.2 ± 97.94

208.3 ± 60.27
294.3 ± 58.86

183.8 ± 75.61
320.48 ± 195.4

202.8 ± 139.8
325.4 ± 113.7

MPO
(ng/mgCr)

Pre
Post

0.181 ± 0.090
0.202 ± 0.076

0.535 ± 0.620
0.384 ± 0.224

0.234 ± 0.126
0.377 ± 0.216

0.199 ± 0.063
0.254 ± 0.102

0.256 ± 0.109
0.219 ± 0.075

0.432 ± 0.500
0.436 ± 0.354

M-CSF
(pg/mgCr)

Pre
Post

1206 ± 501.5
3904 ± 1550

831.9 ± 596.4
3766 ± 2213

706.1 ± 395.9
3100 ± 1563

875.2 ± 311.3
2987 ± 688.3

714.5 ± 324.1
3274 ± 977.6

714.8 ± 389.8
3375 ± 1041

IL-4
(pg/mgCr)

Pre
Post

12.76 ± 17.64
14.78 ± 15.49

5.900 ± 3.816
21.63 ± 24.64

20.34 ± 18.00
10.50 ± 9.960

24.65 ± 26.71
23.54 ± 32.92

17.95 ± 19.85
10.87 ± 14.31

30.44 ± 39.17
36.49 ± 44.67

IL-10
(pg/mgCr)

Pre
Post

7.875 ± 5.324
6.883 ± 3.913

18.55 ± 13.73
13.31 ± 6.581

11.12 ± 6.290
8.265 ± 3.075

11.46 ± 5.722
9.332 ± 6.126

12.88 ± 1.372
7.371 ± 5.916

9.478 ± 2.233
12.28 ± 5.593

IL-2
(pg/mgCr)

Pre
Post

9.136 ± 2.035
9.079 ± 2.721

21.94 ± 7.037
23.51 ± 15.03

11.34 ± 8.41
16.08 ± 13.32

9.022 ± 3.647
19.07 ± 15.58

7.782 ± 3.061
11.80 ± 8.148

10.49 ± 5.818
12.74 ± 4.582

IL-12p40
(pg/mgCr)

Pre
Post

72.08 ± 92.78
41.16 ± 27.32

82.30 ± 69.99
66.71 ± 47.09

61.79 ± 26.67
24.63 ± 13.15

64.49 ± 56.61
53.56 ± 55.21

56.42 ± 31.53
35.61 ± 33.74

49.23 ± 33.20
59.48 ± 48.20

IL-1ra
(pg/mgCr)

Pre
Post

2660 ± 1798
4340 ± 3328

3221 ± 2392
5053 ± 4958

2382 ± 1412
4522 ± 3244

3314 ± 2953
4690 ± 2889

2501 ± 1237
4172 ± 2276

2262 ± 1490
4211 ± 2819

IL-6
(pg/mgCr)

Pre
Post

0.445 ± 0.392
0.798 ± 0.530

0.527 ± 0.267
0.780 ± 0.557

0.397 ± 0.212
1.418 ± 1.423

0.676 ± 0.302
1.021 ± 0.861

0.484 ± 0.359
0.907 ± 0.579

0.794 ± 0.619
1.839 ± 1.897

IL-8
(pg/mgCr)

Pre
Post

9.168 ± 7.782
3.786 ± 1.791

6.491 ± 5.077
4.969 ± 1.629

5.460 ± 4.316
8.400 ± 5.455

5.112 ± 2.853
8.615 ± 6.825

4.541 ± 3.988
7.604 ± 6.530

3.935 ± 2.887
9.366 ± 7.042

IMP: results of immune protein trial, PLA: results of placebo trial, UOP: urinary osmotic pressure, and SPG:
urine-specific gravity. The data are presented as means ± SD.
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Figure 4. Results of renal function. (A) N-acetyl-β-d-glucosaminidase (NAG) concentration, (B) urine
osmotic pressure, and (C) urine-specific gravity. The data are presented as means ± SD. * p < 0.05, and
*** p < 0.001. Green text indicates a significance <0.05
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3.3. Intestine Damage Marker

I-FABP was measured as an intestinal damage marker. According to our results, I-FABP was
increased significantly after 3000 m TTs, indicating intestinal damage. When I-FABP concentration
was corrected with creatinine, it indicated that IMP supplementation attenuated the exercise-induced
increase of I-FABP significantly (Figure 5). Summary data are available in Table 1.

Figure 5. Urine intestinal fatty acid binding protein (I-FABP) concentration corrected with creatinine.
The data are presented as means ± SD. * p < 0.05 and *** p < 0.001. Green text indicates a significance
<0.05.

3.4. Muscle Damage Marker

Titin was measured as a muscle damage marker, which was not altered by 3000 m TTs. IMP did
not alter titin concentration (Figure 6). Summary data are available in Table 1.

Figure 6. Urine titin concentration corrected with creatinine. The data are presented as means ± SD.
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3.5. Inflammatory Substance Profile

The inflammatory markers IFN-γ, IL-1β, TNF-α, C5a, calprotectin, fractalkine, MCP-1, MPO,
and M-CSF were measured in subjects’ urine. In the placebo period, IFN-γ, IL-1β, and TNF-α tended
to increase after exercise. However, in the IMP supplementation period, the exercise-induced increase
of the above cytokines was inhibited (IFN-γ and TNF-α), or trended towards being inhibited (IL-1β),
according to interactions between drink and exercise (Figure 7). Summary data are available in Table 1.

Figure 7. Urine interferon (IFN)-γ (A), interleukin (IL)-1β (B), and tumor necrosis factor (TNF)-α (C)
concentrations corrected with creatinine. The data are presented as means ± SD. * p <0.05. Green text
indicates a significance <0.05 and orange text indicates a significance <0.10.
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C5a, calprotectin, MCP-1, and M-CSF were increased by 3000 m TTs. Fractalkine showed a trend
of being decreased with 3000 m TTs, whereas urine MPO was not altered. IMP did not alter the above
inflammatory substances (Figure 8). Summary data are available in Table 1.

Figure 8. Urine complement 5a (C5a) (A), calprotectin (B), fractalkine (C), monocyte chemotactic
protein (MCP)-1 (D), myeloperoxidase (MPO) (E), and macrophage colony-stimulating factor (M-CSF)
(F) concentrations corrected with creatinine. The data are presented as means ± SD. * p < 0.05 and
*** p < 0.001. Green text indicates a significance <0.05 and orange text indicates a significance <0.10.
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The concentrations of immunoregulatory cytokines, IL-2, IL-4, IL-10, and IL-12p40 were measured.
Urine IL-4 was not altered by 3000 m TTs (Figure 9A). Urine IL-10 and IL-12p40 were decreased by
3000 m TTs (Figure 9B,D). Urine IL-2 showed a trend of being decreased by 3000 m TTs (Figure 9C).
IMP did not alter the concentrations of the above immunoregulatory cytokines (Figure 9). Summary data
are available in Table 1.

Figure 9. Urine IL-4 (A), IL-10 (B), IL-2 (C), and IL-12p40 (D) concentrations corrected with creatinine.
The data are presented as means ± SD. * p < 0.05. Green text indicates a significance < 0.05 and orange
text indicates a significance <0.10.

The concentrations of IL-1ra and IL-6, anti-inflammatory and multi-functional cytokines
respectively, and IL-8, a neutrophil-activating cytokine, were measured. IL-1ra and IL-6 were
increased by 3000 m TTs (Figure 10A,B). IL-8 was not altered by 3000 m TTs. IMP did not alter the
concentrations of these cytokines (Figure 10). Summary data are available in Table 1.
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Figure 10. Urine IL-1 receptor antagonist (ra) (A), IL-6 (B), and IL-8 (C) concentrations corrected with
creatinine. The data are presented as means ± SD. * p < 0.05 and ** p < 0.01. Green text indicates a
significance < 0.05.
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4. Discussion

In the present study, we used urine samples, rather than plasma or serum samples, as a
non-invasive way to evaluate exercise-induced biomarker kinetics. In urine, the concentrations of
C5a, calprotectin, MCP-1, M-CSF, IL-1ra, IL-6, IL-10, and IL-12p40 showed significant changes with a
3000 m TT, whereas the concentrations of fractalkine and IL-2 showed marginally significant changes.
However, MPO, IL-4, IL-8, and titin were not altered in urine samples with a 3000 m TT.

Strenuous exercise may induce renal dysfunction, or even acute renal failure [33]. In the present
study, an increase in the concentration of NAG indicated that a 3000 m TT induced renal tubular
damage. Though IMP did not affect NAG, with 8 weeks of IMP supplementation, urine osmotic
pressure and specific gravity were not significantly affected by exercise, indicating that IMP may have
protective effects on renal condensing function.

Cytokine kinetics are well documented for their quick responses to strenuous exercise, reflecting a
transient perturbation to the immune system [1–3]. We demonstrated that IFN-γ, IL-1β, and TNF-α
were reduced by an 8-week IMP supplementation regimen, indicating that IMP may have potential in
preventing strenuous exercise-induced inflammation. A great body of literature has demonstrated
that strenuous exercise causes an inflammatory response and structural damage to the body, and that
nutritional approaches have been used to prevent exercise-induced inflammatory response [1–3].
For example, supplementation with polyphenols and flavonoids has been used to prevent inflammation
in exercise [34,35]. The potential mechanisms of this protection are thought to be related to
classical inflammation pathways and the Toll-like receptor 4-mediated pathway by down-regulating
down-stream protein and cytokine production [36]. Additionally, a low carbohydrate, high fat ketogenic
diet has also been reported to have the potential to prevent exercise-induced inflammation [37].
Volunteers consuming a proprietary milk protein supplement for 8 weeks reported significant
alleviation in joint pain and walked a significantly longer distance during a 6-min walking test [38].
Therefore, nutritional intervention may be a feasible method of protecting athletes from exercise-induced
inflammation and muscle or organ damage.

Athletes report GI symptoms during training and competition frequently [39]. I-FABP is reported
to reflect functional changes in exercise-induced intestinal permeability. Although the mechanism of
exercise-induced GI symptoms is not fully understood, 90 min of running at a challenging pace may
induce significant elevation of serum I-FABP concentrations, and symptomatic athletes have been
reported to exhibit higher lipopolysaccharide (LPS) activity, indicating intestinal damage and increased
intestinal permeability [39]. Although LPS from the portal circulation will be scavenged and removed
from the body by Kupffer cells, LPS clearance might be overwhelmed during prolonged intense
exercise, leading to the leakage of LPS from the liver into the central circulation, therefore leading to
endotoxemia and exercise-induced heat stroke [40]. Several supplementation methods, including the
administration of probiotics, have been considered for GI treatment in athletes. It has been reported
that a carbohydrate (CHO)-containing beverage has protective effects on gastroduodenal function
but showed no protective effects on intestinal function [41]. Acute oral glutamine supplementation
prior to exercise prevented the rise of plasma endotoxin and nuclear factor-κB (NF-κB) activation
in peripheral blood mononuclear cells [42]. However, adding glutamine to a CHO-containing
beverage has no additional protective effects [43]. Fish protein hydrolysates, combined with
indomethacin supplementation, reduced intestinal permeability by 62% [44]. Additionally, 4 weeks of
supplementation with a multi-strain probiotic was reported to provide a small reduction (d = 0.25)
in symptoms of gastrointestinal discomfort and increase running time to exhaustion, but failed to
adjust exercise-induced plasma IL-1ra, IL-6, and IL-10 alternation [45]. According to our results,
IMP supplementation significantly alleviated the elevation of I-FABP, which is a biomarker of GI
permeability, benefitting GI integrity and potentially contributing to the prevention of exercise-induced
endotoxemia and heat stroke.

Exhaustive exercise elicits systematic inflammatory responses and hypercytokinemia (also known
as “cytokine storm”) [46]. In fact, many studies have consistently shown that interleukins, such as IL-1β,
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IL-1ra, and IL-6, and cytokines from the interferon family and tumor necrosis factor family increase
markedly after endurance exercise [47–50]. In the present study, a 2-month IMP supplementation
effectively inhibited the elevation of IFN-γ, IL-1β, and TNF-α. These preventive effects may be
attributed to the protective role of IMP on LPS leakage by improving GI integrity.

Products from hyperimmunized animals have been reported for their properties in treating
endogenous infections, including intestinal bacteria stimulation and rotavirus diarrhea [51].
The anti-inflammatory properties of these products have also been reported [21,24,25].
After administration of 10 g of bovine hyperimmune colostrum immunoglobulin three times a
day for 5 days, healthy male volunteers showed a trend toward less diarrhea after being challenged
with Cryptosporidium parvum [52]. The mechanism of how products from hyperimmunized animals
protect individuals from endogenous infection is unknown; however, results of the present study
indicate that these mechanisms may be related to the retention of GI integrity and the improvement of
LPS-induced endogenous inflammation.

Similar to IMP, bovine colostrum, the “early milk,” is abundant in bioactive components, including
immune, growth, and antimicrobial factors [53,54]. In a cross-over study, after 2 weeks of daily
supplementation with bovine colostrum, treadmill running-induced intestinal permeability was
reduced by 80% [55]. Moreover, Playford et al. reported that bovine colostrum supplementation may
have the potential to reduce NSAID-induced increases in intestinal permeability [55]. The mechanisms
for this action have been demonstrated as being improved maintenance of tight junctions under thermal,
and possibly oxidative, stresses [52–55]. An et al. showed that bovine colostrum significantly inhibited
IL-1β-induced IL-8 and intracellular adhesion molecule-1 mRNA expression, suppressed IL-1β-induced
NF-κB activation and cyclooxygenase-2 protein expression levels, and blocked translocation of p65 into
the nucleus in HT29 cells [56]. Bovine colostrum has been also evaluated for its antibacterial activity
against Escherichia coli, Staphylococcus aureus, Proteus vulgaris, Enterobacter aerogenes, and Salmonella
typhi [57]. Due to its similarities to colostrum, IMP might function through similar mechanisms.
However, the mechanisms underlying the beneficial effects of IMP should be investigated in
further studies.

In the present study, we used a 1-month wash-out period to avoid carry-over effects. This period
was chosen on the basis of subjects’ activity levels and according to previous studies [28–30].
However, a longer wash-out period may better prevent carry-over effects. Another limitation in the
present study is the lack of exercise-induced symptoms observed and reported by the participants
according to the self-report questionnaires, though biochemical changes were seen with urine analyses.
Whether IMP will contribute its benefits to more strenuous exercise requires validation, and further
studies are encouraged.

5. Conclusions

We demonstrated that urine osmotic pressure, urine specific gravity, I-FABP, IFN-γ, IL-1β,
and TNF-α were reduced in runners provided an 8-week IMP supplementation regimen, indicating
that IMP may have the potential to prevent strenuous exercise-induced renal dysfunction, increased
intestinal permeability, and inflammation. Thus, IMP supplementation may provide a feasible
nutritional approach for the prevention of unfavorable exercise-induced disorders.
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Abstract: A link between telomere shortening and oxidative stress was found in aging people and
patients with cancer or inflammatory diseases. Extracts of Astragalus spp. are known to stimulate
telomerase activity, thereby compensating telomere shortening. We characterized a multi-component
hydroethanolic root extract (HRE) of Astragalus mongholicus Bunge and assessed its effects on telomeres
compared to those of danazol. Astragalosides I to IV, flavonoids, amino acids and sugars were
detected in the HRE. Samples of peripheral blood lymphocytes with short telomeres from 18 healthy
donors (mean age 63.5 years; range 32–86 years) were exposed to a single dose of 1 μg/mL HRE or
danazol for three days. Telomere length and telomerase expression were then measured. Significant
elongation of telomeres associated to a less toxicity was observed in lymphocytes from 13/18 donors
following HRE treatment (0.54 kb (0.15–2.06 kb)) and in those from 9/18 donors after danazol treatment
(0.95 kb (0.06–2.06 kb)). The rate of cells with short telomeres (<3 kb) decreased in lymphocytes from
all donors after exposure to either HRE or danazol, telomere elongation being telomerase-dependent.
These findings suggest that the HRE could be used for the management of age-related diseases.

Keywords: Astragalus mongholicus Bunge; danazol; telomere; telomerase; aging

1. Introduction

The age structure of human populations is changing, with an increase in the proportion of
elderly individuals [1]. Age-related diseases are currently the most important causes of morbidity and
mortality worldwide [2,3]. There is consequently an urgent need to develop approaches conducive to
better health in the elderly [4], thereby improving their quality of life and reducing medical costs [5,6].
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Telomeres are dynamic nucleoprotein structures that protect the ends of chromosomes from
degradation and activation of the DNA damage response. Telomeres are considered to be a biological
clock, playing a major role in aging and genome stability [7]. It is now well-documented that
telomere dysfunction is a potential biomarker for age-related diseases and can contribute to the
prognosis of several diseases [8–12]. Telomere sensitivity to inflammation and oxidative stress such
as ionizing radiation has been previously demonstrated [13]. This sensitivity promotes telomere
shortening and replicative senescence [14] leading to chromosomal instability [15]. This phenomenon
was found to occur in both proliferative and nonproliferative tissues [16]. To overcome telomere
dysfunction, activation of a telomere maintenance mechanism is required to support cell proliferation
and immortalization. In most cases, telomeres are elongated by telomerase, a cellular reverse
transcriptase capable of compensating telomere shortening through de novo addition of (T2AG3)n [17].
However, telomerase activity can decline with age [18]. Telomerase reactivation approaches have
been investigated to counteract telomere shortening and its consequences and have consequently
been proposed for the treatment of age-related diseases and telomeropathies [19]. It was shown
that antioxidant and anti-inflammatory agents can be used to slow the loss of telomere length [20].
Furthermore, several studies have reported telomere elongation by androgens such as danazol [7,21]
and by herbal products [22–27].

In traditional Chinese medicine, Astragali Radix (known as Huang Qi), the dried root of Astragalus
membranaceus (Fisch.) Bunge or Astragalus mongholicus Bunge, is an herbal medicine that has been used
to counteract oxidative stress, inflammation and aging since ancient times [28,29]. Pharmacological
studies have shown that Astragalus spp. extracts and their principal components (saponins, flavonoids
and polysaccharides) act on aging via several mechanisms [23,30]. In addition to their antioxidant,
anti-inflammatory, immunoregulatory and anticancer effects, extracts of Astragalus spp. have
been shown to exert beneficial effects on telomeres and to stimulate telomerase activity in various
models [22,23,31]. Most studies investigated cycloastragenol (TA-65), a single chemical entity isolated
by a proprietary purification process from a root extract of Astragalus membranaceus [22,24,25,31,32].

The objective of this study was to determine the phytochemical composition of a multicomponent
hydroethanolic root extract (HRE) of Astragalus mongholicus Bunge and to assess its effects on
telomere length and telomerase expression in lymphocytes from healthy donors with short telomeres,
per comparison with those of danazol, no such comparison having been made up to now within
the same cohort. We demonstrated significant telomere elongation in lymphocytes exposed to HRE,
associated with less toxicity than that induced by danazol treatment. This telomere elongation could
be related to telomerase activation. The proportion of lymphocytes with short telomeres decreased
significantly after exposure to either HRE or danazol in samples from all donors.

2. Materials and Methods

2.1. Preparation of the Hydroethanolic Root Extract of Astragalus mongholicus Bunge

Roots of A. mongholicus Bunge were collected in China in October 2015 and identified by Gilles
Thébaud from the UniVegE service of the University of Clermont-Ferrand (France) in which a voucher
specimen was deposited (CLF110821). CLF is registered in the Index Herbariorum of the New York
Botanical Garden.

The liquid HRE of A. mongholicus Bunge evaluated in this study was produced by PiLeJe Industrie
(France) according to the patented process WO2001056584A1. The batch used in this study (no.
C-16K404) contained 30.7% of dry material containing 0.05% formononetin and 0.16% of astragaloside
IV. The drug extract ratio (DER) of HRE, expressed as the ratio of the dry weight of the original fresh
plant material to that of the resulting extract, was 3:1. After addition of glycerol, the A. mongholicus
Bunge HRE corresponds to a formononetin-standardized extract of A. mongholicus Bunge (EPS Astragale,
PiLeJe Laboratoire, France).
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2.2. High-Performance Thin-Layer Chromatography (HPTLC) Analysis of A. mongholicus Bunge HRE

Standards were diluted in methanol at a concentration of 0.1 mg/mL for formononetin
(Extrasynthèse, Genay, France) and 0.51 mg/mL for astragaloside IV (European Directorate for
the Quality of Medicines & HealthCare, Strasbourg, France). A. mongholicus Bunge HRE without
glycerol (4 mL) was diluted in 16 mL of a mixture of ethanol and water (50/50:v/v). The resultant
solution was shaken and centrifuged for 3 min at 4400 rpm. The supernatant solution was transferred
into individual vials and then subjected to HPTLC analysis.

HPTLC analysis was performed on 100.0 × 100.0 mm silica gel 60 F 254 HPTLC glass plates
(Merck, Germany). Standard solutions and samples were applied to the plates in bands 8.0 mm
wide using a CAMAG Automatic TLC sampler (ATS 4). The plates were developed in a CAMAG
Automatic developing chamber (ADC2), derivatization being accomplished using a TLC plate heater
and a CAMAG Chromatogram Immersion Device. The chromatograms were recorded by a CAMAG
Visualizer with WinCATS software. The specific chromatographic conditions used for the three types
of compounds analyzed are presented in Supplementary Table S1.

2.3. Liquid Chromatography/Mass Spectrometry (LC/MS) Analysis of A. mongholicus Bunge HRE

Ultra-high performance liquid chromatography (UHPLC) analyses were performed on an Ultimate
3000 RSLC UHPLC system (Thermo Fisher Scientific Inc., Waltham, MA, USA) coupled with a binary
pump (U3000 HPG-3400RS) and a diode array detector. Compounds were separated on an Uptisphere
Strategy C18 column (25 × 4.6 mm, 5μm; Interchim, Montluçon, France) and maintained at 40 ◦C. The
flow rate was 0.8 mL/min, and the injection volume was 5 μL. Mobile phases were phase A, 0.1% (v/v)
formic acid in water and phase B, 0.1% (v/v) formic acid in acetonitrile with the linear gradient: 0–25
min, 100%–0% of phase A. The UHPLC system was connected to a Q-Exactive Orbitrap (Thermo Fisher
Scientific Inc.) mass spectrometer operated in negative and positive electrospray ionization modes.
Source operating conditions were: 3 kV spray voltage for the negative mode and 3.5 kV spray voltage
for the positive mode; 320 ◦C heated capillary temperature; 475 ◦C auxiliary gas temperature; sheath,
sweep and auxiliary gas (nitrogen) flow rate 60, 18 and 4 arbitrary units, respectively, and collision cell
voltage between 20 and 50 eV. Full-scan data were obtained at a resolution of 35,000, whereas tandem
mass spectrometry (MS2) data were obtained at a resolution of 17,500. Data were processed using
Xcalibur software (Thermo Fisher Scientific Inc.).

The components of the HRE were characterized according to their retention times, mass spectral
data and comparison with authentic standards, when available, or otherwise with published data.

2.4. In Vitro Exposure of Cell Lines And Cytotoxicity Approach

Lymphoblastoid cells from two human cell lines (BJAB and DG-75) were treated with increasing
doses of HRE (0.01, 0.1, 1 and 10 μg/mL) dissolved in ethanol 30% for 72 h at 37◦C. For the controls,
the same procedure was followed with ethanol alone (negative control) and with danazol (Sigma,
Saint Quentin Fallavier, France; dissolved in DMSO to concentrations of 0.01, 0.1, 1 and 10 μg/mL;
positive control). Survival was assessed using trypan blue, cell proliferation being evaluated on the
basis of the mitotic index after cell arrest. The number of cells in metaphase and interphase were
scored. The mitotic index was the ratio between the number of cells in metaphase to the total number
of scored cells.

2.5. Peripheral Blood Lymphocyte In Vitro Exposure and Culture Conditions

Peripheral blood lymphocytes from 18 healthy donors (15 men and 3 women) with a mean age of
63.5 years (range 32–86 years) were used in this study. A large cohort of 150 healthy donors was used
as a control. The use of samples from healthy donors has been approved by the Ethic Committee of
Gustave Roussy Cancer Campus University Paris Saclay (ethical approval code: Comités de protection
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des personnes CPP 97/06, and Ile-de-France/ Nephrovir/ 2010). Informed consent was obtained from
all donors included in this study.

Blood lymphocytes were exposed to 1 μg/mL HRE or danazol and cultured in RPMI 1640 medium
(Gibco-BRL, Grand Island, NY, USA) supplemented with Glutamax, 10% fetal bovine serum (Eurobio,
Courtaboeuf, France) and antibiotics (penicillin and streptomycin; Gibco-BRL) for 72 h (3 days) at
37 ◦C. The effects of A. mongholicus Bunge HRE and danazol on lymphocyte proliferation and telomere
length were assessed.

2.6. Telomere Quantification

Telomeres were quantified in interphase cells using the quantitative fluorescence in situ
hybridization (Q-FISH) technique with a Cy-3-labelled PNA probe specific for TTAGGG (Eurogenetec,
Liège, Belgium), permitting investigation of intercellular variation in a large number of scored cells.
The detailed procedure was described previously [11,12]. Quantitative image acquisition and analysis
were performed using Metacyte software (Metasystem, version 3.9.1; Altlussheim, Germany). The
mean fluorescence intensity (FI) of telomeres was automatically quantified in 10,000 nuclei on each
slide. Settings for exposure and gain remained constant between captures. The experiments were
performed in triplicate. Internal (cell line) and external (fluorescence beads) controls of the fluorescence
intensity were used in each experiment. Telomere length, measured as mean FI, was also translated into
the mean telomere length in kilobases (kb) using a standard curve performed in cancer patients, as well
as in human cell lines using the telomeric restriction fragment (TRF) [11] (Supplementary Figure S1).
Mean telomere length was expressed in kb.

2.7. Telomerase Expression Using Immunofluorescence

To quantify telomerase expression, peripheral blood lymphocytes of 6 donors were isolated in
Ficoll medium (Ficoll, Biochrom AG, Berlin, Germany) and then cultured in RPMI medium (Gibco-BRL)
supplemented with 10% fetal bovine serum (Eurobio, Courtaboeuf, France) and antibiotics (penicillin
and streptomycin; Gibco-BRL) at 37 ◦C for 72 h. The detailed procedure was published previously [33].

2.8. Statistical Analysis

All data were analyzed using R software version 3.5.3 and libraries. Mean comparisons were
computed using the two-sample Wilcoxon test. The following convention for symbols indicating
statistical significance were used: ns for p > 0.05, * for p ≤ 0.05, ** for p ≤ 0.01, *** for p ≤ 0.001 and ****
for p ≤ 0.0001. The regression curve presented was computed on the mean telomere length previously
determined in a cohort of 150 healthy donors [34] using a linear regression model (lm).

3. Results

3.1. Characteristics of A. mongholicus Bunge HRE

HPTLC analysis revealed the presence of astragalosides, including astragaloside IV, flavonoids,
including formononetin, and amino acids in the A. mongholicus Bunge HRE (Figure 1). Analysis by
UHPLC-MS confirmed the presence of astragaloside IV and formononetin, additionally revealing the
presence of astragalosides I, II and III (Supplementary Figure S2 and Tables S2 and S3). Isoflavones,
including calycosin, ononin and calycosin-7-o-β-d-glucoside, were also detected. Various amino
acids were identified, including L-canavanine, asparagine, aspartic acid, glutamic acid, leucine
and phenylalanine.
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Figure 1. High-performance thin-layer chromatography (HPTLC) plate for amino acids, astragalosides
and flavonoids. Track 1: A. mongholicus Bunge HRE (0.2 μL), Track 2: astragaloside IV (2 μL), Track 3:
A. mongholicus Bunge HRE (1 μL), Track 4: formononetin (4 μL) and Track 5: A. mongholicus Bunge
HRE (3.4 μL).

3.2. HRE Cytotoxicity

The cytotoxicity of HRE and danazol were assessed on the basis of cell viability and mitotic index
on two human cell lines (BJAB and DG-75) and human peripheral blood lymphocytes.

The choice of these cell lines was based on their telomere status, the BJAB cell line being
characterized by drastically short telomeres compared to the DG-75 cell line (Figure 2A). Cell viability
following exposure to each of the four HRE and danazol doses was assessed by manual cell counting
using trypan blue to stain dead cells (Figure 2B). No significant difference in cell viability was observed
between cells treated with HRE at 1 μg/mL and those treated with the vehicle (control). Interestingly,
BJAB cell viability was significantly higher after treatment with HRE at 0.01 μg/mL than in the controls
(p < 0.01). In contrast, danazol 1 μg/mL induced more toxicity in BJAB cells than in DG75 cells, showing
that BJAB cells are more sensitive to danazol than DG75 cells.

Similarly, the mitotic index was evaluated after the HRE and danazol treatments and compared
to the control value in the cell lines (Figure 2C). With regard to the BJAB cell line, the mitotic index
after HRE treatment was higher than that in the controls (more than 10.3%), confirming the high cell
viability results obtained after HRE treatment. In contrast, the mitotic index was reduced in BJAB cells
treated with danazol and confirmed the higher sensitivity of these cells to danazol. The results of
these experiments permitted selection of an optimal dose for human lymphocyte exposure that did not
induce increased toxicity, namely 1 μg/mL for both the HRE and danazol.

Mitotic index was also evaluated in peripheral blood lymphocytes from 18 healthy donors before
and after exposure to 1 μg/mL of HRE or danazol during three days. Figure 3 shows the relative change
in the mitotic index after HRE and danazol treatments compared to the control. A higher mitotic index
was observed in 15 donors after HRE treatment versus 11 donors after danazol treatment.
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Figure 2. Toxicity of hydroethanolic root extract (HRE) and danazol. BJAB and DG-75 cells were
incubated with increasing doses of the HRE or danazol for 3 days. (A) Metaphases from BJAB and
DG75 cell lines stained with a Cy3 telomere probe (red) and FITC centromere probe (green) showing
drastically short telomeres in BJAB cells. (B) Cell viability determined by manual cell counting after
staining with trypan blue. Relative survival was calculated after in vitro exposure to the HRE or
danazol. The data are representative of three independent experiments and expressed as the mean
ratio ± standard error of the mean. The experiments were performed in triplicate. (C) Mitotic index
variation after exposure to HRE and danazol for 3 days following a single dose of 1 μg/mL. Two slides
were used for each condition.

Figure 3. Toxicity of HRE and danazol treatment on circulating lymphocytes from healthy donors
based on the relative change in the mitotic index after HRE and danazol treatment (1 μg/mL) compared
to control values. Two slides were used to establish the mitotic index for each condition.
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3.3. In Vitro Exposure of Peripheral Blood Lymphocytes to HRE Induced Telomere Elongation and Decreased the
Proportion of Cells with Short Telomeres

Telomere length was measured using the quantitative fluorescence in situ hybridization (Q-FISH)
technique in interphase cells, permitting the investigation of intercellular variation in a large number
of scored cells. The mean telomere length in peripheral lymphocytes from each donor was based on
the quantification of telomere signal intensity performed in triplicate. We first analyzed telomere
length in a large cohort of healthy donors spanning a large age range (150 healthy donors; 2–76 years).
The rate of telomere loss was calculated from the decrease in telomere length as a function of donor
age. Telomere length declined at a rate of 79 pb/year (p < 10−6, R2 = 0.29; Figure 4).

Figure 4. Telomere length in peripheral blood lymphocytes as a function of age. The healthy blood
donors enrolled in this study presented very short telomeres in their peripheral blood lymphocytes
compared to those of a previously studied cohort of 150 blood donors [34]. The regression line indicates
natural telomere shortening with age (79 pb per year; Y = 12.1–0.79 and R2 = 0.29). Telomere length was
measured by Q-FISH. Fluorescence intensity was transformed to kilobases according to the correlation
between Q-FISH and Southern Blot results.

To assess the effect of HRE and danazol on telomere length, 18 healthy donors (mean age 63.5 years;
range 32–86 years) with short telomeres were selected. These donors had a mean telomere length of
5.97 kb (3.47–7.94 kb; Figure 4). Telomere length in peripheral blood lymphocytes from 15 of these
donors was lower than the median age-dependent telomere length (Figure 4).

After exposure to HRE, significant telomere elongation was observed in blood lymphocytes from
13 of the 18 donors (72%, 0.54 kb (0.15–2.06 kb); p < 0.001; Figure 5).

The increase in telomere length compared to that measured before treatment varied from 5%
to 27% (Figure 6A). No significant change in telomere length was observed in lymphocytes from
one donor, and moderate toxicity following exposure to HRE was seen in lymphocytes from four
donors (Figures 5 and 6A). We have also analyzed the rate of cells with very short telomeres, less
than 3kb [35]. The choice of this telomere length was based on both the telomere length observed
in patients with genetic disorders related to telomere mutations, such as dyskeratosis congenita and
aplastic anemia [36], and the telomere length in the cohort used in our study (mean telomere length:
5.97 kb). After HRE exposure, a decrease in the proportion of cells with very short telomeres (less than
3 kb) was observed in lymphocytes from all donors (Figure 6B and Supplementary Figure S3).
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Figure 5. Box plots of telomere length in circulating lymphocytes from healthy donors determined by
Q-FISH. Mean values are shown by diamond-shaped points. The middle line reflects the median, the
box length reflects the interquartile range (interquartile range, 75th–25th percentiles) and the whiskers
reflect the 5th and 95th percentiles. Statistical significance of the difference between telomere length of
circulating lymphocytes before and after treatment with HRE and danazol (1 μg/mL) (one-way analysis
of means ANOVA): **** p < 0.0001. NS: not significant.

Figure 6. Changes in telomere length in circulating lymphocytes from each healthy donor after
exposure to HRE and to danazol (1 μg/mL). (A) Change in mean telomere length and (B) decrease in
the proportion of lymphocytes showing drastic telomere shortening (<3 kb).
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After danazol exposure, significant telomere elongation was observed in cultured circulating
lymphocytes from 9 of the 18 donors (50%, 0.95 kb (0.06–2.06 kb); p < 0.001; Figure 5). The increase in
telomere length varied from 2% to 42% (Figure 6A). No significant change was observed in lymphocytes
from two donors, and toxicity following exposure to danazol was seen in lymphocytes from seven
donors (Figures 5 and 6A). As seen with HRE, a decrease in the rate of cells with very short telomeres
(less than 3 kb) was observed in lymphocytes from all donors (Figure 6B and Supplementary Figure S3).
Comparison of the effects of HRE and danazol on telomere elongation showed less toxicity and a positive
response in lymphocytes from more donors following exposure to HRE (13/18) than after exposure
to danazol (9/18). In a large cohort of 150 healthy donors, we determined the natural shortening of
telomeres related to natural aging to be 79 pb/year [33]. The mean telomere elongation corresponded
to a gain of 6.77 years of age (0.54 kb) after HRE and 12.08 years (0.95 kb) after danazol treatment.

3.4. The HRE Induced Telomerase Expression and Led to Telomerase-Dependent Elongation

Previously, we demonstrated that telomerase reverse transcriptase (hTERT) expression, assessed
by immunofluorescence, was strongly correlated with telomerase activity measured by the telomeric
repeat amplification protocol (TRAP) assay [33]. In this study, hTERT expression was assessed using
immunofluorescence staining in six donors. A significant increase in hTERT expression was observed
after exposure to HRE (0.6- to 14.4-fold relative to control) or to danazol (7.8- to 22.2-fold relative to
control; Figure 7). The increase in hTERT expression observed after exposure to HRE was lower than
that observed after exposure to danazol.

Figure 7. Telomerase expression after exposure to HRE and to danazol. (A) Representative image
of telomerase reverse transcriptase (hTERT) expression (red) after in vitro treatment of circulating
lymphocytes from healthy donors using immunofluorescence staining. Cells were counterstained with
DAPI (blue) (B) Quantification of the intensity of fluorescence of hTERT protein; 10,000 cells were
scored. All data are representative of three independent experiments and are expressed as the mean ±
standard error of the mean. The experiments were performed in triplicate. (C) Histogram displaying
the change in telomerase expression in circulating lymphocytes from healthy donors after exposure to
HRE and danazol as a multiple of telomerase expression before exposure to these agents. The absence
of hTERT expression for P6 and P9 after danazol treatment was due to a technical issue.
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4. Discussion

Aging is a complex and multifactorial process. Telomere shortening and dysfunction, with
other factors such as oxidative stress and replicative senescence, play a major role in natural
aging and age-related diseases [1]. The implication of telomere dysfunction related to genetic
susceptibility and/or environmental factors in genomic instability and age-related diseases has been
clearly demonstrated [11,12,37]. The development of novel specific and effective agents devoid of
major systemic side effects is a new challenge in the battle against aging. Telomere shortening,
the relevant marker of aging, is also responsible for cellular and organismal aging. Counteracting
telomere attrition and its consequences has been a main target for research during the last decade [7,22].
Regenerative medicine has also focused on strategies to maintain telomere length [31]. Androgens,
such as danazol, have been used to promote telomere elongation in patients with telomeropathies or
telomere syndromes [21]. Danazol has also been used to treat bone marrow syndromes for decades
with mixed responses and without knowledge of the underlying mechanisms. Recently, several studies
have demonstrated that danazol regulates expression of the telomerase gene in both in vitro and in
animal models [38,39]. However, the results concerning telomere elongation after in vivo treatment
with danazol have been inconsistent, with substantial variation between patients and evidence of poor
tolerance [40]. In addition to androgens, several herbal products have been tested for their effects
on telomeres [23,25,26,28]. Cycloastragenol (TA-65), a bioactive compound isolated from Astragalus
membranaceus, has been shown to increase telomere length and activate telomerase in both preclinical
and clinical studies [22,24,25,31,32,41,42].

In our laboratory, telomere length has already been evaluated in large cohorts of healthy donors
and cancer patients [11,33–35]. In a large cohort of healthy donors, telomere length decreased at a
rate of 79 pb per year, which is in line with the rate published by other authors [43–45]. In this study,
we assessed the effects of a multi-component extract of Astragalus mongholicus Bunge on telomere
elongation and telomerase activity in comparison to those of danazol. Up to now, no such comparison
had been performed within the same cohort.

The first step in this study consisted to assess the toxicity of HRE using human cell lines.
Less toxicity was observed with HRE than with danazol in terms of cellular viability and proliferation
(mitotic index). These data confirmed the toxicity of danazol, which had been described previously,
mainly apparent in the context of drastically short telomeres [21]. The BJAB cell line, characterized by
very short telomeres, showed higher proliferation after exposure to low doses of HRE. In contrast, there
was a significant decrease in cellular proliferation and the mitotic index in BJAB cells after danazol
treatment. This discrepancy in the response of BJAB cells to danazol and HRE treatment could be due
to the telomere shortening in these cells [46]. Additional investigations are needed to elucidate the
mechanisms underlying the sensitivity of BJAB cells to treatment.

The effects of HRE and danazol on telomere elongation and telomerase expression in cultured
lymphocytes were evaluated using a specific cohort of healthy blood donors presenting short telomeres
essentially related to their age. We clearly demonstrated that exposure to HRE induced significant
telomere elongation in lymphocytes from more than 70% of the donors and reduced the proportion
of lymphocytes with short telomeres (below 3 kb) from all donors, with very moderate toxicity. This
telomere elongation was related to an increase in telomerase activity. These data are in line with those
of previously published studies on cycloastragenol [32,41,42].

We also showed that exposure to HRE not only achieved a telomere elongation corresponding to
6.8 years of natural aging but also decreased the proportion of cells with very short telomeres (less
than 3 kb) from all the donors. These cells with drastically short telomeres are those that could be at
the origin of a number of malignancies and age-related diseases [8]. The results obtained with danazol
are in line with those obtained in patients with bone marrow syndromes [21], as well as in those with
telomeropathies [40]. In addition, a broader heterogeneity in the responses and a higher rate of toxicity
in lymphocytes of 39% (7/18) of the donors has been observed with danazol as compared to that seen
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with HRE. Similarly a broad heterogeneity of clinical responses has been observed in aplastic anemia
in terms of response to danazol [47].

The extract tested in this work was obtained from roots of Astragalus mongholicus Bunge according
to a patented process preserving the integrity and diversity of the plant totum, defined as the entire
set of compounds contained in the part of the plant used for extraction. Phytochemical analysis of
the A. mongholicus Bunge HRE tested revealed the presence of formononetin and astragaloside IV.
Isoflavones, including calycosin, ononin and calycosin-7-o-β-d-glucoside, were also detected. In a
study performed with a multi-component extract of Astragalus membranaceus roots [31], mild increases
in telomerase were observed in a few donor T cell cultures compared to cycloastragenol, which
significantly increased telomerase activity. In this study, the extract tested was “an extract of the root
of Astragalus membranaceus but not a single purified compound entity”. No other information on the
composition of the extract is provided. In another study, an Astragalus extract (also without further
specifications) was reported to induce significant telomerase activity in primary human IMR90 cells [25].
Astragaloside IV identified in our extract is most certainly responsible for at least some of the effects
observed in our study. To our knowledge, no studies have been carried out with astragaloside IV
alone. Cycloastragenol, with which most studies have been conducted and the effects observed, is a
derivative of astragaloside IV. No data exist on the other compounds identified in our extract regarding
a possible effect on telomeres and telomerase. However, it cannot be excluded that some of them are
active. This remains to be investigated. In addition, compounds that were not detected in the HRE in the
analyses performed, but that could still be present, could also be involved. For example, two isomers of
4-hydroxy-5-hydroxymethyl-(1,3)dioxolan-2,60-spirane-50,60,70,80-tetrahydro-indolizine-30-carbaldehyde
(HDTIC), HDTIC-1 and HDTIC-2, extracted from Astragalus membranaceus slowed down the telomere
shortening rate of 2BS cells [44].

5. Conclusions

Using a cohort of healthy elderly donors with telomere shortening related to natural aging,
we demonstrated that A. mongholicus Bunge HRE in vitro exposure could induce telomere elongation
in circulating lymphocytes. This elongation was associated with less toxicity than danazol. This data
could help define potential therapeutic strategies based on the use of this natural agent in populations
with drastically short telomeres. It will be important to investigate the in vivo effects of the HRE in
an elderly population with and without age-related diseases. The use of a specific model involving
telomeropathy (such as TERT gene mutations, for example) could increase our knowledge relevant
to the introduction of the tested HRE as a possible agent for counteracting telomere shortening and
its consequences.

Association of this treatment with regular physical exercise, a healthy lifestyle, diet and lower
exposure to stress could be a first step in slowing the natural aging process and combatting age-related
diseases. A multidisciplinary approach and the definition of adequate experimental in vivo models
are needed to win the battle against premature aging.

6. Patents

The patented process number is WO2001056584A1.
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Abstract: Diospyrin is a bisnaphthoquinonoid medicinal compound derived from Diospyros lotus,
with known anti-cancer, anti-tubercular, and anti-leishmanial activities against Leishmania donovani.
However, the effects of diospyrin on lipopolysaccharide (LPS)-induced macrophage activation
and inflammation are not fully reported. In this study, the anti-inflammatory effects of diospyrin
on LPS-induced macrophages were examined. Diospyrin showed no toxicity in RAW 264.7 at
concentrations of up to 10 μM. Diospyrin moderated the production of nitric oxide (NO), monocyte
chemotactic protein-1, macrophage inflammatory protein-1β, interleukin (IL)-6, IL-10, granulocyte
colony-stimulating factor, granulocyte macrophage colony-stimulating factor, vascular endothelial
growth factor, leukemia inhibitory factor, and RANTES/CCL5, as well as calcium release in
LPS-induced RAW 264.7, at concentrations of up to 10 μM significantly (p < 0.05). Diospyrin
also significantly inhibited the phosphorylation of p38 mitogen-activated protein kinase (MAPK) and
mRNA expression of C/EBP homologous protein (CHOP), as well as tumor necrosis factor receptor
superfamily member 6 (Fas), in LPS-induced RAW 264.7 cells at concentrations of up to 10μM (p< 0.05).
Diospyrin exhibits anti-inflammatory properties mediated via inhibition of NO, and cytokines in
LPS-induced mouse macrophages via the ER-stressed calcium-p38 MAPK/CHOP/Fas pathway.

Keywords: diospyrin; lipopolysaccharide; anti-inflammation; macrophages; nitric oxide; cytokine;
calcium; CHOP; Fas; p38 MAPK

1. Introduction

Immunity is essential for life. Innate immunity is important in protecting the host against the
invasion of pathogenic microorganisms, including viruses, bacteria, fungi, and parasitic protozoa,
as well as preventing tumor occurrence. Capone et al. reported that inflammation is an immune
and physiological event in response to infection and/or several types of trauma [1]. Warnatsch et al.
reported that inflammation is critical against infection, but must be regulated to prevent inflammatory
disease [2].

Macrophage is a representative phagocyte. Macrophages are important inflammatory
cells implicated in the initiation of inflammatory responses. They play a critical role in the
pathogenesis of numerous inflammatory diseases by secreting various pro-inflammatory mediators
and pro-inflammatory cytokines [3].

Zhang et al. reported that lipopolysaccharide (LPS) is regarded to be a key factor in the pathogenesis
of bacterial sepsis [4].

Biomedicines 2020, 8, 11; doi:10.3390/biomedicines8010011 www.mdpi.com/journal/biomedicines

103



Biomedicines 2020, 8, 11

Cytokine storm is thought to be important in the uncontrolled inflammation, which could be
provoked by serious bacterial infections. Till now, treatments for cytokine storm are insufficient in spite
of various antibiotics and many new vaccines. Natural compounds sometimes receive attention owing
to their nontoxicity and anti-inflammatory activities. With anti-inflammatory effects, the signaling
pathway of natural compounds for infections deserves careful study.

Diospyrin (Figure 1), the bisnaphthoquinonoid product derived from the medicinal plant Diospyros
lotus, is known to exhibit anti-cancer, anti-tubercular, and anti-leishmanial activity against Leishmania
donovani [5]. However, the effects of diospyrin on LPS-induced macrophages are not fully reported.

 
Figure 1. Chemical structure of diospyrin.

In the present study, we investigated the inhibitory effects of diospyrin on LPS-induced
inflammation using RAW 264.7 mouse macrophages. Treatment with diospyrin concentrations
up to 10 μM significantly modulated the excessive production of inflammatory mediators such as
nitric oxide (NO), cytokines, chemokines, and growth factors. It also inhibited calcium release,
phosphorylation of p38 mitogen-activated protein kinase (MAPK), and mRNA expression of C/EBP
homologous protein (CHOP) and tumor necrosis factor receptor superfamily member 6 (Fas) in
LPS-induced RAW 264.7 cells.

2. Materials and Methods

2.1. Materials

Dulbecco’s modified Eagle’s medium (DMEM), FBS, penicillin, streptomycin, PBS, and other
cell culture reagents were purchased from Millipore (Billerica, MA, USA). Diospyrin was isolated
from Diospyros lotus by Dr. Inamullah Khan. Multiplex cytokine assay kits were purchased from
Millipore. The Fluo-4 calcium assay kit was supplied by Molecular Probes (Eugene, OR, USA).
Real-time RT-PCR kits were ordered from Bio-Rad (Hercules, CA, USA). Phospho-p38 MAPK Antibody
(T180/Y182) (eBioscience 17-9078-42) and Mouse IgG2b kappa Isotype Control (eBioscience 12-4732-81)
were obtained from Life Technologies Corporation (Carlsbad, CA, USA). All other solutions for flow
cytometric analysis were purchased from Thermo Fisher Scientific (Waltham, MA, USA).

2.2. Cell Viability Assay

RAW 264.7 cell line were obtained from Korea Cell Line Bank (Seoul, Korea). The modified MTT
assay was used to evaluate the effect of diospyrin on viability of RAW 264.7 [6].

2.3. Quantification of NO Production

Cell were incubated with compounds for 24 h in 96-well plates and NO level in each well was
evaluated using the Griess reagent assay kit (Millipore) according the manufacturer’s protocol at
540 nm with a microplate reader (Bio-Rad) [6]. Indomethacin (0.5 μM) was used as a positive control.
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2.4. Intracellular Calcium Assay

Cell were incubated with compounds for 18 h in 96-well plates and the intracellular calcium
signaling from each well was evaluated using Fluo-4 NW Calcium Assay Kits (Thermo Fisher Scientific)
according the manufacturer’s protocol by a spectrofluorometer (Dynex, West Sussex, UK), with
excitation and emission filters of 485 nm and 535 nm [7]. Indomethacin (0.5 μM) was used as a
positive control.

2.5. Cytokines Production

Cell were incubated with materials for 24 h in 96-well plates and productions of various cytokines
from each well were evaluated using Multiplex cytokine assay kits (Millipore) and Bio-Plex 200
suspension array system (Bio-Rad) according the manufacturer’s protocols [7,8].

2.6. RNA Isolation and Real Time RT-PCR Analysis

Cell were incubated with materials for 18 h in six-well plates and RNA quantity was evaluated
with real time RT-PCR analysis using NucleoSpin RNA kit (Macherey-Nagel, Duren, Germany), iScript
cDNA Synthesis kit (Bio-Rad), the Experion RNA StdSens Analysis kit (Bio-Rad), iQ SYBR Green
Supermix (Bio-Rad), and Experion Automatic Electrophoresis System (Bio-Rad) [8,9]. The target genes
are listed in Table 1. The β-actin was used as a reference.

Table 1. Primers used for RT-PCR analysis.

Name 1 Forward Primer (5′–3′) Reverse Primer (5′–3′)
CHOP CCACCACACCTGAAAGCAG TCCTCATACCAGGCTTCCA

FAS CGCTGTTTTCCCTTGCTG CCTTGAGTATGAACTCTTAACTGTGAG
β-actin CTAAGGCCAACCGTGAAAAG ACCAGAGGCATACAGGGACA

1 Primers’ names; C/EBP homologous protein (CHOP), first apoptosis signal receptor (FAS), β-actin.

2.7. Flow Cytometry

After 15 min of incubation in six-well plates with compounds, cells were harvested and washed
with a flow cytometry staining buffer (Thermo Fisher Scientific, Waltham, MA, USA). The cells were
stained with anti-phospho-p38 MAPK antibodies according to the manufacturer’s protocol. Prior to
antibody staining, cells were fixed and permeabilized using Fix Buffer I (Thermo Fisher Scientific) and
Perm Buffer III (Thermo Fisher Scientific), respectively. Stained cells were analyzed on the Attune NxT
flow cytometer (Thermo Fisher Scientific). Unstained cells were used as negative gating control. Mouse
IgG2b kappa Isotype Control was used to confirm the specificity of ohospho-p38 MAPK antibody.
The raw data were analyzed using Attune NxT software (Thermo Fisher Scientific). Baicalein (25 μM)
was used as a positive control. In this assay, the concentration of LPS was 0.1 μg/mL because LPS at
the concentration of 1 μg/mL caused excessive effects on cellular reaction, which made the evaluation
of the signaling pathway difficult.

2.8. Statistical Analysis

Data are presented as mean ± SD. All data were analyzed by one-way analysis of variance test
using GraphPad Prism (ver. 4; GraphPad Software, San Diego, CA, USA).

3. Results

3.1. Effect of Diospyrin on Cell Viability

In this study, diospyrin up to a concentration of 10 μM restored the viability of RAW 264.7 cells
(Figure 2A). The cell viabilities of RAW 264.7 cells, which were incubated with diospyrin at
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concentrations of 0.1, 1, 5, and 10 μM/mL for 24 h were 118.84% ± 11.87%, 142.4% ± 17.47%,
147.22% ± 13.28%, and 131.65% ± 8.51%, respectively, of the normal group treated with media
only. On the basis of this result, diospyrin concentrations of up to 10 μM were selected for use in
subsequent experiments.

Figure 2. Effect of diospyrin on cell viability, NO production, and calcium release in lipopolysaccharide
(LPS)-induced RAW 264.7 cells. After 24 h treatment, cell viability (A) was evaluated via a modified
MTT assay and nitric oxide (NO) production (B) was measured using the Griess reaction assay. Calcium
release (C) was measured with Fluo-4 calcium assay after 18 h treatment. Data are of mean ± SD and
pooled from more than three independent experiments. Nor, normal group (media only); Con, control
group (LPS alone); IN, indomethacin (0.5 μM). ### p < 0.001 vs. Nor; * p < 0.05 vs. Con; ** p < 0.01 vs.
Con; *** p < 0.001 vs. Con.

3.2. Effect of Diospyrin on NO Production

Diospyrin significantly inhibited the excessive production of NO in LPS-induced RAW 264.7 cells
(Figure 2B). Percentages of NO production in LPS-induced RAW 264.7 cells incubated with diospyrin
at concentrations of 0.1, 1, 5, and 10 μM for 24 h were 99.15% ± 2.12%, 97.94% ± 2.11%, 85.76% ± 2.5%,
and 57.35% ± 5.74%, respectively, of the control group treated with LPS only.

3.3. Effect of Diospyrin on Intracellular Calcium Release

In the present study, diospyrin significantly inhibited the calcium release in LPS-induced RAW
264.7 cells (Figure 2C). Percentages of calcium release in LPS-induced RAW 264.7 cells incubated with
diospyrin at concentrations of 0.1, 1, 5, and 10 μM for 18 h were 75.84% ± 11.98%, 46.06% ± 9.44%,
39.5% ± 13.49%, and 33.63% ± 8.18%, respectively, of the control group treated with LPS alone.

3.4. Effect of Diospyrin on Cytokine Production

In the present study, diospyrin significantly reduced the excessive synthesis of monocyte
chemotactic protein (MCP)-1, macrophage inflammatory protein (MIP)-1β, granulocyte
colony-stimulating factor (G-CSF), granulocyte macrophage colony-stimulating factor (GM-CSF),
vascular endothelial growth factor (VEGF), RANTES/CCL5, leukemia inhibitory factor (LIF; IL-6 class
cytokine), interleukin (IL)-6, and IL-10 in LPS-induced RAW 264.7 cells (Figure 3). In detail, the
production of MCP-1 in LPS-induced RAW 264.7 cells incubated with diospyrin at concentrations of 1,
5, and 10 μM for 24 h were 73.02% ± 13.18%, 57.02% ± 9.51%, and 61.22% ± 11.23%, respectively, of
the control group treated with LPS only. The levels of MIP-1β were 97.11% ± 0.84%, 95.24% ± 1.3%,
and 67.74% ± 8.73%, respectively. The levels of IL-10 following treatment with the three different
concentrations of diospyrin were 78.56% ± 13.8%, 28.81% ± 10.48%, and 11.32% ± 3.87%, respectively.
The levels of IL-6, G-CSF, GM-CSF, VEGF, LIF, and RANTES, following exposure to the three different
concentrations of diospyrin, were as follows: 100.94% ± 1.16%, 46.37% ± 5.6%, and 4.94% ± 1.56%;
97.55% ± 1.78%, 96.19% ± 1.04%, and 43.51% ± 12.16%; 86.56% ± 8.86%, 7.15% ± 2.96%, and
1.12% ± 0.5%; 98.28% ± 3.11%, 35.78% ± 3.16%, and 21.55% ± 2.64%; 102.46% ± 4.75%, 32.2% ± 5.12%,
and 4.81% ± 1.13%; and 102.55% ± 4.47%, 81.13% ± 6.81%, and 21.08% ± 5.4%, respectively.
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Figure 3. Effect of diospyrin on production of monocyte chemotactic protein (MCP)-1, macrophage
inflammatory protein (MIP)-1β, granulocyte colony-stimulating factor (G-CSF), granulocyte
macrophage colony-stimulating factor (GM-CSF), vascular endothelial growth factor (VEGF),
RANTES/CCL5, leukemia inhibitory factor (LIF; IL-6 class cytokine), interleukin (IL)-6, and IL-10 in
LPS-stimulated RAW 264.7. Data are of mean ± SD and pooled from more than three independent
experiments. Nor, normal group (media only); Con, control group (LPS alone); IN, indomethacin
(0.5 μM). ### p < 0.001 vs. Nor; * p < 0.05 vs. Con; ** p < 0.01 vs. Con; *** p < 0.001 vs. Con.

3.5. Effect of Diospyrin on mRNA Expression of CHOP and Fas

In the present study, diospyrin significantly inhibited mRNA expression of CHOP and Fas in
LPS-induced RAW 264.7 cells (Figure 4). In detail, the levels of mRNA expression of CHOP in
LPS-induced RAW 264.7 cells incubated with diospyrin at concentrations of 1, 5, and 10 μM for 18 h
were 60.19% ± 7.79%, 3.1% ± 0.18%, and 1.71% ± 0.09%, respectively, of the control group treated with
LPS only (Figure 4A), and the corresponding levels of Fas mRNA were 18.9% ± 3.54%, 12.69% ± 2.92%,
and 2.86% ± 0.51%, respectively (Figure 4B). The data suggest that diospyrin inhibits calcium release
from endoplasmic reticulum stores and the inflammatory reaction in LPS-induced mouse macrophages
via calcium-CHOP/Fas pathway.
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Figure 4. Effect of diospyrin on mRNA expression of C/EBP homologous protein (CHOP) (A) and
Fas (B) in LPS-induced RAW 264.7 were measured with real-time RT-PCR after 18 h incubation with
compounds. β-actin was used as the housekeeping gene. Nor, normal group (media only); Con, control
group (LPS alone). IN denotes indomethacin (0.5 μM). Values are the mean ± SD of three independent
experiments. ### p < 0.001 vs. Nor; *** p < 0.001 vs. Con.

3.6. Effect of Diospyrin on Phosphorylation of p38 MAPK

In the present study, diospyrin significantly inhibited the phosphorylation of p38 MAPK in
LPS-induced RAW 264.7 cells (Figure 5). The phosphorylation of p38 MAPK in LPS-induced RAW
264.7 cells incubated with diospyrin at concentrations of 1, 5, and 10 μM for 15 min were 94.76%± 2.14%,
84.67% ± 1.66%, and 77.77% ± 4.2%, respectively of the control group treated with LPS (0.1 μg/mL)
only (Figure 5). The data suggest that diospyrin modulates the inflammatory reaction in LPS-induced
mouse macrophages via p38 MAPK pathway.

Figure 5. Effect of diospyrin on the phosphorylation of p38 MAPK in LPS-induced RAW 264.7 cells.
After 15 min of treatment, the phosphorylation of p38 MAPK was measured via flow cytometry.
The normal group (Nor) was treated with media only. The control group (Con) was treated with LPS
(0.1 μg/mL) alone. Ba25 denotes baicalein (25 μM). Values are the mean ± SD of three independent
experiments. ### p < 0.001 vs. Nor; * p < 0.05 vs. Con; ** p < 0.01 vs. Con; *** p < 0.001 vs. Con.

4. Discussion

Various bioactivities of diospyrin such as anti-cancer and anti-leishmanial effects have been
reported [5]. However, the effects of diospyrin on LPS-induced macrophages have yet to be
fully reported.

Macrophages and monocytes are important mediators of innate reaction and inflammation against
pathogenic bacterial infection [6–10]. Ferret et al. reported that macrophages and their circulating form
monocytes mediate innate immunity and inflammatory reactions by presenting foreign antigens and
scavenging dead cells [11]. Medina et al. reported that macrophages produce various inflammatory
mediators such as cytokines and NO in the immune activity [12].
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LPS, the main component of outer membrane of Gram-negative bacteria, has been shown to
induce infection, inflammation, or tissue damage, as well as mediate inflammatory responses via
MAPK pathway such as p38 MAPK and extracellular signal-regulated protein kinases (ERK) [13].

Lechner et al. reported that NO plays an important role in numerous physiological
and pathophysiological conditions [14]. Thiemermann et al. reported that the expression of
inducible nitric-oxide synthase and the production of large quantities of NO may contribute to
the pathophysiology of endotoxemia or sepsis [15]. Evans et al. reported that excessive production
of NO may be responsible, at least in part, for the hypotension associated with septic shock [16].
The current data show that diospyrin exerts inhibitory effects on the production of NO in LPS-induced
RAW 264.7. Thus, diospyrin might be a candidate for modulating septic shock.

Kankkunen et al. reported that inflammasome is an intracellular molecular mediator of innate
immunity in inflammation [17]. Martin et al. reported that inflammasomes are multiprotein complexes
that activate caspase-1 in response to infections and stress, resulting in the secretion of pro-inflammatory
cytokines [18], doi et al. reported that the activated macrophages produce pro-inflammatory cytokines
such as MCP-1 [19]. Pavel et al. reported that cytokines regulate the immune response to infection
by binding to cytokine receptors on the plasma membrane [20]. Gadient and Patterson reported
that, in addition to the systemic acute phase reaction, IL-6 and LIF are associated with several acute
and chronic inflammatory diseases, including rheumatoid arthritis and bacterial meningitis [21].
Ruddy et al. reported that the levels of various cytokines such as MCP-1, G-CSF, GM-CSF, and IP-10
are increased in bronchoalveolar fluid and the lung tissue of pneumococcal pneumonia during lung
inflammation [22]. Capelli et al. reported that MCP-1 and MIP-1β levels are significantly increased in
patients with chronic bronchitis [23]. Zhu et al. reported that the marked upregulation of RANTES in the
epithelium and subepithelium exacerbates bronchitis [24]. Coussens and Werb reported that the tumor
microenvironment, which is largely orchestrated by inflammatory cells, plays an indispensable role in
the neoplastic transformation, proliferation, survival, and migration of cancer cells [25]. Kyama et al.
have already reported that IL-6 and VEGF induce the development of endometriosis via excessive
endometrial angiogenesis [26]. Appelmann et al. have also reported that VEGF overexpression has
been linked to different types of malignancies and tumors [27]. Meanwhile, Dace et al. reported that
IL-10, although traditionally considered as an anti-inflammatory cytokine, also contributes to the
pathobiology of autoimmune diseases [28]. Meanwhile it could be recommended to investigate levels
of cytokines simultaneously using pathogen-like molecules because cytokines are various. In this
study, the data represent that diospyrin moderates excessive productions of inflammatory mediators
such as MCP-1, MIP-1β, IL-6, IL-10, G-CSF, GM-CSF, VEGF, LIF, and RANTES in LPS-induced RAW
264.7. This means that diospyrin could be applied to treat bacterial infectious diseases such bacterial
pneumonia and bacterial meningitis. In the addition, the current results mean that diospyrin might
be effective to alleviate cytokine storm caused by bacterial infection. Cytokine storm is regarded as
a serious and uncontrolled increase of cytokines’ level in the blood of infectious patients. Till now,
treatments for cytokine storm are insufficient. Thus, diospyrin could be one of candidates for treating
the uncontrolled cytokine storm revoked by bacterial infections.

Stout et al. reported that the ER calcium stores are reduced and intracellular calcium concentration
is increased initially during the inflammation cascade [29]. Tabas et al. reported that the death receptor
Fas is activated by CHOP, which amplifies the release of calcium from ER stores into the cytosol in
ER-stressed macrophage [30]. Interestingly, Wang and Ron reported that CHOP was activated by p38
MAPK in the stressed cells [31]. Endo et al. reported that LPS triggers ER stress via overexpression of
CHOP and activation of p38 MAPK, which mediates apoptosis in macrophages [32]. It is not easy to
establish the MAPK signaling pathway including intracellular calcium release in inflammatory cascade.
We focused on the activation of CHOP in RAW 264.7 stimulated by LPS, because CHOP is known to
mediate the calcium–Fas–MAPK pathway. In the present study, diospyrin significantly inhibits the
production of inflammatory cytokines, calcium release, and mRNA expression of CHOP and Fas in
LPS-induced RAW 264.7 cells. Additionally, diospyrin significantly inhibited the phosphorylation of
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p38 MAPK in LPS-induced RAW 264.7 cells. These data suggest that diospyrin modulates LPS-induced
macrophage activation via the ER-stressed calcium-p38 MAPK/CHOP/Fas pathway.

5. Conclusions

The present study demonstrates the anti-inflammatory effects of diospyrin via inhibition of NO,
MCP-1, MIP-1β, IL-6, IL-10, G-CSF, GM-CSF, VEGF, LIF, and RANTES in LPS-induced macrophages
mediated via the ER-stressed calcium-p38 MAPK/CHOP/Fas pathway. Further studies are needed to
evaluate the medicinal benefits of diospyrin in inflammatory diseases.
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Abstract: Breast Cancer is still one of the most common cancers today; however, with advancements
in diagnostic and treatment methods, the mortality and survivorship of patients continues to decrease
and increase, respectively. Commonly used treatments today consist of drug combinations, such as
doxorubicin and cyclophosphamide; docetaxel, doxorubicin, and cyclophosphamide; or doxorubicin,
cyclophosphamide, and paclitaxel. Although these combinations are effective at destroying cancer
cells, there is still much to be understood about the effects that chemotherapy can have on normal
organ systems such as the nervous system, gastrointestinal tract, and the liver. Patients can experience
symptoms of cognitive impairments or “chemobrain”, such as difficulty in concentrating, memory
recollection, and processing speed. They may also experience gastrointestinal (GI) distress symptoms
such as diarrhea and vomiting, as well as hepatotoxicity and long term liver damage. Chemotherapy
treatment has also been shown to induce peripheral neuropathy resulting in numbing, pain, and
tingling sensations in the extremities of patients. Interestingly, researchers have discovered that
this array of symptoms that cancer patients experience are interconnected and mediated by the
inflammatory response.

Keywords: cyclophosphamide; doxorubicin; docetaxel; paclitaxel

1. Introduction

Breast cancer is one of the most common cancers in the world and one of the leading
causes of mortality among women worldwide [1]. Although incidences of breast cancer are
increasing in countries such as the United States, related mortality continues to decrease,
and survivorship continues to increase [1]. In 1975, the breast cancer death rate for women
aged 30 to 79 was 48.3 deaths per 100,000 women; however, by the year 2000, the breast
cancer death rate dropped to 38.0 deaths per 100,000 women [2]. In the year 2010, the
average annual percentage change for breast cancer related deaths decreased by 2.9 percent
and this trend is expected to continue well on into the year 2030 [3]. These recent trends
are largely due to improved prevention, detection, and treatment methods over the last
several decades. However, despite these positive trends in survivorship, we are still trying
to understand the implications of current treatment methods on the long-term health and
quality of life of breast cancer patients.

One of the oldest and most commonly used treatment methods for breast cancer and
cancer, in general, is chemotherapy. Using chemotherapy to treat cancer has a long history
that has its underpinnings in the 1940s, based on observations made previously during the
First World War. Mustard gas, which had been used as a biological weapon, was observed
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to reduce white blood cell counts in soldiers, and consequently, scientists theorized that
this agent could be used to treat cancer. As a result, experiments began to assess the ability
of mustard agents to treat lymphoma bearing mice [4,5]. Upon noticeable regressions
of the lymphoma in the mice, a less volatile form of mustard gas (mustine) was used to
treat a human patient with non-Hodgkin’s lymphoma with some limited success [6]. In
the decades following, chemotherapy garnered skepticism as methods such as surgery
and radiotherapy were prioritized for treating cancer; however, with the eventual plateau
of cure rates by these other methods and the continued development of chemotherapy
treatments, chemotherapy soon began to develop into what we know today.

Breast cancer was largely responsible for the resurgence of the use of chemotherapy
both in conjunction with and after surgery. In the 1970s, chemotherapy was adapted
for breast cancer with the first reports of the efficacy of combining cyclophosphamide,
methotrexate, and fluorouracil (CMF) as an adjuvant treatment [4,5]. This discovery was
important not only for the management of breast cancer but also for the practice of imple-
menting drug combinations into cancer treatment as a supplement to surgery. Although the
use of anthracycline agents (doxorubicin) to treat metastatic breast cancer was described
in the 1960s, it was only in the 1990s that the combination of doxorubicin and cyclophos-
phamide (AC) became a standard treatment regimen in breast cancer treatment [7,8]. The
rationale for introducing anthracyclines in breast cancer treatment was to reduce the du-
ration of treatment, the number of hospital visits, nausea, and to improve the efficacy of
CMF treatment [9]. Development of taxanes similarly began in the 1970s; however, the
inclusion of drugs such as paclitaxel and docetaxel in combination with anthracycline
treatments did not occur until the late 1990s and early 2000s [10–14]. The addition of
taxanes in conjunction with AC treatment has been shown to significantly improve the
efficacy of treatment and the overall survival among women with breast cancer compared
to just AC alone [14,15].

Today, the most commonly used breast cancer treatments consist of one of two combi-
nation treatments: docetaxel (Taxotere), doxorubicin (Adriamycin), and cyclophosphamide
(TAC) or doxorubicin, cyclophosphamide, and paclitaxel (Taxol) (AC-T). Despite the sub-
stantial evidence for the effectiveness of these combinations in treating breast cancer, much
is still unknown about the long-term implications of these treatment methods on patient
health. A prime example of this is the phenomenon of chemotherapy-induced cognitive im-
pairment colloquially known as “chemobrain.” Chemobrain is defined by the experience of
cognitive deficits such as impaired processing speed, memory retention, and concentration
after or during chemotherapy treatment. Currently, the mechanisms behind the neurobi-
ological damage that induces chemobrain are still not fully understood. Recent research
has provided evidence to suggest that the inflammation response plays an essential role
in chemotherapy-induced behavioral comorbidities as well as a host of other neurologi-
cal disorders [16]. In this review, we will discuss the relationship between breast cancer
chemotherapy-induced inflammation and the central and peripheral nervous systems with
a particular focus on the effect of peripheral-organ inflammation on neurological outcomes.
Additionally, we will discuss a few current potential anti-inflammatory therapeutic options
that may help attenuate neurological deficits inflicted by breast cancer chemotherapy.

2. Chemobrain and Inflammation: What Is the Connection?

Chemobrain is a condition in cancer patients described as cognitive impairment or
decline following chemotherapy treatment. Initial concerns over the cognitive deficits asso-
ciated with chemotherapeutics began as early as the late 1950s and accelerated in the 1980s
as more evidence for this condition was identified [17,18]. Over the last 40 years, chemo-
brain has remained a concern in cancer patients as evidenced by the continued research on
the phenomenon [19]. It is estimated that between 13% and 78% of breast cancer patients
report experiencing measurable cognitive impairment both during and after chemotherapy
treatment [20–22]. Typically, most breast cancer patients report a wide range of cognitive
impairment, which includes deficits in memory retention, executive function, reaction time,
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and processing speed. Longitudinal studies have also shown that chemobrain symptoms
can persist as long as 2 to 20 years after chemotherapy treatment [23–27]. Similar behav-
ioral deficits have been observed in animal models. For example, several studies using
the Y-maze spontaneous alternation task have observed deficits in short-term memory in
rodent models after administration of both cyclophosphamide and doxorubicin [28,29].
Other studies have assessed short-term memory using the novel object recognition test,
which tests a rodent’s natural curiosity to investigate novel stimuli, and found a lowered
preference score for the novel object in rodents administered a cocktail of CMF [30]. Sim-
ilarly, impairments in long-term spatial memory have been observed using the Morris
Water Maze in rodents that were administered either CMF or AC-T [31,32].

Despite this knowledge, there is currently a lack of understanding of the underly-
ing mechanisms that induce the chemobrain phenotype. The secondary damage that
chemotherapeutics can enact on the body and its various organ systems has been well
established in the literature. Though they are effective at killing cancer, many current
treatments lack the specificity to only attack cancer cells and consequently inflict damage
on normal healthy tissue. For example, doxorubicin, a commonly used drug in breast
cancer treatment, has long been implicated in inducing cumulative and dose-dependent
cardiotoxicity resulting in severe cardiomyopathy or congestive heart failure through
mechanisms such as apoptosis, oxidative stress, and mitochondrial damage [33–35].

Unfortunately, the central nervous system (CNS) is not entirely exempt from these
untargeted side effects of chemotherapeutics. One innate form of defense the brain has
against direct non-targeted tissue damage from chemotherapeutic drugs is the blood–
brain barrier (BBB), a microvascular semi-permeable filtration system of the CNS that
prevents the passage of pathogens and toxins from the bloodstream into the brain [36].
This normally beneficial barrier can also present an obstacle to the delivery of drugs to
the central nervous system, such as in the treatment of brain cancers. To bypass this
limitation, several different methods have been developed to increase the permeability of
drugs through the BBB [37]. However, in cases where we do not want to directly treat or
affect the CNS, such as in breast cancer treatment, we still observe damage or impairments
in CNS functions such as chemobrain. Generally, most commonly used breast cancer
chemotherapeutics such as doxorubicin and taxanes do not readily cross the BBB with the
exception of cyclophosphamide and fluorouracil [38–41]. Since most of these drugs cannot
damage the CNS directly, the sustaining damage they inflict comes indirectly through
various mechanisms, most notably inflammation.

Inflammation is the body’s normal immune response to external damage, pathogens,
or chemical or radioactive irritants. The inflammatory response is mediated predominantly
by cytokines, small protein signaling molecules responsible for regulating inflammation in
response to infection, injury, or wound healing. Cytokine dysregulation and subsequent
sustained inflammation is an important factor in many disease states, such as cardiovascular
disease, pulmonary disease, cancer, and neurological disorders [42]. Chemotherapy has
been implicated in inducing inflammation by disrupting normal cytokine regulation in
both human and rodent models as well as inducing monocytic migration to areas of
inflammation both within the body and the CNS [43,44]. Migrating monocytes can cluster
and produce pro-inflammatory cytokines resulting in dysregulation of normal cytokine
production. Cytokine dysregulation is a detrimental feature of cancer treatment, as the
chemotherapy can result in damage to all tissues, inflicting sustained damage to normal
tissue both directly and indirectly. Recently, researchers have begun to investigate this
relationship between peripheral inflammation in various organ systems and the brain to
explain the mechanisms behind conditions such as chemobrain. In the next few sections,
we will discuss how chemotherapy can induce inflammation in peripheral organs such as
the gut and liver and cause neurological comorbidities (Figure 1).
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Figure 1. Overview of how breast cancer chemotherapy can damage the liver and disrupt microbial diversity within the
gastrointestinal tract and cause inflammatory mediated damage on the nervous system.

3. Gut-Brain Axis and Inflammation

The human gastrointestinal (GI) tract contains a complex ecosystem of microbes
estimated to number over 1014 [45]. The microbes that inhabit the GI tract collectively
encode 100 times more unique genes than the human genome. These microbes expand
on the metabolic capabilities found within the human genome and significantly influence
neurology, immunity, endocrinology, disease states, and clinical outcomes [46]. The ability
of the CNS to affect the GI tract has long been characterized; however, the ability of the
microbiota within the GI tract to impact CNS functioning is a relatively new concept.
Links between the microbiota of the GI tract and the brain have been observed in various
neurological disorders, such as Parkinson’s disease, schizophrenia, autism, depression,
anxiety, and Alzheimer’s disease [47–50].

The connection between the GI tract and the nervous system are currently explained
fundamentally by disruptions in the microbial diversity within the gut. Different microbes
existing within the gut produce byproducts that are essential for normal bodily homeostasis
as well as regulation of metabolic and immune processes. In cancer patients, chemotherapy
often results in the reduction of important microbes within the gut such as the butyrate-
producing bacteria Faecalibacterium and Roseburia [51]. Butyrate is a microbial byproduct
that has anti-inflammatory properties. The effects of chemotherapy have been examined
in numerous animal models. Although rodents have a different microbial composition,
a similar pathophysiology can be characterized in mice and humans after chemotherapy,
including, crypt ablation, villus blunting, epithelial atrophy of the small and large intestine
with accompanied mucosal damage and mucosal degradation [52,53]. One study found
that chemotherapeutic drugs increased β-glucuronidase-producing bacteria in a rodent
model, causing the reactivation of chemotherapeutics in the GI tract and contributing to
intestinal toxicity, mucositis, and diarrhea [54]. Changes in GI microbial composition have
also been observed in various neurological conditions. For instance, in a mouse model of
Alzheimer’s disease, animals had a decrease in Allobaculum and Akkermansia and an
increase in Rikenellaceae relative to the wild type control animals [55]. Similar findings
were observed in a clinical study that reported notable changes in the microbial diversity
in the guts of Alzheimer patients, which was marked by a decrease in Firmicutes and
an increase in Bacteroidetes [56]. Chemotherapy has frequently been linked to gastroin-
testinal complications due to a variety of symptoms in cancer patients such as diarrhea,
constipation, and vomiting [57–59]. The severity of these types of symptoms can result in
dosage adjustments, delays in treatments, or discontinuation of treatments, causing poor
clinical outcomes.

In addition to the disruption of gut microflora, these chemotherapeutic agents can
also produce intestinal inflammation. Gastrointestinal inflammation has been implicated
extensively as the link between the gut and CNS. One proposed mechanism of action is that
decreases in microbial diversity and irritation of the intestinal lining subsequently results
in the increased permeability of the intestines. This can result in infiltration of peripheral

116



Biomedicines 2021, 9, 189

immune cells into the intestine, causing activation of immune cells and the release of pro-
inflammatory cytokines that induce peripheral inflammation as well as neuroinflammation
in the brain, resulting in behavioral impairments [60]. Neuroinflammation is one of the
primary mechanisms thought to underlie long-term cognitive dysfunction in aging and
neurological disorders such as chemobrain [61]. Peripheral cytokines released from the
gut and nearby tissue as a result of chemotherapy are thought to travel through the
bloodstream, bypassing the BBB, and directly inducing inflammation in brain tissue. Some
research even suggests that this prolonged cytokine expression could damage the integrity
of the BBB allowing for chemotherapeutic agents to more readily pass and damage brain
tissue directly [62]. The gut microbiota have a dual role being both helpful and harmful as
a consequence of the dysbiosis caused by chemotherapeutic treatment. Certain clusters can
contribute to pathophysiology as a secondary effect of treatment. Chemotherapy induced
mucosal inflammation of the gastrointestinal tract, termed mucositis, adversely impacts
some intestinal microbes. For example, conventional mice show increased inflammation
and higher intestinal epithelial permeability compared to germ free mice post mucositis
induction [63]. The increased inflammation and permeability results from an increased
number of lesions in the epithelium of conventional mice which ultimately increased
susceptibility to the harmful effects of some gut microbes that opt to be facultatively
opportunistic. These results provide evidence for the key role that gut microbes play in the
development and progression of mucositis.

Gut microbiota complexity is also suspected to either directly or indirectly influence
microglia, the immune cells within the CNS. Germ-free mice exhibited impairments in
microglial maturation and function that were restored when microbiota or short fatty chain
acids were introduced into the mice [64]. In addition to increased cytokine expression,
increased microglial activation in brain regions responsible for mood regulation and cogni-
tion have been observed in behavioral disorders such as major depression disorder [65,66].
Peripheral cytokine expression induced by chemotherapy is also suspected to induce local-
ized neuroinflammation by stimulating/activating other neuronal cells, such as astrocytes,
oligodendrocytes, and neurons resulting in localized cytokine/chemokine release and
consequent cognitive impairment [67].

4. Liver-Brain Inflammation Axis

The connection between the liver and the brain is another emerging area of research
as is the liver’s contribution to chemobrain. The liver is unique in that it services as a
barrier between the gut and the body; additionally, peripheral organ centered inflammation
changes neural transmission of the CNS thereby altering behavior [68]. Several mecha-
nisms have been elucidated for crosstalk between the liver and the brain, underscoring
the role the liver plays in facilitating communication between the brain and the periphery.
Such as the GI tract, the connection between the liver and brain is suspected to be mediated
by the immune system due to acute liver damage. Chemotherapy-induced hepatotoxicity
has long been a concern in cancer treatment. This is because many chemotherapeutic
drugs require optimal liver functioning in order to be metabolized, which can consequently
induce liver damage. Several common breast cancer drugs, such as methotrexate, doxoru-
bicin, and cyclophosphamide have been cited with various levels of hepatotoxicity [69].
Cyclophosphamide and doxorubicin have also been implicated in causing drug-induced
liver injury conditions such as sinusoidal obstruction syndrome [70,71]. Even taxanes
such as docetaxel and paclitaxel as well as 5 F-U have been found to induce liver injury
through the accumulation of fat globules in hepatocytes [71]. Most chemotherapeutic
drugs are lipophilic and are readily taken up by the liver, which can result in irreversible
hepatocellular damage through the recruitment of inflammatory cells [69]. Another unique
feature of the liver is reflected in the heterogeneous nature of its cellular composition.
Roughly 80% of cells in the liver are hepatocytes with the remaining cells consisting of
non-parenchymal cells such as intracellular hepatocytes, stellate cells, and Kupffer cells [68].
The liver contains the largest population of Kupffer cells (a type of macrophage) in the
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body. Liver inflammation is usually characterized by the activation of Kupffer cells and
the production of pro-inflammatory cytokines, such as NF-α, IL-1β, and IL-6 [72,73]. The
liver’s peripheral connection to the brain in the context of inflammation has been described
in four different pathways. First, the neural pathway describes the connection between
the CNS and the liver via the vagus nerve. The liver is innervated by vagal afferents
that can respond to immune mediators such as proinflammatory cytokines [74,75]. Vagal
nerve afferents express cytokine receptors in addition to having macrophages within its
fibers that can also respond to cytokines, which could directly induce inflammation in
the CNS [76]. One study found that induced peripheral inflammation in human subjects
resulted in increased activity within an area of the vagus during a high performance word
task, which was correlated with increased fatigue [77]. However, recent studies suggest a
decreased importance of this pathway in prolonged peripheral inflammation as liver trans-
plants (requires denervation of the liver) in Hepatitis C patients have not been shown to
improve long term behavioral outcomes [78]. Second, circulating cytokines released by the
liver can also directly interact with receptors on cerebral endothelial cells. TNF-alpha and
IL-beta mediated signaling in the liver can induce activation of NF-κB signaling resulting
in signal cascade events that can activate immune cells such as microglia within the brain
parenchyma inducing inflammation [68,74]. Third, circulating cytokines from the liver
can also induce immune responses via circumventricular organs and the choroid plexus,
regions of the brain that lack a BBB. Fourth, circulating cytokines from the liver can also
trigger monocyte transmigration into the brain in response to the activation of microglia.
Once activated microglia can produce the monocyte chemoattractant protein 1(MCP-1),
triggering the recruitment of monocytes into the brain resulting in an inflammation cascade
event [74]. Whatever the mechanism of action it is evident that chemotherapy induced
liver injury is a serious issue that can directly impact other organ systems such as the CNS.
Liver induced brain inflammation has also been reported to affect cognitive outcomes and
cause many different behavioral comorbidities, such as fatigue, difficulty concentrating,
sleep disturbances, or memory impairment [68,79–81].

5. Chemotherapy-Induced Peripheral Neuropathy

In addition to the aforementioned effects on the CNS, chemotherapeutic agents can
also affect the sensory, motor, and autonomic functions of the peripheral nervous system
(PNS). Chemotherapy-induced peripheral neuropathy (CIPN) is characterized by damage
to nerves that control movement and sensory processing for extremities such as the arms,
legs, and feet. CIPN usually has a range of symptoms including numbness, tingling, altered
touch sensation, spontaneous painful sensations, impaired balance or movement, consti-
pation, and impaired sexual or urinary function [82,83]. CIPN is becoming increasingly
more relevant in clinical settings with reported incidences of 68.1% when measured in the
first month after chemotherapy, 60.0% at 3 months, and 30.0% at and after 6 months [84,85].
Some risk factors of CIPN in cancer patients can include genetic predisposition, history
of smoking, and the overall sum of chemotherapeutics received [84,85]. Several types of
chemotherapeutic agents are known to induce CIPN, most notably, taxanes (paclitaxel and
docetaxel), which are frequently used within breast cancer treatment [86]. Although doc-
etaxel and paclitaxel are unable to cross the BBB, CIPN is a dose-limiting adverse side effect
of treatment [86]. There are several suggested mechanisms believed to contribute to this
condition; however, one prime candidate is neuronal damage by way of immune-mediated
processes. Chemotherapeutics such as taxanes can induce peripheral inflammation by
inducing the release of pro-inflammatory cytokines within tissues affected by the drug.
Peripheral cytokine release can then activate immune-associated cells within the CNS
(macrophages, monocytes, astrocytes, and microglia) causing neuroinflammation [87,88].
Once activated immune-associated cells of the CNS can cluster and increase levels of pro-
inflammatory cytokines, which can result in nociceptor sensitization and hyperexcitability
of peripheral neurons [89]. Evidence of this mechanism of action is further supported by a
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study that showed that CIPN can be prevented in paclitaxel-treated rodents by treatment
with an inhibitor of macrophages, monocytes, and microglia [90].

This inflammatory cascade induced by taxanes may also play a role in axon degenera-
tion, which may contribute to the CIPN phenotype [89]. One study found that a decrease
in the level of the chemokine MCP and subsequent decreased activation of its receptor
C Chemokine Receptor 2 (CCR2) decreases nerve degeneration as well as CIPN-such as
behaviors in rodents [91].

6. Therapeutic Strategies for Chemotherapy-Induced Inflammation

The conditions caused by chemotherapy-induced inflammation and damage to the
CNS and PNS are all likely multifactorial and involve several of the mechanisms outlined
above as well as others not explicitly outlined in this review such as oxidative stress
damage. In terms of therapeutic strategies specific to combating chemotherapy-induced
inflammation, there are a few options; however, the efficacy of all of these treatments
have yet to fully be determined. One strategy that researchers have implemented in order
to treat chemotherapy-induced cognitive impairment is to directly target the CNS by
manipulating mechanisms involved in neuroinflammation as well as restoring cognitive
performance via cognitive strengthening exercises. Ginkgo biloba is one compound that
has been used to treat cognitive impairments observed after breast cancer specifically [92].
Ginkgo biloba is a compound isolated from the leaves of the ginkgo tree and has been
widely used over the counter for its mental health benefits as well as neuroprotective
properties [93]. Ginkgo biloba neuroprotective properties stem from its manipulation
of pathways such as Nrf2/HO2 and CRMP2 [94]. Both of these pathways have been
implicated in manipulating inflammatory processes such as the recruitment of immune
cells to sites of inflammation within the body and CNS [95,96]. Chemotherapy has also
been implicated in reducing neurogenesis within the brain via oxidative or inflammatory
processes, which has been linked to cognitive impairment due to decreasing in synaptic
plasticity. Interestingly, ginkgo biloba has also been shown to induce neurogenesis via
the CRMP2 thus this compound may be beneficial if administered simultaneously with
chemotherapy treatment [94]. Non-medical approaches such as cognitive therapy for
cancer patients have also become increasingly more commonplace to help patients cope
with cognitive decline after treatment. This can include behavior training strategies in
memory retention, attention span, self-awareness, relaxation, meditation, and computer
simulated activities [97–102].

For inflammation induced within the GI tract, one method of treatment is the im-
plementation of prebiotics, probiotics, and postbiotics supplementation. Prebiotics are
nondigestible ingredients that support the growth of beneficial bacteria in the GI tract
and probiotics are supplements that contain beneficial GI bacteria. Pairing probiotics with
cancer treatment has been shown to ease GI issues, intestinal inflammation, and intestinal
permeability while increasing the microbial diversity in cancer patients [103]. Probiotics
also have been shown to improve behavioral outcomes in clinical trials of patients with
depression, anxiety, and Alzheimer’s disease [104–107]. There is less research on prebiotic
supplementation; however, some studies have shown evidence of improved sleep behaviors
and reduction of mood comorbidities in rodents and humans respectively [108,109]. Re-
cently, the potential of metabolite-based therapeutic strategies or “postbiotics” as a method
to treat microbial disruptions within the GI tract has been investigated. It is theorized
that the intestinal microbiota of the gut impact host physiology through the secretion of
small metabolites that modulate intricate cellular functions of the host organism [110–112].
The approach of this therapy is to not specifically target microbial composition in the
gut but rather administer or inhibit metabolites in order to counteract the negative side
effects of microbiome disruptions [113]. In addition, some studies have implicated the
importance of dietary choices and exercise in improving microbiome health and neuronal
health [114,115]. For example, alpha linoleic acid (ALA) an omega-3 polyunsaturated acid
isolated from plant sources such as walnuts and soybean oil has been well documented in
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its role in brain development, anti-inflammatory, and antioxidative activities particularly
in Alzheimer’s models [116,117]. ALA diet supplementation has been noted to improve
cognitive performance in Alzheimer’s models through the inhibition of pro-inflammatory
cytokines as well as decreasing oxidative stress levels [118,119]. Approaching correcting
disruptions in microbial communities in the GI tract from these different perspectives
could potentially reduce GI tract inflammation induced in chemotherapy treatment and
subsequently improve behavioral outcomes of cancer patients.

Anti-inflammatory therapies for liver inflammation are limited; however, there has
been some evidence of promise in a few drug treatments. Some studies have investigated
the potential of inhibiting the recruitment of monocyte-derived, inflammatory macrophages
into the liver with drugs such as cenicriviroc [120–122]. Chrysin has been found in rats
to have a protective effect on cyclophosphamide-induced hepatotoxicity, inflammation,
and apoptosis [123]. Garlic extract has been shown to have protective effects against
hematological alterations, immunosuppression, hepatic oxidative stress, and renal damage
in part due to decreasing cytokine levels in serum of rats [124]. Similarly, geraniol has
been found to protect against cyclophosphamide-induced hepatotoxicity in rats through
mediation of MAPK and PPAR-y signaling pathways by way of reducing inflammation
markers [125]. Ganglion is another potential therapeutic option for cyclophosphamide-
induced liver hepatotoxicity by activating Nrf2 signaling and consequently attenuating
oxidative damage, inflammation, and apoptosis in rats [126]. Ganoderic acid has also been
found to attenuate hepatotoxicity by reducing cytokine levels in both serum and livers
within mice [127].

As for CIPN there are a few potential therapeutic options. As mentioned earlier,
researchers suspect monocytic migration and subsequent inflammation induced by these
cells as key contributors of CIPN [44]. As such, researchers have begun to investigate the
potential of targeting the receptors of these monocytic cells as well as their chemokine
stimulants in order to treat CIPN. However, manipulation of these mechanisms for the
purpose of CIPN treatment still remains in the preclinical stage. There is some promise
though in other related pathological conditions. Monoclonal antibodies have been used to
target colony stimulating factor 1, which is a molecule that regulates the differentiation
of macrophages and has been used to treat solid tumors with some success in clinical
trials [128]. Another humanized monoclonal antibody against CX3CL1 has been used
to clinically treat rheumatoid arthritis and Crohn’s disease [129]. Thus, manipulation of
monocyte migration processes may be a successful avenue for CIPN treatment. Some other
candidate drugs for treatment of CIPN are metformin and minocycline [130–132]. Met-
formin although widely used as an anti-diabetic drug has been shown to reduce CIPN-such
as symptoms (mechanical allodynia) in rodents treated with paclitaxel [133,134]. The anti-
inflammatory effect of metformin works by decreasing pro-inflammatory cytokines and
suppressing macrophage activity [135]. Minocycline functions similarly by inhibiting the
activation of monocytes and decreases the release of pro-inflammatory cytokines [136,137].
One pilot study conducted on breast cancer patients found that administration of the drug
did not improve general paclitaxel-induced sensory neuropathy symptoms (numbness,
tingling, burning pain), but did decrease the average pain score and fatigue compared to
the placebo group [138]. The use of medicinal herbs as a therapeutic approach to CIPN
is also a growing area of research. Rosmarinic acid, a compound isolated from the plant
rosemary, has also been shown to have anti-inflammatory properties and has been used
for centuries to treat inflammatory conditions such as rheumatoid arthritis [139]. Several
studies have found rosmarinic acid to be quite effective at attenuating neuropathic pain
within rodents via the downregulation of pro-inflammatory markers [140–142]. Cannabi-
noids are a group of compounds isolated from the Cannabis sativa plant that mediate their
effects through cannabinoid receptors and are a novel therapeutic target for inflammation.
Δ9-tetrahydrocannabinol (THC) and cannabidiol (CBD) are the two active cannabinoid
compounds found within the plant. Cannabinoid receptors such as CB1 and CB2 are
predominantly expressed in the brain and on immune cells indicating they may play
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a useful role in regulating inflammation [143]. There have been a few clinical studies
that investigated the effectiveness of THC/CBD sprays as a treatment method for neuro-
pathic pain within cancer patients and have observed measurable reductions in pain of
patients [144–146]. Although the clinical efficacy of these treatments is still to be deter-
mined they are all certainly great candidates as therapeutic strategies, neuroprotectants,
and anti-inflammatory agents for chemotherapy-induced inflammatory organ damage.

7. Conclusions

Breast cancer is still one of the most common cancers and leading cause of mortality
due to cancer in women; however, with scientific advancements in treatment and diagnostic
methods, the life expectancy of breast cancer patients has improved. Despite improvements
in treatment methods, such as chemotherapy, the quality of life of breast cancer patients
is still a relevant topic of study as we are still discovering that some common treatments
produce long-term side effects on the nervous system such as chemobrain and CIPN.
More research is needed to truly understand the complex relationship mediated by the
immune system between organ systems such as the GI tract, liver, and the nervous system.
Continuing to delineate this complex relationship between these organ systems and the
CNS will allow for the discovery of novel therapeutic approaches that will help improve
the quality of life of breast cancer patient’s post-treatment.
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Abstract: Subclinical, low-grade, inflammation is one of the main pathophysiological mechanisms
underlying the majority of chronic and non-communicable diseases. Several methodological ap-
proaches have been applied for the assessment of the anti-inflammatory properties of nutrition,
however, their impact in human body remains uncertain, because of the fact that the majority of the
studies reporting anti-inflammatory effect of dietary patterns, have been performed under laboratory
settings and/or in animal models. Thus, the extrapolation of these results to humans is risky. It is
therefore obvious that the development of an inflammatory model in humans, by which we could
induce inflammatory responses to humans in a regulated, specific, and non-harmful way, could
greatly facilitate the estimation of the anti-inflammatory properties of diet in a more physiological
way and mechanistically relevant way. We believe that exercise-induced muscle damage (EIMD)
could serve as such a model, either in studies investigating the homeostatic responses of individuals
under inflammatory stimuli or for the estimation of the anti-inflammatory or pro-inflammatory
potential of dietary patterns, foods, supplements, nutrients, or phytochemicals. Thus, in this review
we discuss the possibility of exercise-induced muscle damage being an inflammation model suitable
for the assessment of the anti-inflammatory properties of diet in humans.

Keywords: oxidative stress; experimental model; anti-inflammatory diets; inflammatory response;
chronic inflammation; low grade chronic inflammation; inflammatory models

1. Introduction

Subclinical, low-grade, inflammation is one of the main pathophysiological mech-
anisms underlying the majority of chronic and non-communicable diseases [1–5]. It is
therefore obvious that non-pharmacological interventions, such as dietary ones, aiming
to modulate immune system, without compromising it, could serve as efficient ways of
prevention while at the same time they could act complementarily to standard medication.
In the last two decades, several dietary patterns different food items, phytochemicals, nu-
traceuticals, and supplements are promoted with the claim of possessing anti-inflammatory
properties [6–11]. However, the impact of the above interventions in the immune system of
humans remains uncertain since the majority of the studies have been performed under lab-
oratory settings (e.g., cell culture and/or animal testing). Thus, the extrapolation of these
results to humans is risky [12,13]. In addition, the majority of the clinical trials, exploring
the “anti-inflammatory” effect of dietary/supplementation patterns on human subjects,
assess their effectiveness based on their impact on a limited panel of inflammatory bio-
chemical markers, mainly under controlled, fasted, non-stressed conditions. According to
this, it will be of interest if we could assess the pro-inflammatory and/or anti-inflammatory
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profile of different dietary interventions, by developing inflammatory models, in humans,
which could induce a transient inflammatory response to volunteers in a regulated and
predicted fashion. The development of inflammatory conditions in humans, could be
achieved, either by pharmaceutical or medical interventions, or by intentional injuries
such as mechanical trauma, toxins, unhealthy lifestyles, and burns. Of course, the majority
of these approaches have several ethical restraints that impair the development of such
models. In contrast, ethical, controlled, and well-established models, to induce transient
inflammation in humans, are certain exercise/training modalities, which are known to
induce elevations of inflammatory-, oxidative stress-, and muscle-damage-related blood
markers [14,15], impair clinical phenotypes, and alter metabolic procedures [16–19]. In this
review article we discuss the possibility of exercise-induced muscle damage (EIMD) be-
ing a model of acute inflammation suitable for the assessment of the anti-inflammatory
properties of diet in humans.

2. The Protective Anti-Inflammatory Role of Nutrition in Chronic Diseases

The inflammatory responses are integral parts of the normal innate immune response
conferring protection to infection and initiating mechanisms of repair and regeneration
of damaged tissues [20,21]. Under acute inflammatory conditions, recognition receptors
activate several signaling cascades, leading to the release of pro- and anti-inflammatory
mediators, which orchestrate the recruitment of neutrophils and monocytes/macrophages
to the damaged tissues while at the same time initiate the lysis of inflammation and the
repair of tissue [20–23]. However, even a low to moderate chronic activation of inflam-
matory mechanisms induced either from long-term, persistent infections, autoimmune
diseases, and/or increased daily inflammatory insults due to lifestyle (obesity, sedentary
lifestyle, smoking, stress) and dietary habits (dense meals rich in simple sugars, trans fatty
acids, advanced glycation end-products) overwhelms the anti-inflammatory processes of
the immune system resulting in a chronic, sub-clinical inflammation [2,6,24–30]. The bio-
chemical phenotype of this condition is mildly elevated levels of inflammatory mediators
in the circulation. For example, C-reactive protein (CRP) levels are raised 2–3 fold under
low-grade inflammation while those levels can be increased up to 10–1000 times in acute
inflammation [31].

It is well documented that a subclinical activation of the inflammatory mechanisms
may be a predisposing risk factor for non-communicable diseases such as cardiovascular
disease, cancer, metabolic syndrome, diabetes, depression, dementia, and biological aging
in general [1–4,25,32–36]. Actually, subclinical inflammation seems to underlie the link
between unhealthy lifestyle with the pathogenesis of chronic diseases [2,23,29]. Taking into
account the linear relationship between the levels of subclinical inflammation markers
(e.g., CRP) and the risk for chronic diseases it is obvious that even a small attenuation
of subclinical inflammation by lifestyle changes may confer protection against those
diseases [7,36–39]. Therefore, dietary interventions targeting to reduce inflammation
seem to be an efficient way of prevention for diseases with a chronic inflammatory back-
ground [7,9,10,30,40–43].

It is now known that prudent dietary patterns, such as the Mediterranean
Diet [7,8,39,44,45] and macro/micro-nutrients, have a strong protective effect against
non-communicable diseases, with a strong inflammatory profile [10,30,40–43]. For the ma-
jority of these studies, the assessment of the anti-inflammatory properties of diet was based
on the measurement of few classical circulating markers (CRP, IL-6, TNFα). On the other
hand, a plethora of microNutrients, phytochemicals, and supplements failed to attenuate
inflammation in humans, despite their strong anti-inflammatory actions in cellular and
animal studies [12,13,40,46]. The main reason for this discrepancy is the complexity of the
pathophysiology of inflammation in humans which can be poorly replicated by animals or
cell culture models. Taking into consideration the controversy between animal and human
experimentation it seems that the development of more realistic, novel methodological
tools for the study of inflammation directly to humans is highly important.
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3. The Development of Inflammation Models in Humans Would Greatly Facilitate the
Assessment of the Anti-Inflammatory Properties of Nutrition

Several methodological approaches have been applied for the assessment of the
anti-inflammatory properties of nutrition. The majority of them is based on cellular and
animal models of inflammation. Cellular models of inflammation include LPS-induced
secretion of cytokines, expression of adhesion molecules in the surface of cells, phagocytosis
activity, natural killer cells lysing capability against cancer cells etc. Cell-based assays
were mainly utilized for the identification of the anti-inflammatory properties of isolated
nutrients, extracts, and phytochemicals. Despite their usefulness for screening purposes
and mechanistic studies the results of those studies cannot be extrapolated directly to
humans [12,13,40,46]. The active dietary ingredients, in vivo, are found in much lower
concentrations and in a more complex environment than those used in the cellular studies
and in structural forms which may differ from the initial structures in foods due to in vivo
metabolism [47].

The rapid growth of genetic engineering enabled the development of a plethora of
animal models of inflammation by which the anti-inflammatory properties of diet could
be assessed, in a more physiological way. Moreover, animal experiments provide wider
access to the immune system (thymus, lymph nodes, bone marrow, peritoneal cavity).
However, after many years of studying and working with animals in biomedical research,
ethical issues have emerged concerning the reproducibility of animal models and their
relevance with human inflammatory diseases [12,13,40,46,48]. The results from animal
experiments cannot be easily extrapolated to humans because of the biological differences
between species [12,13,40,46,48]. Over and above that, many studies in animal models are
of poor methodological design exposing patients to unnecessary risk and wasting research
funds. This is justified by the discrepancy between the outcomes of animal experiments
and clinical trials [12,46,48].

The majority of human studies, investigating the association between diet and inflam-
mation, are cross-sectional and prospective epidemiological studies [3,49–54]. The out-
comes are based on the measurement of a small panel of soluble inflammatory mediators
and hematological indices which by no way give a holistic view of the inflammatory system
while at the same time is questionable whether the tools of the nutritional assessment are
reliable to estimate dietary intakes accurately [3,49–54]. Randomized dietary interventions
are the gold standard of human experimentation and several dietary interventions have
been so far tried to assess the ability of dietary patterns, supplements, food items, and nutri-
ents to modulate subclinical inflammation [3,49–54]. Although this is the best experimental
approach so far, randomized dietary interventions lack mechanistic information since the
interpretation of the results is based on the comparison of a limited panel of inflammatory
indices, measured under static conditions in biological fluids, before and after the interven-
tion. Even if a dietary intervention is able to favorably modulate inflammatory indices this
could be the indirect result of diet on other risk factors of subclinical inflammation (e.g.,
weight loss) rather than a direct involvement to inflammatory mechanisms. In addition,
most dietary intervention studies do not assess clinical phenotypes of inflammation either
because they do not exist or they are difficult to be estimated in humans. Finally, most
dietary intervention studies measure inflammatory mediators, at one-time point, under
fasting and resting conditions which does not allow the assessment of intervention’s ability
to modulate the response (plasticity) of the immune system under real inflammatory insults.
It is therefore obvious that the development of an inflammatory model in humans, by
which we could induce inflammatory responses to humans in a regulated, specific, and
non-harmful way, could greatly facilitate the estimation of the anti-inflammatory prop-
erties of diet in a more physiological and mechanistically relevant way. We believe that
exercise-induced muscle damage could serve as such a model, at least for acute/transient,
self-limited inflammatory pathophysiological conditions. Considering this, several excel-
lent studies, mainly coming from the field of sports nutrition, have already proven the
ability of dietary interventions (protein supplements, phytochemicals, omega-3 fatty acids,
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BCAA) to diminish EIMD-induced inflammation, and thus to provide positive effects on
muscle morphology/function, athletic performance and recovery, establishing the utility
of EIMD as a suitable inflammatory model (for example: [5,14,15,55–70]).

4. Exercise-Induced Muscle Damage’s Prototypic Inflammatory Responses in
Muscle Tissue

EIMD is a phenomenon that occurs either after a prolonged unaccustomed exercise,
or after a very intense, high-demanding exercise (high intensity, long duration, high
volume, high frequent, or combination of these), as a consequence of the very high
mechanical and metabolic demands during the exercise [14,15,55,65,70–75]. EIMD is
classified as a grade 1 muscular injury, characterized by minor ultrastructural muscle
disruptions without a permanent defect, such as structural disruption of sarcomeres, dis-
turbed excitation-contraction coupling and calcium signaling, and extended muscle protein
degradation [14,15,55,71–82]. Although the pathology of EIMD is usually subclinical, the
perceived sensation may vary from mild muscle stiffness to exhausting pain and a tem-
porary reduction in both maximum strength and range of motion until several days after
the stimuli [15,83,84]. It is also usually accompanied by sensitivity, swelling, or stiffness
during palpation or motion of the damaged muscle, a process which is associated with
delayed onset muscle soreness (DOMS) [73,85]. However, this inflammatory environment
as a cellular response of muscle tissue damage is of high importance for the proper muscle
tissue’s repair and regeneration [15,71,76,78,82,85].

The type of exercise and the type of muscle contractions applied are crucial determi-
nants of the damaging and inflammatory responses. It is well established that the eccentric
exercise, which involves only lengthening muscle actions, could lead to extensive EIMD
and inflammation [15,55,72,74,84,86–88]. During eccentric exercises (isokinetic, downhill
running, descending the stairs or a box) muscles are forced to lengthen, when the exter-
nal forces (external weights, gravity, body weight) acting on them are greater than the
forces that muscles can produce. This leads to an overstretching of sarcomeres, beyond
their normal lengths [63,72,74,84,88–99]. During extensive sarcomere lengthening, there
is a decreased overlapping of actin-myosin filaments, leading to a decreased number of
active cross-bridge attachments, and thus to a decreased capability for active force gen-
eration [55,72–74,84,90,93,97–103]. In addition, although during eccentric contractions,
muscles are capable to produce or absorb greater forces, as it reveals from the force–velocity
curve [104], the motor units recruitment order is different between eccentric contractions
and concentric, with type II muscle fibers to be recruited from the onset of muscle con-
traction even if the activation of muscle fibers is reduced compared to when the muscle
performs maximal concentric contractions [105–107]. Thus, due to the fewer motor units
that are recruited during eccentric contractions, as well as to the stretched and overstretched
sarcomeres, where there is a reduced overlap of myosin and actin filaments, muscles are
forced to overcome the external loads in a very adverse mechanical environment, in the
same time that passive forces are dramatically increased leading to sarcomeres’ over-
straining and thus a disruption of the sarcomere, probably due to titin-stretch-induced
damage [74,84,90,97–99,102,108–110]. In addition, during repeated eccentric contractions,
the weaker sarcomeres are the first ones that are affected by the above situations, by re-
maining over-stretched (probably due to the breakdown of titin) and becoming incapable
to continue subsequent contractions [74,84,93,95,97–99,102,108–110]. Hence, the remaining,
“stronger” sarcomeres receive even higher loads leading to over-exertion of them, too.
This gradually leads to an extensive damage of sarcomeres, breakdown of sarcoplasmic
reticulum membranes, and loss of calcium homeostasis in the myocyte [74,84,98,108–110].
At this point, the dramatic increase in cytoplasmic calcium causes activation of several
calcium-dependent proteolytic and phospholipolytic processes along with disruption
of myofibrillar proteins and sarcolemma of the damaged fibers [74,76,78,84,98,111–118].
In addition, eccentric exercise damages mitochondria, sarcoplasmic, and connective tissue
network [55,84,87,98,116,117]. The damage appears to worsen within the days follow-
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ing eccentric exercise, reaching a peak at 24–72 h post exercise depending on the type,
intensity and loads of exercise and then gradually disappears within 2 or 3 weeks after
exercise [14,15,21,55,66,67,71,72,76,79–90,93,97,116,117].

The inflammatory response, after EIMD, has been characterized quite well and several
excellent original and review articles describe it in detail [15,21,71,74,76–79,90,93,119].
However, it should be mentioned that the majority of the mechanistic details presented
in Figure 1 are based on cellular and animal studies while the inflammatory response in
humans is not fully investigated and well addressed. Briefly, it begins immediately after
the main mechanical damage when increased Ca2+ concentrations in the cytoplasm lead
to degradation of muscle proteins and membrane phospholipids by activation of calpains
and phospholipases A2 [114]. Meanwhile, three different types of inflammatory cells enter
the injured area after muscle damage, namely, neutrophils and macrophages of type M1
and M2 [the analogs of rats’ CD68 (ED1+) and CD163 (ED2+) in humans].

Figure 1. Time course of the physiological responses during exercise-induced muscle damage.

Their main purpose is to degrade the damaged tissue by releasing active oxygen
/nitrogen forms, and induce oxidative stress which is crucial for muscle regeneration after
EIMD [14,71,76,87,93,117,120–124]. Neutrophils infiltrate the muscle tissue within a few
hours and they phagocytose necrotic muscle fibers and cellular “remnant” while they consti-
tute a source of pro-inflammatory myokines such as IL-1 and TNF-α [71,74,76,78,87,115,123–
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126]. Twenty-four hours post-EIMD macrophages appear in the damaged muscle tissue
remaining for up to 14 days at the injured sites. The first subpopulation of macrophages
are the macrophages expressing the ED1+ antigen and can enter into injured muscle fibers
to phagocyte remnant cells and eroded myofibrils. The second subpopulation is ED2+
macrophages whose primary function is the secretion of growth factors and cytokines such
as IGF-1, IL-6, and PDGF that can regulate proliferation and differentiation of myoblasts.
Although, white blood cells are the main mediators of inflammation, fibroblasts and satel-
lite cells are also “recruited” in the damaged area [71,115,127,128]. Fibroblasts have been
shown to produce IL-6 and IL-1α, maintaining by this way the inflammatory response,
and activating the proliferation of satellite cells to initiate the regeneration of damaged
muscle fibers [71,125,128–135]. In addition, EIMD, elicits reactive oxygen and nitrogen
species (RONS) which accompany the inflammatory response. According to the extent
of muscle damage, RONS can further damage the muscle tissue but they also play a sig-
nificant role for muscle regeneration and the adaptation of muscle tissues to eccentric
exercise by mediating the up-regulation of antioxidant enzymes and the mitohormetic
effects of exercise [14,16,18,70,79,120,136–151]. As a consequence of the activation of all
the previous mentioned mechanisms in response to EIMD muscle cells’ autophagy, apop-
tosis, and regeneration-adaptation molecular mechanisms are upregulated, to reinforce
the regeneration of muscle cells [103,136,141,144,146,148,152–182]. Thus, EIMD is also a
successful model to investigate the effect of dietary compounds on the stress-induced
mechanisms of autophagy, apoptosis, and regeneration-adaptation molecular cascades.
Table 1 summarizes the most common clinical and biochemical indices that are affected
by EIMD.

Table 1. Clinical and biochemical indices affected by the inflammatory response after exercise-
induced muscle damage.

Physiological Response Marker

Pain/Delayed Muscle Soreness Perceived Muscle Soreness by Visual Analog
Scale or Algometers

Muscle Function
Rate of Force/Torque Development, Maximum

Strength Power, Range of Motion, Muscular
Work

Oedema Limb Circumferences

Oxidative Stress

Protein Carbonyls, MDA, Isoprostanes,
GSH/GSSG, Antioxidant Enzymes

(Glutathione Peroxidases, Superoxide
Dismutase, Catalase), Total Antioxidant

Capacity, Antioxidant Vitamins

Muscle Damage CK, LDH, Myoglobin, T-Troponin,
Hydroxyproline, Hydroxylysine

Systemic Inflammation WBC Count, IL-6, TNF-a, CRP, IL-10, IL-8,
IL-1Ra, Lipid Mediators, INF-γ, MCP1, MIP-1

5. Exercise-Induced Muscle Damage and Its Methodological Advantages as an
inflammatory Model in Humans

In our opinion, EIMD is a convenient, dynamic, and informative model of inflam-
mation. It can be applied either in studies investigating the homeostatic responses of
individuals under inflammatory stimuli or for the estimation of the anti-inflammatory or
pro-inflammatory potential of dietary patterns, foods, supplements, nutrients or phyto-
chemicals. The main advantages of EIMD are the following (Figure 2):

i. EIMD can be easily accepted by the volunteers and the bioethics committees. It can
be easily induced by different types of exercise/training either in the lower or the
upper limbs (see below). The inflammatory response can be applied to all kinds
of populations irrespective of their health and training status, age, gender, race,
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body composition etc. Most importantly, volunteers easily consent to this kind
of intervention which is actually just about exercise for them. In addition, most
bioethics committees would have no objections to this kind of experimentation
in humans.

ii. EIMD can be easily applied to humans in a regulated manner. Exercise scien-
tists can induce muscle damage by forcing muscles to lengthen while generating
active tension, with various stimuli. As it has been discussed in the previous
section, EIMD can be easily induced through eccentric training after 85 to 300
maximal eccentric contractions, while the magnitude and the extent of EIMD from
eccentric exercise, seems to be higher and prolonged (lasting for 72 h until 1–
2weeks) compared to other type of exercises [14,15,55,62–64,66,67,70,72,74,79,84,86,
88,90,93,94,97,112,113,117,122,132,183–200]. It should be mentioned that eccentric
EIMD can be used and recommended for the prevention and/or rehabilitation
of many chronic health conditions [94,188,199,201–221] since eccentric exercise
has about 2–4 times lower metabolic and cardiovascular demands compared to
other types of exercises [96,222]. Therefore, it seems that the use of eccentric ex-
ercise is a safe, effective, and regulated way to induce EIMD in all population
groups. However, other training stimuli could also be applied. For example, high
volume drop jump sessions (≥100 jumps) [223–228], or in general exercises with
an increased volume of stretch-lengthening cycle movements [229], prolonged
moderate to high intensity running [196,230,231], cycling [232–235], and downhill
running [236–240], have been repeatedly reported to induce significant EIMD, last-
ing for more than 72–96 h post-training. Although traditional resistance training
(e.g., 60–80% of 1RM, 4–8 sets per exercise) can induce also EIMD [241–243] and
trigger immune [244–249] and inflammation-related molecules (e.g., cytokines and
chemokines) responses [245–252], the extent of EIMD is limited or significantly
lower and with shorter duration than the above type of exercises, especially com-
pared to eccentric training [74,117,202,253,254]. For most of these exercises, no
special instrumentation is required. Independent of the exercise type, EIMD will be
stronger and longer if the exercise used is characterized by very high mechanical
and metabolic demands, e.g., with high volumes and intensities, fast contraction ve-
locities, high contraction frequencies, short rest periods, and at long muscle lengths
[14,15,55,62–67,70–75,79,84,86,88,90,93,97,112,113,117,122,132,183–228]. However,
it seems that EIMD is even greater and with longer duration in untrained partic-
ipants [255] and when a new/different training stimuli (unaccustomed exercise)
that voluntaries are not familiar with it is applied [256].

iii. The inflammatory mechanisms underlying EIMD are well defined. The muscle
microtrauma, induced by the different types of exercise, but mostly from eccentric
exercise, can trigger a typical cascade of inflammatory events that resemble aseptic
inflammation after tissue damage (see above). It is therefore easier for researchers
to identify the crucial mechanistic points that each intervention could affect.

iv. One of the biggest advantages of EIMD, is that researchers could have the whole pic-
ture of the inflammatory response and its lysis in a strict and regulated time course.
In contrast, when individuals with already established low-grade, chronic inflam-
mation are recruited, the variability of the clinical and biochemical phenotypes,
pharmacology, and medical history is usually large even in well-controlled studies.
Thus, even in the best controlled cross sectional studies, the diversity between the
participants would have a strong conflicting impact on research outcomes.

v. Biological sampling. Apart from the classical blood or saliva samples, that are
usually collected before and several time points after the exercise trial this type
of experiments allow you to take samples of the inflamed tissue, namely mus-
cle biopsies. This technique has been used in many studies, investigating either
the training-induced adaptations on muscle fibers (for example [89,122,257–263]),
or muscle damage-inflammation (for example [63,122,128,231,248,264–271]. Mus-
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cle samples for such type of studies are usually obtained with Bergstrom needles
from vastus lateralis of lower extremities, under local anesthesia, easy and quite safe
for the volunteers, while in the majority of the countries, this is well accepted from
the bioethics committees. The main advantage of taking muscle samples is that re-
searchers, can investigate inflammation straight on the inflamed tissue and its cells
in contrast to the majority of the studies where the inflammatory mechanisms are
inferred by the alteration of biochemical markers in the circulation. Muscle biopsies
can provide important information on the extent of sarcomere damage, of intra-cell
biochemical-molecular procedures and/or genetic background of EIMD.

vi. The kinetics of clinical phenotypes linked to the inflammatory response can be
easily determined. Such phenotypes are delayed-onset muscle soreness, maximum
isometric torque, range of motion, limb circumference, and several other types of
ergometric tests according to the inflamed limb.

Figure 2. Methodological advantages of exercise-induced muscle damage.

6. Applications of Exercise Induced Muscle Damage as a Model of Inflammation

The EIMD model can serve as a precise model, in studies investigating the effects
of nutritional and training interventions, on acute and chronic inflammation conditions,
mainly in metabolic-related inflammatory conditions. As for example, EIMD could serve
as a useful model in human studies investigating:

i. Acute and chronic inflammations. EIMD inflammatory response share similar
pathophysiological and biochemical responses with acute and chronic inflamma-
tion. Thus, EIMD could find application in studies investigating the effect of nutri-
tion and/or exercise, in acute and chronic inflammatory conditions such as those
observed before and/or during the majority of chronic and non-communicable
diseases [1,2,4,5,8,9,20,24,29,32–34,128,272]. For example, the inflammatory sta-
tus of certain population groups (e.g., obese vs. normal weight) can be better
assessed and compared under the dynamic conditions of EIMD. Taking into ac-
count that muscle biopsies can also be obtained and then the molecular mecha-
nisms of autophagy, apoptosis and regeneration-adaptation could also be stud-
ied [75,103,136,141,144,146,148,152–182].

ii. Considering the pathophysiology behind conditions such as muscle/neurogenic
inflammation, atrophy, cachexia, sarcopenia, and chronic muscle protein degra-
dation EIMD can serve as a very reliable and regulated model to investigate how
nutrition and or exercise may affect the physiological and biochemical background
of those conditions.
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iii. Ischemic preconditioning (IPC). After an EIMD stimuli, the following exercise
bouts induce lower muscle damage and inflammation, due to the specific muscle
adaptations, that minimize the extent of muscle damage, a phenomenon that it is
known as “repeated bout effect” (RBE [79,84,273–276]). IPC protective mechanisms
are comparable to those of RBE. IPC attained after one to five cycles of intermit-
tent bouts of Ischemia/reperfusion, provide protection against the possibility of
subsequent ischemia with longer duration. It has been documented that ROS are
the main cardioprotective factor of IPC. Just a single bout of IPC produces a sig-
nificant amount of ROS from mitochondria which trigger the protective signaling
cascade [139]. Almost the same mechanisms seem to induce the RBE after repeated
bouts of training sessions [79,84,273–276], providing further support that EIMD
is a very good model to investigate the IPC and the hormetic effects of diet on
those mechanisms.

iv. Rhabdomyolysis. Rhabdomyolysis is a pathophysiological condition of extensive
skeletal muscle cell damage which could be induced from many physical (trauma,
strenuous muscle exercise, electrical current) and non-physical causes (metabolic
syndrome, drugs, electrolyte imbalance) [277]. This is a frequent phenomenon in pa-
tients taking statins, which may lead to unfavorable effects ranging from myalgia or
myopathy to rhabdomyolysis and sometimes to acute renal failure [277]. The initial
metabolic hypothesis of statin myopathy is that mitochondrial function is reduced
while neutral lipids are increased, and ubiquitin proteasome is activated. In this
case the activation of ubiquitin induces acceleration of proteolysis leading to mus-
cle break down, atrophy, and necrosis [278]. Again, drug- and non-drug-induced
rhabdomyolysis, have the same mechanisms and responses as those founded dur-
ing an EIMD situation, specifically of those that are observed during the first
24–48 h post-exercise [14,15,18,21,55,63,65,66,71,72,74–80,87,90,93,103,116,117,120–
123,136–138,140–144,146,148,152–182,196–198,200,279–285]. Therefore, EIMD can
be applied in studies investigating the phenotypes that are more prone to rhab-
domyolysis or in studies investigating the protective effects of dietary compounds
to it.

v. Fibromyalgia (FM). FM is a complex syndrome characterized by widespread pain
that affects many tissues and the presence of allodynia and hyperalgesia [286,287].
Fatigue and functional disorders usually appear during the syndrome [286,287].
Pain is a common feature of EIMD and the physiological-metabolic mechanisms-
responses observed in FM are similar to those found during EIMD [288].

7. Conclusions

According to the above, it seems that EIMD is a controlled, highly regulated tool in the
hands of researchers, to investigate the ability of different types of nutritional and training
interventions to interfere with the progression and lysis of acute inflammatory conditions.
It is worth testing if the ability of those interventions to attenuate acute inflammatory
responses after EIMD can predict their ability to also act protectively against chronic
inflammation although such as link has not been established yet. Nevertheless, EIMD
allows the assessment of the putative anti-inflammatory, hermetic, or immunomodulatory
properties of dietary intervention directly to human beings under real, dynamic conditions.
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Abstract: It is widely accepted that microglia-mediated inflammation contributes to the progression
of neurodegenerative diseases; however, the precise mechanisms through which these cells contribute
remain to be elucidated. Microglia, as the primary immune effector cells of the brain, play key roles
in maintaining central nervous system (CNS) homeostasis. Microglia are located throughout the
brain and spinal cord and may account for up to 15% of all cells in the brain. Activated microglia
express pro-inflammatory cytokines that act on the surrounding brain and spinal cord. Microglia
may also play a detrimental effect on nerve cells when they gain a chronic inflammatory function
and promote neuropathologies. A key feature of microglia is its rapid morphological change upon
activation, characterized by the retraction of numerous fine processes and the gradual acquisition
of amoeba-like shapes. These morphological changes are also accompanied by the expression and
secretion of inflammatory molecules, including cytokines, chemokines, and lipid mediators that
promote systemic inflammation during neurodegeneration. This may be considered a protective
response intended to limit further injury and initiate repair processes. We previously reported
that porcine liver decomposition product (PLDP) induces a significant increase in the Hasegawa’s
Dementia Scale-Revised (HDS-R) score and the Wechsler Memory Scale (WMS) in a randomized,
double-blind, placebo-controlled study in healthy humans. In addition, the oral administration of
porcine liver decomposition product enhanced visual memory and delayed recall in healthy adults.
We believe that PLDP is a functional food that aids cognitive function. In this review, we provide
a critical assessment of recent reports of lysophospholipids derived from PLDP, a rich source of
phospholipids. We also highlight some recent findings regarding bidirectional interactions between
lysophospholipids and microglia and age-related neurodegenerative diseases such as dementia and
Alzheimer’s disease.

Keywords: microglia; porcine liver decomposition product; lysophospholipids; mild cognitive
impairment; dementia; neuroinflammation; cytokines; oxygen reactive species
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1. Introduction

Amnesic patients with mild cognitive impairment (MCI) are at risk of developing dementia.
Approximately 15–20% of people aged 65 or older have MCI [1]. Alzheimer’s disease, Lewy body
dementia, and vascular dementia are the most common forms of dementia; both are preceded
by a stage of cognitive impairment [2,3]. However, some individuals with amnesia and MCI
revert to normal cognition or do not deteriorate further. While clinical studies are currently being
conducted to identify novel therapeutics to improve symptoms and prevent or delay the progression
of MCI to dementia, no therapeutic drugs have been approved for MCI thus far. Therefore, further
studies are needed to determine the causes of MCI and risk factors of progression from MCI to
dementia. It has been reported that lipids are increasingly recognized for their roles in neuronal
function in the brain [4]. Indeed, the healthy human brain is composed of nearly 60% lipids,
which is higher than in any other tissue [5]. Their work also showed that the relative abundance
of phosphatidylcholine (PC), phosphatidylserine (PS), and phosphatidylethanolamine (PE) varies
between the white and gray matter in the brain [5]. Phospholipids are important components of all
mammalian cells; they have a variety of biological functions in the brain and serve as precursors
for various secondary messengers such as arachidonic acid (AA), eicosapentaenoic acid (EPA),
docosahexaenoic acid (DHA), ceramide, phosphatidic acid (PA), and lysophosphatidic acid (LPA).
Lysophospholipid mediators have long been recognized as membrane phospholipid metabolites [6].
They belong primarily to one of six classes based on the structure of the lipid headgroup: LPA,
lysophosphatidylcholine (LPC), lysophosphatidylethanolamine (LPE), lysophosphatidylglycerol (LPG),
lysophosphatidylinositol (LPI), and lysophosphatidylserine (LPS). Each class has distinct biological
functions dependent on physiological adaptation and availability of their respective cell surface
receptors [7]. Lysophospholipids have been shown to induce a wide variety of biological effects,
including cell proliferation, calcium signaling, metabolic activity, inflammatory and anti-inflammatory
processes, and neurite formation [8–13]. These effects are generally evoked through receptor–ligand
interactions, but this is not always the case. In addition to signaling via receptors, high physiological
concentrations of LPC (approximately 150–200 μM in body fluids) suggest that they can alter membrane
properties or interact directly with proteins in ways other than saturable binding to a ligand-specific
site [13]. Furthermore, lipid head-group specificity in these instances may be due to the net charge
of the lipid head groups. This net charge may affect the viscosity of the lipid bilayer or allow
interactions with lipolytic enzymes, such as phospholipase A2 (PLA2) and phospholipase D (PLD),
which convert these structural phospholipids into regulatory messengers and subsequently influence
neurotransmission [14]. Previous evidence has indicated that cyclic phosphatidic acid (cPA) is generated
in mammalian cells by phospholipase D2 (PLD2) from LPC in vitro and in vivo and mimics the effects
of activating signaling pathways similar to those of neurotrophin NGF [15]. In addition, cPA effectively
attenuates demyelination, glial activation, and motor dysfunction in an animal model of multiple
sclerosis [16]. These studies suggested that phospholipids could be promising therapeutic agents for
neurodegenerative diseases. Thus, it is critically important to focus our research efforts on PLDP in
older individuals.

2. Microglia in Neurodegeneration

Neurodegeneration is an age-dependent progressive deterioration of neuronal components and
functions, ultimately leading to cognitive impairment and dementia [17]. These changes occur due to
genetic mutations or protein-misfolding diseases such as Alzheimer’s disease that can accumulate
with age [18]. Many groups have clearly demonstrated the close spatial–temporal relationship network
between amyloid fibrils and activated microglia in both Alzheimer’s disease patients and animal
models [19–21]. Several studies have also indicated that Alzheimer’s risk genes determine the
microglial response to amyloid-β precursor protein but not to Tau pathology using single microglia
sequencing [22,23]. These results suggest that microglia are associated with the progression of
Alzheimer’s disease. Activation of microglia has been extensively documented as an early event in the

150



Biomedicines 2020, 8, 446

pathogenesis of protein-misfolding diseases [24]. These reports suggest that microglia are important
aspects of CNS homeostasis and injury repair in aging. Under pathological conditions, such as altered
neuronal function, injury, ischemia, and inflammation, microglia become activated, proliferate, and
change from a ramified to an amoeboid cell type [25]. Microglial activation has been shown to lead to
two opposing cell states, namely classical (M1) and alternative (M2) activation. The M1 phenotype is
considered to be a pro-inflammatory state, in which microglial cells produce and release reactive oxygen
species (ROS) and cytokines [26]. This is particularly evident in neurodegenerative disorders that
involve protein aggregation events such as Alzheimer’s disease. Activated microglia play a potentially
detrimental role by eliciting the expression of pro-inflammatory cytokines, such as interleukin 1 beta
(IL-1β), IL-6, and tumor necrosis factor-alpha (TNF-α), affecting the surrounding brain tissue [27]. Under
ischemic stress, microglia are activated and produce high levels of ROS, which are known to induce
oxidative injury in neurovascular cells [28]. In contrast, the M2 microglial phenotype is considered
an anti-inflammatory effect and is involved in the production and release of pleiotropic cytokines
and neurotrophins, such as IL-10, IL-4, and TGF-β, and low levels of pro-inflammatory cytokines.
Anti-inflammatory cytokines such as IL-10 and IL-4 induce the M2 phenotype, which possesses
neuroprotective properties. Microglia have become more important than ever in demonstrating strong
genetic implications for microglia molecules and the immune system (Figure 1). These studies indicate
that understanding human microglial function in neurodegenerative diseases may elucidate new
targeted therapies.

Figure 1. A potential role in the mechanism of action of PLDP in microglial cells. Our previous
study suggested that PLDP improve cognitive function at older ages [29], by acting as a rich source of
lysophospholipids (LPLs). Total phospholipids were extracted from PLDP using the Bligh and Dyer method,
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an analysis of the composition of total phospholipids from PLDP revealed that the most abundant
LPLs was LPC and LPE. We measured LPS-mediated anti-inflammatoly cytokines expression and
ROS production with or without PLDP-derived LPLs treatment, IL-6 expression and ROS production
was decreased.Conversion to the activated microglial phenotype (M1 and M2) is often accompanied
by the release of NO and reactive oxygen species (ROS), along with the production of inflammatory
cytokines such as IL-1, IL-6, and tumor necrosis factors (TNFs). This inflammatory milieu creates a toxic
environment that leads to neuronal dysfunction and death. PLDP is a rich source of lysophospholipids
including lysophosphatidylcholine (LPC) and lysophosphatidylethanolamine (LPE). In contrast,
anti-inflammatory cytokines such as IL-10 and IL-4 induce the M2 phenotype, which possesses
neuroprotective properties. We identified novel cooperative actions of lysophospholipids resulting
in inhibition of IL-6 secretion and intracellular ROS accumulation in microglia after LPS-induced
neuroinflammation. PLDP represents a promising nutraceutical that could improve cognitive function.

3. Mitochondrial Dysfunction and Neurodegenerative Disease

The inflammatory response is crucial in controlling and counteracting the harmful effects triggered
by a variety of insults to the central nervous system. However, severe or chronic neuroinflammation
can damage the central nervous system (CNS) because of excessive microglial production of cytokines
and other inflammatory mediators, such as ROS. More recently, evidence has emerged for impaired
mitochondrial dynamics in neurodegenerative diseases such as Alzheimer’s disease. Mitochondria are
responsible for ATP generation, ROS formation, intracellular Ca2+ homeostasis, and cell death [30].
The mitochondrial cascade hypothesis includes oxidative stress and overproduction of oxidative free
radicals such as ROS and reactive nitrogen species [31]. ROS are toxic by-products generated in
the mitochondria, and excess ROS may contribute to age-related disease. Impaired mitochondrial
function and associated bioenergetic changes alter Alzheimer’s disease homeostasis and lead to an
accumulation of amyloidβ-protein. Damage to mitochondria leads to a deficiency in energy production,
oxidative stress, inflammation, and neuronal damage [32]. Microglia are resident macrophages and
play a central role in Alzheimer’s disease-related inflammation. It has been reported that microglial
cells internalize aggregates of the Alzheimer’s disease amyloid β-protein via the scavenger receptor
CD36 [30]. Microglia have been reported to play a central role as moderators of amyloid β-protein
degradation or clearance [33]. Recent evidence indicates that decreased clearance of amyloid β-protein
is the driving force leading to its toxic accumulation in Alzheimer’s disease. Amyloidβ-protein interacts
with microglia via CD36 and a heterodimer of toll-like receptor (TLR) 4 and 6. This interaction seems
to activate the NLR family pyrin domain containing 3 (NLRP3) inflammasome, which results in the
secretion of IL-1β [34]. The resulting overexpression of IL-1β can aggravate the chronic inflammatory
response in the CNS [35]. These findings suggest that NLRP3 and IL-1β play important roles in the
pathophysiology of Alzheimer’s disease.

4. PLDP and Cognitive Improvement

To take advantage of the by-products of the porcine industry, porcine livers are used to obtain
protein hydrolyzates. Porcine liver decomposition product (PLDP) is produced by hydrolysis,
carried out using commercially available proteases and performed under optimal conditions [29].
After hydrolysis, proteases are heat-inactivated. Following the filtration and washing steps, a filter
cake is formed. It has been reported that peptides from porcine liver hydrolyzates have antioxidant
and angiotensin-converting enzyme (ACE) inhibitory properties [36]. Reductions in serum cholesterol
have been observed following liver phospholipid treatment [37]. These data suggest that the liver
has a high nutritional content and offers a good source of protein, lipids, and carbohydrates [38].
Our recent study demonstrated that PLDP can improve cognitive function in older adults by providing
a rich source of phospholipids and lysophospholipids [29]. These findings suggest that PLDP is a
promising nutraceutical for healthy adults over 40 years of age. We have previously demonstrated that
PLDP primarily consists of phospholipids [29]. The components and amount of PLDP administered
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daily are shown in Table 1. An analysis of the composition of PLDP revealed that the most abundant
phospholipids belonged to the PC class. Within this class, PC was the most abundant phospholipid,
followed by PE. Other identified phospholipids included PS, PI, and PA. Likewise, extracted ion
chromatogram (EIC) analysis of LPCs in the PLDP showed that the most abundant LPC was LPC (18:0).
The most abundant LPE was LPE (18:0), while the most abundant LPI detected was LPI (18:0). The most
abundant LPS detected was LPS (18:0), and the most abundant LPA detected was LPA (18:0) [39].
PLDP primarily includes phospholipids [29]. Phospholipids are structurally and functionally important
cell membrane constituents. Numerous studies have been conducted to examine their role in aging [40],
as phospholipids are the primary functional components of neuronal membranes [41]. These results
suggest that PLDP represents a promising nutraceutical that could improve cognitive function in
healthy adults over 40 years of age. Phospholipids, including PC, PE, PI, PS, and PA, are composed of a
diacylglycerol moiety attached to a phosphate group, which in turn is connected to various head groups.
Two acyl chains derived from fatty acids are attached to the first and second carbons of the glycerol
moiety, denoted as sn-1 and sn-2, respectively [42]. Multiple isoforms of PLA2 have been reported to
hydrolyze PC, PS, and PE at the sn-2 position to form lysophospholipids, including LPA, LPC, LPS,
and LPE [43]. Phospholipids are major constituents in the intestinal lumen after meal consumption and
products of phospholipid metabolism in the intestine through PLA2- and ATX-mediated pathways [44].
Oral medication administration is one of the preferred routes for patients. Many drugs can be
administered orally as capsules, tablets, or liquids. Since oral administration is the most convenient,
safest, and least expensive route, it is most often used. Phospholipids derived from food sources
(e.g., PLDP), especially complex lipids, are also capable of affecting gastrointestinal function and
the enteric nervous system [45]. In addition, the digestive tract releases multiple types of bioactive
lipids into the intestinal lumen [46]. Therefore, gastrointestinal inflammation is affected by both
dietary lipids and lipid metabolism in the digestive tract [47]. Modulation of gastrointestinal wound
repair and acute inflammation by mucus phospholipids in tissue is well understood [48]. In addition,
systemic inflammation can increase the levels of pro-inflammatory cytokines in the CNS associated
with glial activation in neurodegeneration [49]. LPC and LPA, which are also produced via PC
hydrolysis, increase alpha-7 nicotinic acetylcholine receptor signaling and improve cognitive function
by increasing long-term potentiation, increasing synaptic excitability [50]. Lysophospholipids mediate
signaling, proliferation, neural activity, and inflammation, thus contributing to the regulation of a
variety of important pathophysiological processes, including cerebral ischemia, vascular dementia,
and Alzheimer’s disease [51]. Under normal circumstances, inflammation is a protective response that
facilitates the healing process [52]. However, leukocytes and macrophages are found throughout the
blood and cytokines are secreted by cells of the nervous system as part of an immune-modulating
response that helps to resolve inflammation [53]. Neuroinflammation is a hallmark of all major
CNS diseases. The main mediators of neuroinflammation are microglial cells, which are activated
during CNS injuries (e.g., stroke and spinal cord injury). Microglial cells initiate a rapid response
that involves cell migration, proliferation, and release of cytokines, chemokines, and neurotrophic
factors [54]. In addition, microglia can release potent neurotoxins that cause neuronal damage [55].
Since mitochondrial dysfunction is involved in neuroinflammation, repair and support of this organelle
is critical in biological systems. Mitochondria have a lipid membrane, similar in composition to
the plasma membrane, which can be damaged by the production of reactive oxygen species (ROS).
Excess free-radical species adversely modify cell components, exacerbating lipid, protein, and DNA
damage that underlie multiple pathogenic conditions. Induced lipid peroxidation also plays a critical
role in cell death pathways, including apoptosis [56]. Therefore, exogenous phospholipids can provide
an important source of bioactive components for the repair of these membranes [57]. We anticipate
that a detailed study of the biological activities of phospholipids identified in PLDP will clarify the
currently unknown pathophysiological mechanisms underlying dementia.
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Table 1. The components and the amount of PLDP administered daily are shown. PC: phosphatidylcholine,
PE: phosphatidylethanolamine, PI: phosphatidylinositol, PS: phosphatidylserine, PA: phosphatidic acid,
SM: sphingomyelin, LPC: lysophosphatidylcholine.

Composition Amount/Day

Phospholipids

PC 16.8 mg

PE 4.0 mg

PI 4.0 mg

PS 1.7 mg

PA 3.2 mg

SM 2.2 mg

LPC 6.7 mg

Cholesterol 4.5 mg

Purine (guanine) 1.4 mg

5. Lysophospholipids and Neuroinflammation

Based on the results of research over the last two decades, lysophospholipids have served not
only as structural components of biological membranes, but also as biologically active molecules.
They are known to influence a broad variety of processes, including neurogenesis, immunity,
vascular development, and regulation of metabolic diseases [15,44,58–60]. With growing interest
in the involvement of extracellular lysophospholipids in both normal physiology and pathology,
it has become increasingly evident that these small mediators may have therapeutic potential
for anti-neurodegenerative indications. It has been demonstrated that the lipopolysaccharide
(LPS)-mediated inflammatory response, including increased microglial cytokine production,
is significantly suppressed by LPC or LPE exposure [39,61]. Microglial activation leads to the
production of pro-inflammatory cytokines, including IL-1, IL-6, and TNF-α [25]. A recent study
suggested that LPC treatment attenuated the increased expression of the pro-inflammatory cytokines
IL-1β, IL-6, and TNF-α, which suggests that it may be neuroprotective and/or protect against
neuroinflammation. Previous studies have suggested that the pro-inflammatory cytokine TNF-α is
a primary mediator of the inflammatory response that stimulates the synthesis and release of other
cytokines [62]. Our results showed that the LPS-mediated inflammatory response, including the
observed increase in microglial cytokine production, was suppressed by LPC exposure. This finding is
important given that microglia-mediated neuroinflammation is regarded as a pathological mechanism
in many neurodegenerative diseases and a key event accelerating cognitive or functional decline.
While the release of these factors is typically intended to prevent further damage to CNS tissues, they
may be toxic to certain neurons and other glial cells [25]. These studies suggest that understanding
the role of proinflammatory cytokines in neurodegenerative diseases is complicated by cytokines
possessing dual roles in neuroprotection and neurodegeneration. For example, IL-6 plays roles
in aging, brain injury, dementia, and autoimmune disease [63]. IL-6 is a pleiotropic cytokine that
is often undetectable in the normal brain. Its acute release in response to injury is well studied
and documented [64]. LPS usually stimulates IL-6 production in both astrocytes and microglia,
while TNF-α induces IL-6 in astrocytes, but not microglia [64]. There may be species-specific effects
in which LPS mostly affects TNFα, IL-1β, and IL-6 production in microglia rather than in astrocytes,
although IL-1β stimulates IL-6 synthesis in astrocytes [65]. Previous studies have also indicated that
the anti-inflammatory cytokine IL-10 was induced by LPC or LPE exposure in ventral mesencephalic
neurons and microglia in response to LPS stimulation [66,67]. IL-10 is known to inhibit the LPS-induced
production of several inflammatory mediators [68]. Furthermore, it is an important modulator of
neuronal homeostasis, with anti-inflammatory and neuroprotective functions, which can be released
by activated microglia [69]. Neuroinflammation is a major pathogenic condition that affects the
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onset and progression of neurodegenerative diseases [70]. Inhibition of inflammatory cytokine
production may play a role in the anti-inflammatory activity of lysophospholipids, suggesting novel
therapeutic applications.

6. Oxidative Stress and Lysophospholipids

Oxidative stress is an important phenomenon caused by an imbalance between the production
and degradation of free radicals and ROS in cells, leading to accumulation [71]. ROS are known
to damage all cellular macromolecules (lipids, nucleic acids, and proteins). This damage leads to
secondary metabolic activities that can be just as damaging as the initial ROS [72]. Oxidative stress
seems to be involved in the pathogenesis of both major types of dementia: Alzheimer’s disease and
vascular dementia [73]. In Alzheimer’s disease, oxidative modifications are closely associated with
subtle inflammatory processes in the brain [74]. The brain becomes extremely enriched in oxidized
phospholipids [75]. Lipid peroxidation is one of the major outcomes of free radical-mediated injury in
neurological disorders [76]. Polyunsaturated fatty acid peroxidation triggers a devastating sequence of
reactions in cell membranes. Once oxidative damage is initiated, ROS oxidize polyunsaturated fatty
acids in the cell membrane in a self-propagating chain reaction. The cell membrane, which is
composed of polyunsaturated fatty acids, is a primary target for ROS attack, leading to cell
membrane damage. Increased ROS production is harmful, leading to adverse oxidative modifications
to cell components, such as mitochondrial structures, which are sensitive targets of ROS-induced
damage [77]. Polyunsaturated fatty acids can be further modified by cyclooxygenases to form
prostaglandins, which are unstable and can be converted into various prostanoids depending on the
cellular regulation of terminal prostanoid synthesis pathways [78]. On the other hand, LPC is a type of
bioactive lysophospholipid that circulates in the body at high concentrations. LPC and LPE are highly
abundant phospholipid components of PLDP that incorporate choline or phosphatidylethanolamine
as their head group. PC hydrolysis at the sn-2 position by the superfamily of PLA2 enzymes generates
LPC [79]. The mechanisms of neuronal death in the disease remain unclear, although it has been
postulated that cell death is due to apoptosis [80]. Reports have linked apoptosis to an increase in
mitochondrial oxidative stress that causes cytochrome c release, subsequent caspase activation, and cell
death [81–83]. A previous report suggested that LPC inhibits hydrogen peroxide-induced apoptosis in
macrophages [84]. It has also been reported that LPE displays anti-inflammatory action when orally
administered in zymosan-induced peritonitis, which is a model commonly used to study systemic
inflammatory response syndrome [85]. LPE has been detected in human serum at concentrations of
about several hundred nanograms per milliliter [86] and has been reported to function as an intercellular
signaling molecule [87]. Numerous studies suggest that besides amyloid β-protein accumulation,
dysregulation of intracellular Ca2+ homeostasis might act as an important progenitor of Alzheimer’s
disease. Reduced serum calcium levels are associated with the conversion of MCI to early Alzheimer’s
disease [88]. Many factors and signaling pathways that are activated by inflammation and oxidative
stress are involved in the propagation of neurodegenerative diseases [89]. Our previous study suggested
that 1-O-alkyl glycerophosphate (AGP), an ether-linked LPA, is present in the brain and spinal cord,
and plays a crucial role during nervous system development. Tokumura described a phospholipase D
(PLD) responsible for the degradation of lyso derivatives of platelet-activating factor (PAF) to AGP [90].
In addition, we found that AGP treatment increased the production of intracellular ROS and induced
peroxisome proliferator-activated receptor γ (PPARγ) activation in microglial cells [91]. PPARγ is a
member of the nuclear hormone receptor superfamily, many of which function as ligand-activated
transcription factors. Intriguingly, AGP upregulated the expression levels of CD36 class B scavenger
receptor, a high-affinity receptor for oxidized low-density lipoproteins (LDL). These findings suggest
that AGP induces PPARγ activation, enhances CD36 expression, and increases the production
of intracellular ROS in microglial cells. We showed that AGP strongly induced ROS-mediated
microglial cell activation. ROS production in microglial cells was significantly increased upon
treatment with AGP, and this production was attenuated by a synthetic irreversible PPARγ antagonist.
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Additionally, PPARγ-induced and CD36-mediated microglial amyloid-β phagocytosis results in
cognitive enhancement [91]. It is well known that inflammatory cytokines and signaling pathways
play pivotal roles in microglial activation [92]. CD36-mediated ROS generation is an important
factor that mediates AGP-induced cytokine signaling in microglial cells. These results indicate
that inflammatory processes play a role in neurodegenerative disease progression and pathology,
and that an extract of PLDP containing a mixture of physiologically and pharmacologically active
phospholipids exerted potent anti-inflammatory and anti-oxidative effects against neurodegeneration
underlying dementia. These studies suggest that lysophospholipids are of particular interest for their
anti-inflammatory properties.

7. Conclusions and Future Perspectives

Accumulating evidence indicates that dementia is caused by damage to microglia–neuron
communication [93]. Once activated, microglia can be potent immune effector cells that initiate both
innate and adaptive immune responses and produce a number of cytokines, chemokines, and growth
factors [94]. There has been increasing interest in the role of inflammation as a common mechanism
of disease, including neurodegeneration. Common neurodegenerative diseases, including dementia,
are associated with chronic neuroinflammation. This inflammation and subsequent tissue damage
interfere with the ability of brain cells to communicate with each other. Signs and symptoms are linked
to three stages of dementia: the early stage, middle stage, and late stage. A strong link has been observed
between pro-inflammatory cytokines and neurodegeneration, both in clinical data and basic science
research [95]. Recent evidence suggests that midlife risk factors for cardiovascular disease, including
high cholesterol, hypertension, high homocysteine, and inflammation, are important risk factors
for dementia in later years [96]. Furthermore, high cholesterol and hypertension have consistently
displayed an association with increased risk of Alzheimer’s disease and vascular dementia [97].
Vascular pathology plays a key role in the development of vascular dementia in addition to Alzheimer’s
disease [98]. An interesting report indicated that LPC and LPS attenuate the expression of inflammatory
mediators in atherosclerosis [99]. Unfortunately, no treatment is currently available to cure dementia or
to alter its progression. Numerous new treatments under investigation are in clinical trials. Currently,
the principal goal of dementia care is early diagnosis, to promote early and optimal management.
Although the exact mechanisms of action of PLDP are not fully understood, one possibility is a
synergistic effect of phospholipid components in PLDP (Figure 1). Currently, LPC and LPE are the
most attractive research targets in terms of biological activity and possible applications. Enzymatic
digestion of LPC leads to the formation of various forms of bioactive lipids such as LPA and cPA,
which are involved in modulating cardiovascular system physiology, wound healing, and carbohydrate
metabolism, mediated by plasma membrane and nuclear receptors [15,100]. LPE is likely to have
neuroprotective roles both in vivo and in vitro. We showed that media conditioned via exposure to
LPE-treated microglia promoted morphological changes in a dose-dependent manner. Our study
also indicated that LPC and LPE synergistically suppressed LPS-stimulated ROS production [39].
This finding is important given that microglia-mediated neuroinflammation is regarded as a pathological
mechanism in many neurodegenerative diseases, such as dementia and Alzheimer’s disease, and a key
event in accelerating cognitive or functional decline. Thus, lysophospholipids a promising therapeutic
candidate for the treatment of age-related cognitive impairments, including neurodegenerative diseases,
such as dementia (Figure 2). The effect of PLDP and its component phospholipids on other mental
diseases will be an interesting topic to explore. We aimed to identify a functional phospholipid
contained within PLDP that has been confirmed to have clinical effects and to develop a new drug for
treating dementia and Alzheimer’s disease.
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Figure 2. Effect of PLDP in vitro and in vivo. Oral administration of PLDP to healthy study participants
(over 40 years of age) enhanced Visual Memory and Delayed Recall. Our primary focus was to
identify a functional phospholipid contained within PLDP, confirm its clinical effects, and develop
it as a new drug for treating neurodegenerative diseases, including dementia. PLDP: porcine liver
decomposition product, CEPT: choline/ethanolamine phosphotransferase, PLA2: Phospholipase A2,
ATX: Autotaxin, also known as ectonucleotide pyrophosphatase/phosphodiesterase family member 2,
WMS-R: Wechsler Memory Scale.
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Abstract: Polyunsaturated fatty acids (n-3 PUFAs) are long-chain polyunsaturated fatty acids with
18, 20 or 22 carbon atoms, which have been found able to counteract cardiovascular diseases.
Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), in particular, have been found to
produce both vaso- and cardio-protective response via modulation of membrane phospholipids
thereby improving cardiac mitochondrial functions and energy production. However, antioxidant
properties of n-3 PUFAs, along with their anti-inflammatory effect in both blood vessels and cardiac
cells, seem to exert beneficial effects in cardiovascular impairment. In fact, dietary supplementation
with n-3 PUFAs has been demonstrated to reduce oxidative stress-related mitochondrial dysfunction
and endothelial cell apoptosis, an effect occurring via an increased activity of endogenous antioxidant
enzymes. On the other hand, n-3 PUFAs have been shown to counteract the release of pro-inflammatory
cytokines in both vascular tissues and in the myocardium, thereby restoring vascular reactivity and
myocardial performance. Here we summarize the molecular mechanisms underlying the anti-oxidant
and anti-inflammatory effect of n-3 PUFAs in vascular and cardiac tissues and their implication in the
prevention and treatment of cardiovascular disease.

Keywords: n-3 PUFAs; oxidative stress; endogenous antioxidants; anti-inflammatory response;
cardiovascular diseases

1. Introduction

Nutraceutical supplementation is considered a viable approach for prophylaxis and treatment of
heart diseases [1–4]. In particular, the efficacy of polyunsaturated fatty acids (PUFAs) in the treatment
of various pathologies and, especially, of cardiovascular diseases is known since long time and a large
body of clinical data on their protective effect has been collected over the last decades [5–8], though
several pathophysiological implications on their use still remain unclear [9].

Humans and other mammals are not able to synthesize [10]. Therefore, linoleic acid (LA, 18:2,
omega-6) and α-linolenic acid (ALA, 18:3, omega-3), denoted as essential fatty acids, must be included
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in the diet. Docosahexaenoic acid (DHA, 22:6 n-3) and eicosapentaenoic acid (EPA, 20:5 n-3) are
members of n-3 PUFAs subfamily of PUFAs being obtained from the precursor ALA or dietary fish
oils; ALA, in turn, can also be found in nuts and leafy vegetables. For the prevention of cardiovascular
disease (CVD), a higher consumption of n-3 PUFAs is recommended. Indeed, many studies have
shown that an increase in consumption of n-3 PUFAs leads to a decrease in cases of cardiovascular
disease. In particular, it has been reported that eating fatty fish a few times a week halves coronary heart
disease (CHD) deaths and reduces the probability of death from a heart attack by one third [11–14].
The beneficial effects of n-3 PUFAs are due to a set of various mechanisms of action. Indeed, they have an
antiarrhythmic and antithrombotic action, reduce plasma triglyceride levels and resolve inflammatory
states, regulate the expression of several genes and transcription factors, and act on membrane
fluidity [15,16]. In many pathologies, free radicals (such as peroxynitrite) increase proinflammatory
cytokines synthesis, regulate the cyclooxygenase (COX) pathway, and promote proinflammatory
prostaglandin E2 (PGE2) synthesis [17]. In the treatment of these diseases, n-3 PUFAs fatty acids (ω-3)
have the same effects as many antioxidants, in fact, they protect endothelial cells and cardiomyocytes
from damage and cell death [18]. In addition to the collected evidence, demonstrating the beneficial
responses of dietary n-3 PUFAs supplementation on the cardiovascular system, some concerns have
been expressed about their potential detrimental effects in different tissues due to their potential
pro-oxidant effect [19]. In particular, oxidative stress and n-3 PUFAs are strongly correlated. Long- or
very long-chain fatty acids have many “fragile” double bonds between carbon atoms. Therefore,
the n-3 PUFAs undergo lipid peroxidation during oxidative stress, generating highly cytotoxic reactive
products [20]. This is particularly dangerous in the central nervous system (CNS) [21]. In particular,
it is not clear whether or not exogenously given PUFAs have a safety profile which would allow for
their extensive use in the general population. Based on these concerns, the European Food Safety
Authority (EFSA) expressed its opinion and claimed that, for any population group, there is not enough
data to establish a tolerable upper intake level for n-3 LC PUFA (DHA, EPA and Docosapentaenoic
acid (DPA), individually or combined). Indeed, for the adult population, the supplemental intakes of
EPA and DHA combined at doses up to 5 g/day, and additional intakes of EPA alone up to 1.8 g/day,
do not raise safety concerns. Furthermore, for the general population, the supplemental intakes of
DHA alone up to 1 g/day do not raise safety concerns [22].

In this review, we summarize some of the recent advances regarding the potential antioxidant
effects of n-3 PUFAs supplementation on the cardiovascular system along with their anti-inflammatory
and cardioprotective effect in vitro and in vivo.

2. Antioxidant and Antinflammatory Properties of n-3 PUFAs

2.1. Mitochondrial Oxidative Stress and n-3 PUFAs

Molecular and cellular research shows that n-3 PUFAs have cardioprotective effects [23]. A diet
rich in n-3 PUFAs has a beneficial effect on blood pressure, heart rate, left ventricular diastolic
filling, and endothelial functions [24]. Therefore, n-3 PUFAs have a beneficial effect on cardiac
hemodynamic factors [25]. In particular, PUFAs act as antioxidants when they are inserted into the
cell membranes and regulate the antioxidant signalling pathways. Mitochondrial membranes of
eukaryotic cells have a high DHA content indicating that DHA is a fundamental phospholipid for
adenosine triphosphate (ATP) synthesis by oxidative phosphorylation. In mitochondria, DHA acts
on many pathways; reducing oxidative stress and cytochrome c oxidase (complex IV) activity as
well as increasing manganese-dependent superoxide dismutase (Mn-SOD) activity. Rats fed a high
fish oil diet demonstrate a higher expression and activity of the antioxidant enzyme superoxide
dismutase (SOD) and an inhibition of membrane peroxidation process as expressed by the reduced
content of thio-barbituric acid (TBARS) products. The action of oxidized n-3 PUFAs is directed against
Kelch-like ECH-associated protein 1 (Keap1), the negative regulator of the nuclear factor erythroid
2–related factor 2 (Nrf2). Dissociation of Keap1 from Cullin3 induces Nrf2-dependent antioxidant
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gene expression [26]. Additional antioxidant action of n-3 PUFAs reduces myocytes sensitivity to
reactive oxygen species (ROS)-induced ischemia reperfusion (I/R) injury and increases SOD and
glutathione peroxidase (GSH-Px) levels. Hypoxia condition decreases oxidative markers and increases
antioxidant enzymes expression, whereas oxidized n-3 PUFAs act on sirtuin1 (SIRT1) and forkhead
box (FOXO) protein, thereby increasing SOD levels. Furthermore, in human and rat studies, EPA and
DHA determined F2-isoprostane reduction, an oxidative stress marker in urine [27,28].

Thus, n-3 PUFAs supplementation leads to substantial antioxidant response, an effect that occurs
mainly via restoring imbalanced endogenous antioxidant moieties.

2.2. Nitric Oxide, Endothelial Dysfunction and n-3 PUFAs

An effect of n-3 PUFA fatty acids, which correlates with their antioxidant properties, is represented
by counteraction of endothelial dysfunction, an effect which reduces arterial stiffness [29,30]. Endothelial
dysfunction is determined by a reduction in endothelium-dependent vasodilation due to impaired nitric
oxide (NO) bioavailability [31,32]. In fact, NO is the most important molecule for vasodilation, derived
from the endothelium. In addition, NO has an anti-atherosclerotic action, reducing smooth muscle cell
proliferation, platelet aggregation, and leukocyte adhesion [33]. It is known that an increase in oxidative
stress induces endothelial dysfunction since ROS reduce NO bioavailability and increase synthesis of
the most toxic species, i.e., peroxynitrite [34]. Changes in NO bioavailability cause procoagulable and
prothrombotic conditions and vascular inflammation [35]. Important receptor-mediated cell signal
transduction pathways, including the NO-cGMP pathway, are present in caveolae and lipid rafts
of endothelial cell membranes [36]. n-3 PUFAs may regulate the caveolae composition resulting in
increased NO production [37]. In particular, n-3 PUFA fatty acids stimulate endothelial nitric oxide
synthase (eNOS) activity and expression [38]. Moreover, EPA determines a higher NO synthesis by
increasing AMP-activated protein kinase (AMPK)-induced eNOS activation and eNOS dissociation
from inhibitory scaffolding protein caveolin [39] (Figure 1). eNOS activity is also stimulated by DHA
which favours the binding between eNOS and heat shock protein 90 (HSP-90), with activation of the
PKB/AKt pathway. Thus, eNOS is phosphorylated and activated [18,40,41] and this represents the
most relevant consequence of antioxidant-response elicited by supplementation with n-3 PUFAs.

2.3. Cell Membranes and Anti-Inflammatory Effects of n-3 PUFAs

Modulation of the cell membrane properties represents a supplemental molecular mechanism
by which n-3 PUFAs lead to cardio-protective and vaso-protective response. In fact, linoleic acid and
α-linolenic acid are fundamental constituents of cell membranes and are able to determine an impaired
fluidity of membrane. Therefore, they determine and affect the behaviour of membrane-bound enzymes
and receptors [42–44]. In particular, evidence has been collected showing that n-3 PUFAs inhibit both
the interleukin (IL)-1, 2, 6 synthesis and the protein kinase C signalling pathway [45]. This correlates
with studies showing that n-3 PUFAs interfere in various ways in inflammatory processes, inhibiting
IkB phosphorylation and therefore the NF-kB signaling pathway, or through PPARα/γ, or through a
ligand for GPR120, which reduces both TLR-4 and tumour necrosis factor alpha (TNF-α) signalling
pathway [42,43]. Moreover, n-3 PUFAs regulate leukotrienes, prostaglandins and thromboxanes
synthesis, through activation of cytosolic phospholipase A2 (cPLA2), cyclooxygenase 2, and production
of PGE2, as a cPLA2 inhibitor, modify the metabolic pathway of arachidonic acid [17,18,46,47].
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Figure 1. n-3 PUFA mediated eNOS modulation. n-3 PUFA (EPA and DHA) determine a higher NO
synthesis by increasing eNOS activity and expression. The unbinding of eNOS/caveolin-1 complex
and the recruitment of HSP-90 allow eNOS phosphorylation and activation mediated by Akt and
AMPK [18,40,41].

2.4. N-3 PUFA-Derived Mediators

Maresins, protectins, and resolvins are called specialized pro-resolving mediators (SPMs).
They derive from ω-3 and have anti-inflammatory properties [48].

It is known that atherosclerosis is an unresolved inflammatory pathology in which vascular
wall damage occurs. This damage is likely to be caused by reduced synthesis of SPMs, therefore
it is probable that an increase in SPMs could reduce the local inflammatory response and resolve
the damage caused by atherosclerosis [49]. Numerous in vivo studies attest to the cardioprotective
role of specialized pro-resolving mediators. Resolvin E series, such as RvE1, are synthesized from
eicosapentaenoic acid and resolve acute inflammation states as they switch off leukocyte trafficking,
favour the clearance of inflammatory cells and debris as well as inhibit cytokine synthesis [50–53].
In rats treated with RvE1, after I/R, myocardial infarct size was reduced by 70% compared to control
group, when administered before reperfusion. In particular, the results demonstrate that RvE1 reduces
heart damage by direct action on cardiomyocytes [54].

On the contrary, biosynthesis of D-series resolvin, maresins, and protectins starts with DHA.
For example, PD1 protects against brain ischemia and renal I/R injury while Resolvin D1 (RvD1) is
effective against I/R and atherosclerosis [55,56].

Even after an infarct, RvD1 administration resolves the acute inflammation as it stimulates
the specialized pro-resolving mediator synthesis in the spleen and favours their transfer to the
anti-inflammatory M2 macrophages in the left ventricle, preventing the onset of cardiac fibrosis and
ensuring the normal heart function. Epoxides, such as epoxyeicosatetraenoic acids (EpETEs) and
epoxydocosapentaenoic acids (EpDPAs), are obtained from EPA and DHA with reactions catalyzed by
CYP450 monooxygenase and are termed lipid mediators. They perform an anti-inflammatory action
in cardiovascular disease, dilate the pulmonary arteries, activate the smooth muscle of the coronary
arteries, and provide an anti-arrhythmic action. For these reasons, studies have to be carried out
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regarding the inhibition of epoxide hydrolysis in order to render them stable and thus increasing their
functionality in cardiovascular disease therapy [42,57,58] (Figure 2).

Figure 2. Beneficial effects and potential mechanisms of n-3 PUFA-derived mediators.

3. Vaso-Protective Activities of n-3 PUFAs

Arterial wall stiffness and endothelial dysfunction indicate a high probability that more or less fatal
cardiovascular disease may arise. Overt atherosclerosis is caused by the concomitance of numerous
alterations concerning the vessel wall anatomy, vascular endothelium, endothelial-derived factors,
and circulating cytokines [35]. It has been shown that n-3 PUFAs have positive effects on numerous
molecular and physiological pathways characteristic of the disease as they regulate arterial stiffness
and endothelial dysfunction and therefore prevent atherosclerosis and cardiovascular diseases [59,60].
In vivo studies on mice have shown that n-3 PUFAs fatty acids inhibit atherogenesis as they reduce
the lipid deposition in the arterial layers, thus inhibiting the Low Density Lipoproteins (LDL) uptake,
favouring their removal from the aortic media and inhibiting the lipoprotein lipases synthesis [61].

A diet rich in ω-3 decreases the macrophages and pro-inflammatory markers favouring
anti-atherogenic activity [62].

Furthermore, studies conducted in cell lines treated with EPA and DHA have shown a reduction in
the proliferation of vascular smooth muscle cells when ω-3 are inserted into membrane phospholipids
thereby slowing the progression of cell cycle [63,64]. Similar results were obtained by observing
the coronary arteries of subjects who had taken fish oil supplementation. The n-3 PUFAs fatty
acids act favourably on plaque stability and prevent breakage thus reducing the onset of thrombotic
phenomena [64].

Arterial wall stiffness is determined by active and passive mechanisms of the arterial
hemodynamics. Endothelium cells are controlled by molecular and cellular mechanisms which
influence the elasticity and mechanical characteristics of the vessels [65].

EPA and DHA act on these mechanisms. A further beneficial effect of n-3 PUFAs intake on wall
stiffness is blood pressure reduction. In vivo and clinical studies have documented that a high heart rate,
directly related to the progression of arterial stiffness, increases the risk of cardiovascular events. In fact,
intake of n-3 PUFAs decreases heart rate and promotes recovery after physical activity. It is also thought
that the heart rate reduction is determined by direct effects on cardiac electrophysiology [64]. It is
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possible that EPA and DHA both modulate the balance between the parasympathetic and sympathetic
systems as well as the aortic stiffness and muscle sympathetic nerve activity, thus favouring the
neurogenic autonomic function of cardiovascular system [40,66,67].

3.1. N-3 PUFAs and Atherosclerosis

In vivo studies show that n-3 PUFAs have the capacity to reverse atherosclerosis, therefore a
diet richer in ω-3 protects against coronary artery disease (CAD). It is known that EPA and DHA
accumulate in adipose tissue. Thus, in this tissue, they could act on the altered endocrine function,
reduce low-grade inflammation caused by obesity, and regulate adipokine gene expression [68].
In patients with stable coronary artery disease, n-3 PUFAs may be added to pharmacological and
interventional therapy as they improve adipokine plasma levels. In particular, the plasma levels of
adiponectin are enhanced while those of leptin are reduced after 1-month of ω-3 administration. This is
especially important in patients with coronary artery disease and many risk factors, because the statins
used in pharmacological treatment could influence adipokines plasma levels [22].

It was suggested that in white adipose tissue (WAT) n-3 PUFAs modulates the release of adipokine
and cytokines. As key mediators n-3 PUFAs effect on adipose tissue was proposed the protein GPR120
and the receptor PPAR-Υ [69]. It was proposed that this process involve the suppression of IKK
complex activation and JNK phosphorylation, and the reduction of TNF-α secretion, or the formation
of a complex between GPR120 and β-arrestin2 down-regulating inflammatory pathway. Further n-3
PUFAs reduce the levels of macrophage, IL-6, TNF-a, MCP-1, and inducible nitric oxide synthase
(iNOS) in WAT. Meanwhile, n-3 PUFA PPAR-Υ-binding promotes the production of anti-inflammatory
and insulin-sensitizing adipocytokines [69].

About anti-atherosclerotic effect, n-3 PUFAs and its metabolites, SPMs, could be helpful in
counteract atherosclerosis related inflammation [70]. It was proposed that this protective effect occurs
through an increase of n-3 PUFAs metabolites (18-monohydroxy EPA, RvE1, RvD1) and a reduction of
eicosanoids, such as thromboxane A2 or leukotriene B4, which are pro-inflammatory mediators. Both of
these actions determines a reduction in adenosine diphosphate induction of platelet aggregation,
coagulation and thrombosis, and a decrease of pro-inflammatory cytokines interleukin-6 (IL-6). Overall,
these effects lead to higher plaque stability increasing thicker fibrous cap, reducing oxidized LDL
uptake, migration of vascular smooth muscle cells, lesional oxidative stress and necrosis, reducing
atherosclerotic lesions progression and vascular inflammation [71].

The actions on atherosclerotic plaque was observed in an animal model of hyperlipidemia where
pre-treatment with EPA reduced lipid deposition, macrophage adhesion, VCAM-1, ICAM-1 and
MCP-1 on endothelial cells and increase content of collagen and smooth muscle cells in atherosclerotic
lesions [72].

Further, in a model of diet induced atherosclerosis, in ApoE * 3Leiden transgenic mouse,
the endogenous oxidation product of the n-3 PUFA, eicosapentaenoic acid (EPA), RvE1,
was administered alone or in combination with atorvastatin for 16 weeks, showing a reduction
of atherosclerotic lesions in both type of treatment, more pronounced in co-treatment. Even the
pathway of Interferon gamma and TNF-α were downregulated, suggesting an anti-inflammatory
action of RvE1 in atherogenesis [73].

The beneficial effect of n-3 PUFAs on atherosclerotic lesions was also due to the modulation of
cellular oxidative stress and of total antioxidant status, as have been demonstrated in apolipoprotein
E knockout mice. ApoE (−/−) mice fed a diet rich in fish oil for 10 weeks showed an increase of
antioxidant enzymes activities such as SOD and catalase (CAT) activities [74]. Fish oil rich diet in
ApoE (−/−) mice also increased NO production and eNOS expression and lowered iNOS and reduce
lipid peroxidation [75].

Also on vascular endothelial cells n-3 PUFA reduced oxidative stress- induced DNA damage.
Under H2O2 stimulation in aortic endothelial cells, EPA and DHA reduced γ-H2AX foci formation and
the activation of kinase ATM, suggesting a reduction of DNA damage response. Further, EPA and DHA
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also decrease intracellular reactive oxygen species and increase antioxidant defence (heme oxygenase-1,
thioredoxin reductase 1, ferritin light chain, ferritin heavy chain and manganese superoxide dismutase)
mediating upregulation of NRF2 result in cardiovascular protection [76].

Moreover, in a clinical retrospective analysis of 121 patients conducted in Japan, it was reported
that the use of EPA in patients with CAD undergoing percutaneous coronary intervention decreased
mean lipid index, macrophage grade and plaque instability [77].

3.2. The Effect of n-3 PUFAs in Platelet Function

It is known that n-3 PUFAs can inhibit normal platelet function, thus indicating platelet involvement
in EPA and DHA mediated cardioprotection. In fact, numerous studies indicate that platelets treated
with EPA and DHA show a reduction in the rate of thrombin formation and the exposure of platelet
phosphatidylserine. This treatment reduces thrombus formation and modifies the processing of
thrombin precursor proteins [78]. An additional result indicates that when whole blood is treated
with ω-3, there is more occlusion time and less fibrin accumulation under flow conditions. Moreover,
in vitro studies show that n-3 PUFAs reduce, without eliminating, the procoagulant ability of platelets;
this represents one of the cardioprotective mechanisms of ω-3 in subjects with a diet rich in EPA and
DHA [79,80].

Along with anti-coagulant action, PUFAs exert anti-platelet effect. Indeed, PUFAs are important
constituent of platelet membrane. Free PUFAs were produced by cytoplasmic phospholipase A2 action
and they are oxygenated by cyclooxygenase, lipoxygenase and CYP450 into oxylipins. These oxylipins
are lipid mediators that regulate platelet function and thrombosus formation. It was proposed that n-3
PUFAs reduced platelet aggregation and thromboxane release through regulation of COX-1 and 12-LOX.
In particular, EPA compete with arachidonic acid for platelet COX-1 inhibiting this pathway, reducing
thromboxane A2 and increasing the release of other thromboxane, such as TXA3, and suppressing
thromboxane receptor. Meanwhile, EPA can increase prostaglandins and NO synthesis in endothelial
cells [81,82].

Moreover, it was found that higher levels of platelet phospholipis n-3 PUFA were related to
reduced mortality for CVD [83], and that n-3 PUFA supplements is helpful in reduction of platelet
aggregation with reduction in ADP-induced platelet aggregation in patients with cardiovascular
diseases even if this effect was not proven in healthy patients [84].

It was proposed that anti-platelet effect of n-3 PUFA could depend on gender. EPA seems to
have more effectiveness in male while DHA in female as observed by an inverse correlation between
testosterone levels and platelet aggregation after EPA administration and the observation of the higher
levels of serum DHA in women independently from diet presence of DHA [85].

3.3. N-3 PUFAs Index and Coronary Artery Disease (CAD)

The N-3 PUFAs index represents the EPA + DHA percentage contained in the erythrocyte
membranes [86]. It has been shown that the fatty acid content in the red blood cell membrane is related
to their content in the myocardium. Furthermore, the fatty acids composition of red blood cells is
more stable than that of plasma. For this reason, the fatty acid content in the heart can be estimated
by measuring the fatty acid content in the erythrocyte membrane. Since it is known that variations
in fatty acid content can influence cardiovascular events, it is essential to measure their contents in
the erythrocytes membrane in addition to measuring the n-3 PUFAs index. These parameters vary
with the diet, therefore they are measured in clinical studies to verify n-3 PUFAs effects as it is known
that a higher consumption of n-3 PUFAs causes changes in fatty acids composition in red blood cell
membranes, with an increase of the ω-3 index and the lowering of oleic acid. This is very important
because this condition reduces the risk of Coronary Artery Disease in the general population [87].

The ratio of serum EPA/arachidonic acid (AA) was considered as a marker of the potential risk of
CAD [88]. In a retrospective clinical trials (TREAT-CAD study) of 149 CAD patients who had taken
EPA as dietary supplement or not and CAD patients with an EPA/AA ratio > 0.4 taken as cut off,
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EPA reduced the cumulative incidence of cardiovascular death and improve the long-term prognosis
in CAD patients with an EPA/AA ratio ≤ 0.4 [89].

Analysis of serum n-3 PUFAs levels in Chinese in-patients (n = 460) with multiple cardiovascular
risk factors or an established diagnosis of CAD, concluded that these levels were lower in patients
with CAD than those with cardiovascular risk factors and that high serum n-3 PUFAs concentration is
associated with decreased CAD proportion at a relatively younger age [90].

When taken with an anti-atherosclerotic drug, such as statin, EPA modulate high-density
lipoprotein particle size (HDL) in stable CAD patients. In particular, EPA reduced serum levels
of HDL3, with an increase of the EPA/AA ratio and of the HDL2/HDL3 ratio. It meant that EPA
promoted the conversion of HDL3, with low levels of lipid content, in to large HDL particles that
contain more lipid, suggesting a beneficial therapeutic effect of EPA supplementation in statin therapy
in counteract coronary artery disease [88].

4. The Cardio-Protective Response of n-3 PUFAs Supplementation

As previously described, the n-3 PUFAs have a beneficial role in cardiovascular health; they
reduce triglyceride levels enhance high-density lipoprotein levels, and reduce platelet aggregation
by preventing coronary arteries occlusion [59,60]. Moreover, they promote a normal heart rhythm,
increase arterial compliance, reduce atherosclerosis, and have an anti-inflammatory action [12]. In the
Gruppo Italiano per lo Studio della Sopravvivenza nell’Infarto Miocardico (GISSI) trial, the group
supplemented with n-3 PUFAs showed a significant reduction in cardiovascular, coronary and sudden
cardiac death. The American Heart Association (AHA) recommends the dose of >1 g/day of EPA
+ DHA dosage defined in the GISSI-Prevenzione study to patients suffering from CAD. This dose
lowers triglyceride levels, preserves cardiac function, and decreases the risk of coronary heart disease.
In fact, numerous clinical studies report the anti-hypertensive and anti-hyperlipidemic action of n-3
PUFAs [91–95].

They reduce hyperlipidemia because they control gene expression, simultaneously inhibiting
lipogenesis and activating lipolysis, and increasing fatty acid β-oxidation. n-3 PUFA therapy has shown
promising results in primary and in secondary prevention of cardiovascular diseases [11,42,57,87].

4.1. The Effects of n-3 PUFAs in Myocardial Ischemia and Reperfusion

Many studies show that the heart undergoes oxidative stress following myocardial I/R [96,97].
This condition increases ROS synthesis, while at the same time decreasing antioxidant synthesis,
thus generating the oxidation of biomolecules and consequent cellular damage [98]. Increased intake
of EPA and DHA changes the fatty acid content of myocardial membrane phospholipids providing a
higher percentage of DHA and an increase in peroxidisability index values. Nevertheless, there is a
reduction in oxidative damage following I/R. In fact, in the I/R condition and greater DHA availability,
documentation shows both an increase in myocardial peroxidation with greater basal fatty acid
peroxidation and a greater chronic activity of endogenous antioxidant enzyme Mn-SOD together with a
decrease in lipid oxidation due to I/R and consequent reduction of heart attack cases. Therefore, during
ischemic preconditioning (IPC), ROS have a dual function; generating cellular damage and activating
protective signalling processes at the same time. In this context, EPA and DHA intake is linked to
both reduction in the ROS levels through lipid peroxidation and increased endogenous antioxidants
availability. ROS and endogenous antioxidants are considered, respectively, triggers and mediators of
delayed phase ischemic preconditioning. Therefore, the addition of fish oil in the diet is fundamental
for the role of n-3 PUFAs in the form of the delayed phase IPC and also because a constant intake of n-3
PUFAs inserted into the membrane phospholipids guarantees constant resistance to damage caused by
I/R. For this reason, ischemic protection by n-3 PUFAs is called “nutritional preconditioning” [44,99].
In the heart, n-3 PUFAs act mainly at the mitochondrial level, in fact, they increase the expression of the
mitochondrial antioxidant enzyme Mn-SOD; leaving the expression of the other antioxidants such as
copper zinc superoxide dismutase (CuZnSOD) and GSx unchanged. Experiments conducted in vivo
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on mice show that increased Mn-SOD activity resulted in sustained cardioprotection due to heat stress
and in the delayed window of ischemic preconditioning. Instead, in the heart, increased expression of
Mn-SOD reduces frequency, improves efficiency of oxygen consumption, and ameliorates contractile
function. These properties are common to fish oil when taken as a dietary source. In addition, research
conducted in rats shows that some fish oil properties, such as lower oxygen consumption in the heart,
less sensitivity to I/R damage, and arrhythmias, are due to changes in mitochondrial Ca2+. In order for
the n-3 PUFAs to carry out their cardioprotective action, they must enter and remain in the myocardium
constantly for at least seven days, while their action can last for months, thanks to their lasting insertion
in the membrane [28,44].

It has been shown, therefore, that the presence of fish oil in the diet increases the percentage of
n-3 PUFAs content in the myocardium membrane, thus increasing the basal peroxidation of cellular
fatty acids and consequently increasing Mn-SOD activity. In hearts subjected to acute regional I/R,
there is a reduction in stimulated lipid oxidation and myocardial damage. The constant physiological
stress generated by this intake, called “oxidative shielding”, if also generated by minimum and regular
fish oil doses, could confirm its cardioprotective effect [44]. Beneficial effects result in a reduction in
myocardial oxygen consumption and heart rate, with an increase in coronary reserve. Consequently,
n-3 PUFAs generates protective preconditioning effects on the damage caused by I/R; thereby improving
post-ischemic recovery [28]. In addition to EPA and DHA, alpha linolenic acid (ALA), present in plant
foods, can also have cardioprotective effects, particularly during an ischemic attack. This statement
derives from data obtained in experiments conducted on cardiomyocytes isolated from adult rats.
Cultured cardiomyocytes were pre-treated with ALA for 24 h and subsequently subjected to three
different conditions; a group of control cells exposed to non-ischemic conditions, a group exposed
to simulated ischemia (ISCH) and another to simulated I/R. It has been shown that in pretreated
cardiomyocytes, ALA is incorporated into phosphatidylcholine, thus generating a protective effect
on cardiomyocytes subjected to ischemia or I/R. It is likely that ALA has this effect by inhibiting
DNA fragmentation during the apoptotic process. Furthermore, ALA inhibits the synthesis of two
pro-apoptotic oxidized phosphatidylcholine (OxPC) species that increase significantly during ischemia
and I/R, thus resulting in the impairment of apoptosis [7].

4.2. The Potential for n-3 PUFAs Supplementation in Heart Failure

In recent years, numerous studies have been conducted concerning the heterogeneous and
complex syndrome known as heart failure (HF). In particular, heart failure with reduced ejection
fraction (EF) and heart failure with preserved ejection fraction (HFpEF) were defined [100–103].
The majority of the population is affected by heart failure with preserved ejection fraction, prevalent in
the ageing population. Moreover, the common therapies for heart failure are ineffective in cases of
heart failure with preserved ejection fraction. Numerous clinical studies document the lower rates of
mortality and hospitalization for CHD associated with higher blood levels of n-3 PUFAs fatty acids.
Many meta-analyses confirm these data indicating that the risk of CHD and consequently that of
sudden death are reduced in the presence of n-3 PUFAs [87,104]. In literature, few studies are reported
regarding the effect of n-3 PUFAs on heart failure in vivo and in vitro. Furthermore, no animal model
is able to reproduce the phenotypic change and the complex pathophysiology of heart failure with
preserved ejection fraction. Therefore, a surgical model of after load induced heart failure, defined as
transverse aortic constriction (TAC), has been recreated, which causes some effects of remodelling heart
failure with preserved ejection fraction such as: hypertrophy, interstitial cardiac fibrosis, and diastolic
dysfunction. In this TAC model, it has been proved that a diet rich in n-3 PUFAs prevents the interstitial
fibrosis onset and diastolic heart dysfunction. Furthermore, a direct effect of n-3 PUFAs on cardiac
fibroblasts has been reported which prevents the onset of fibrosis. Such evidence suggests that a diet
rich in n-3 PUFAs may represent a new therapy for heart failure with preserved ejection fraction [105]
Important data indicate that EPA prevents fibrosis by a particular mechanism of action, in fact, it does
not accumulate in cardiac myocytes or in fibroblasts. Furthermore, the FFA receptor 4 (FFAR4), a G
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protein-coupled receptor (GPR) for long chain fatty acids such as EPA and DHA, has proven effective
in the prevention of fibrotic signalling in adult cardiac fibroblasts cultures. Studies to define the link
between the FFA4 receptor and the n-3 PUFAs were conducted on FFAR4 knockout mice, indicating
that in macrophages these fatty acids activate the receptor-mediated anti-inflammatory signalling.
Recently, a meta-analysis reported that in the blood of patients treated with a fixed dose of EPA +
DHA significantly different levels of these fatty acids were recorded and, moreover, higher values of
these were correlated with a lower incidence of CHD risk [8,105,106]. DHA may have a particular
cardioprotective role in heart failure conditions caused by pressure overload. These properties are
linked to the ease with which DHA is inserted into cardiac fibroblasts and myocytes membranes,
modifying their elasticity, fluidity, ion permeability, phase behaviour, fusion, and protein function.
Furthermore, DHA inhibits the opening of the mitochondrial transition pores as reported in data
obtained in the transverse aortic constriction surgical model. When DHA and EPA are present in the
diet together, lower levels of EPA are needed to have the same decrease in fibrosis, indicating that
DHA could potentiate the effect of EPA on fibrosis inhibition [105].

5. Adverse Effects of PUFAs in Cardiovascular Risk Factors

As mentioned above, n-3 PUFAs are a widely used dietary supplements. However, besides their
antioxidant and anti-inflammatory properties, which ascribe to the cardiovascular and vasoprotective
actions, n-3 PUFAs are also responsible of side effects [20]. These side effects could be related both to
high intake of n-3 PUFAs or to oxidative reactions [63].

Oxidation of n-3 PUFAs could develop following bad storage condition and usage, temperature,
light, bad processing conditions, fish cooking, refining process or presence of molecular oxygen
responsible of cytotoxicity, genotoxic effects reducing nutritional values of n-3 PUFAs [19,20].

Indeed, n-3 PUFAs is prone to undergo oxidation leading to peroxyl radical formation initiating
radical reactions with any hydrogen-donating substance [107].

The progression of lipid peroxidation determines the formation of secondary reactions products,
overall leading to the formation of fatty acid peroxides, aldehydes, alcohols, isoprostanes and
neuroprostanes [20,107].

It was observed that a dietary oxidized n-3 PUFAs, in particular intestinal absorption of an
oxidized n-3 PUFAs end-product such as 4-hydroxy-2-hexenal (4-HHE), induce oxidative stress and
inflammation [19]. Mice fed high fat diet, containing lipid mixture of oxidized n-3 PUFAs (EPA and
DHA, both in form of triacylglycerols or phospholipids) for eight weeks, showed increased plasma
levels of 4-HHE, IL-6 and MCP-1. Further, oxidized n-3 PUFAs, enhance inflammatory response
through the activation of NF-kB pathway in small intestine tissue, and enhance levels of glutathione
peroxidase and GRP78 as signals of redox stress and an effort to counteract inflammation and oxidative
stress [19].

In a single blind clinical trial, 52 women take omega-3 fatty acid supplements in capsules,
which were at different levels of oxidation, less oxidized oil pills, highly oxidized oil pills or no capsules,
and a rich fish diet for all groups for 30 days. The analysis of total cholesterols, triglycerides and glucose
at the beginning and the end of the trial, showed a reduction in triglyceride and cholesterol levels
taking less oxidative omega-3 capsules rather than high oxidative omega-3 capsules, which revert the
effect on lipid profile. Further, the diastolic and systolic pressure levels decrease in less oxidized n-3
capsules, while no differences were present in highly n-3 oxidized capsules, overall demonstrating the
importance of oxidative levels of n-3 supplements [108].

Although beneficial anti-platelet effects [52,53], it was proposed that an high intake of fish oil
could increase bleeding time [109–113] and that the consumption of 3-4 g/die of EPA and DHA (helpful
in patients with hypertriglyceridemia), moderately increase bleeding times, suggesting that particular
attention is needed in patients with anticoagulant drugs therapy [63,113–115]. On the other hand,
several studies suggest n-3 PUFA are not bleeding risk factor [116,117].
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Even if it was proposed that PUFAs affects glucose regulation in obese individuals, probably
enhancing hepatic gluconeogenesis, mediating hepatic fatty acid oxidation [118], an increase in fasting
glucose and HbA1c after intake of fish or fish oil, was observed in a few study [119].

Further, the high presence of methylmercury, dioxins and polychlorinated biphenyls as
contaminants in fish, is debated. Indeed, the high presence of these food pollutants determines
adverse effects on CAD [120,121], counteracting cardiovascular benefits of EPA and DHA in accordance
on environmental levels. Diets, in which fish represent the major source of contaminants, as observed
in several European countries, as well as in Canada and Israel, determined a reduction of the
cardio-protective effects of n-3 PUFAs versus myocardial infarction due to the presence of methyl
mercury [121,122] or polychlorinated biphenyls [123].

Finally, it was reported that, in patients with chronic heart failure of New York Heart Association
class II–IV, the administration of 1 g n-3 PUFA (850–882 mg eicosapentaenoic acid and docosahexaenoic
acid as ethyl esters in the average ratio of 1:1·2) determines gastrointestinal adverse effect of minor
clinical relevance. However, the rate of patients that discontinued n-3 PUFA because of this side effect
were the same in both placebo and n-3 PUFA group [124].

6. Conclusions

The use of supplementation with n-3 PUFA has demonstrated, in recent years, to produce both
vaso- and cardio-protective responses, which have widely been demonstrated under both in vitro and
in vivo settings. These data have been confirmed in patients suggesting their use, along with current
therapy, in atherosclerosis prevention, vascular disease management and, finally for heart failure
treatment. Many pathophysiological factors seem to contribute on their beneficial effect on vascular
system. However, emerging evidence suggest that antioxidant and anti-inflammatory properties of
n-3 PUFA seem to play a key role on their efficacy in patients undergoing cardiovascular pathologies
(Figure 3). Further studies in larger cohort of patients are required to confirm their extensive use in
general population for reducing the risk of severe cardiovascular diseases.

Figure 3. Summary of multifactorial activities of n-3 PUFAs to reduce cardiovascular risk. The n-3 PUFAs
(EPA and DHA) improve lipid profile, systemic inflammation and platelet aggregation; furthermore,
they have antiarrhythmic, antithrombotic, fibrinolytic effects and antioxidant activity, which concur to
reduce heart disease risk.
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Abstract: Due to medical advances and lifestyle changes, population life expectancy has increased.
For this reason, it is important to achieve healthy aging by reducing the risk factors causing damage
and pathologies associated with age. Through nutrition, one of the pillars of health, we are able to
modify these factors through modulation of the intestinal microbiota. The Mediterranean and Oriental
diets are proof of this, as well as the components present in them, such as fiber and polyphenols.
These generate beneficial effects on the body thanks, in part, to their interaction with intestinal
bacteria. Likewise, the low consumption of products with high fat content favors the state of the
microbiota, contributing to the maintenance of good health.

Keywords: Mediterranean diet; Oriental diet; nutrition; polyphenols; microbiota; aging; health

1. Introduction

One of the most significant changes in today’s society is that the population is aging more slowly
than in the past. We live longer; the majority of the population has a life expectancy of 60 years or
more. According to data from the World Health Organization (WHO), the percentage of people over
60 years will be duplicated on a worldwide scale before 2050 [1]. In 2020 the number of people of
more than 60 years of age has been reported to be higher than those under five years, and by 2050 the
number of elderly adults requiring help with daily tasks will quadruplicate [2].

Advances in medicine and public health care, as well as lifestyle changes, have had positive effects
on life expectancy, mortality rates, and chronic disease prevalence, thereby causing an aging of the
population [3].

Whether or not the impact of these factors on society is positive depends on the health status of
the elderly. Therefore, it is important to prevent diseases associated with age, such as diabetes and
cardiovascular diseases, to promote an active aging of the population and maintain social, mental,
and physical wellbeing. In this regard, three pillars of active aging have been postulated: Participation,
health and security [4,5]. We will focus our study around health.

It is important to keep in mind that the risk factors causing age related diseases can be modified.
One of the factors that can act upon the health pillar is nutrition [6]. What, when, and how much we
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eat affects the quality of life. A well-balanced diet can modulate the proliferation of specific bacteria
within the gut microbiota, which has been related to an improved health status for the elderly.

Microbiota

In this century, research related to microbiota has increased due to two primary advances:
The holobiont theory of evolution, and metagenomics. The former one plays an important role in the
physiology of superior organisms, and the latter one allows for the identification of microorganisms
without a need for cultivation. As a result of these advances and of the increasing interest in this field of
study, the concept of the “intestinal–brain axis” was created, with a tight relation between the intestinal
microbiota and neurodegenerative diseases such as Parkinson, Alzheimer, stroke, and epilepsy [7].
Actually, a study performed in mice proved the presence of bacteria in the brain of these mice [8].
Furthermore, Roberts et al. obtained a micrography of a human brain where bacteria were visible in all
the cerebral blood vessels, proving the existence of a brain microbiota [9]. Further supporting the idea
of the presence of bacteria in the brain, a study using epilepsy patients demonstrated a reduction of
convulsion frequency by antibiotic treatment [10]. All these data suggest that there might be a brain
microbiota, and by extrapolation a whole organism microbiota.

The gastrointestinal tract is colonized by a set of microorganisms that include not only bacteria but
also viruses, fungi, and protozoa. Unlike other microorganisms, these are not identified as pathogens
by our immune system, but rather coexist symbiotically with the enterocytes [11]. So far, it is known
that its composition contains a total of 52 different phyla and up to 35,000 different bacterial species [12],
the large majority being Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria (Figure 1).

Figure 1. Taxonomy of microbiota. Black: Kingdom; green: Phylum; red: Class; blue: Order. Adapted
from Unger et al., Pediatr. Res. 2015 [13]. Copyright© International Pediatric Research Foundation,
Inc. 2015.

It is worth mentioning that there are differences in composition and number depending on the
location along the gastrointestinal tract such that at the stomach level they are estimated at a density of
102 bacteria/mL and in the colon at around 1011 bacteria/mL [14].

Originally, the intestinal microbiota is formed in the placenta, where there are low levels of
non-pathogenic bacteria, the majority being Firmicutes and Bacteroidetes. After birth, the child’s intestine
becomes rapidly colonized by the microbiota. Several studies show that this could already happen
at the level of the uterus. Depending on whether the delivery is vaginal or by caesarean section,
the intestine of the infant will be colonized by organisms from the maternal vagina or from the maternal
skin flora. Another factor that influences the acquired microorganism is the type of diet the infant
receives, breast milk or formula foods [11]. During the first three years of life, the child’s microbiota is
unstable and has little diversity. After the third year it acquires a milieu similar to that of the adult
stage. In the case of older adults (>65 years), the microbiota is characterized by a decrease in Firmicutes
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and Bifidobacterium, with diversity in the patterns of abundance for Clostridium [15]. In relation to
centenarians, differences in the composition of the microbiota are also evident, especially at the level
of the Firmicutes subgroups, with a decrease in Clostridium and an increase in Bacilli. In addition,
it is enriched by the edge Proteobacteria. Thus, as we age, progressive changes are produced in the
morphology and function of the microbiota. This could alter its diversity and provoke inflammatory
and metabolic disruption, causing inflammatory diseases in the intestine, such as irritable bowel,
obesity, etc. [16]. The relation Firmicutes/Bacteroidetes is altered when the Firmicutes proportion is
augmented over Bacteroides and generates consequences such as those found in obesity. However,
this association is still polemic and under investigation [17,18]. While, on a global level, the Firmicutes
and Bacteroidetes seem to decrease, Clostridium is increased in elderly adults [19]. In the last years,
bacteria of the Clostridium genera have provoked a big interest for their impact on morbidity and
mortality in the older generation [20]. They can act as opportunistic pathogens and cause diseases like
intoxication through alimentation, necrotizing enterocolitis, or necrotic enteritis [21]. Furthermore,
their incidence is increasing, and they have become the most frequent cause for nosocomial diarrhea,
which can lead to the production of toxic megacolon and sepsis, and even to death [22].

However, through nutrition we can modify the microbiota to maintain intestinal health by
stimulating beneficial bacteria, such as the Bacteroidetes and Firmicutes in balanced proportions,
and diminishing prejudicial bacteria like Clostridium [16,23]. Additionally, maintaining a healthy diet
throughout a lifespan might be beneficial for healthy aging.

2. Interplay between Aging and Microbiota

The composition and function of the microbiota changes in individuals of advanced age (>65 years),
as has been mentioned earlier. Between physiological changes and lifestyles associated with aging,
we find a decrease in dentures, a reduction in digestion and absorption, changes in appetite due
to medication, and changes in living conditions such as hospitalization or elderly residences [24].
These factors might be responsible for changes in alimentation habits, and thereby nutrition.

The mechanism by which the microbiota changes with age is not yet fully understood. Lifestyle
changes, and particularly diet, play an important role. As aging is often accompanied by a reduction
in quantity and variety of aliments containing fiber, it often leads to a risk of malnourishment [25].

Additionally, the microbiota can modulate changes in aging related to innate immunity, sarcopenia,
and cognitive function, which are essential components of the frailty syndrome [26]. This syndrome,
was defined for the first time by Linda Fried in 2004 as “the physiological state characterized by
an increase in vulnerability to external aggressors, as the result of a decrease or deregulation of the
physiological reserves of multiple systems, which causes difficulties in maintaining homeostasis” [27].
Recent studies have suggested that the loss of intestinal microbiota is more related to age associated
frailty than to chronological age [28]. In this context, elderly people can experience comorbidity
affecting the intestine and its bacteria.

In 2007, a study performed by the ELDERMET group in Cork, Ireland, proved the existence of a
correlation between diet, the microbiota, and health in elderly volunteers. The microbiota in relation
to aging was studied in both community and long-stay residential care elderly subjects. The first
group showed a loss in bacterial diversity due to a higher intake of medication, and a recuperation of
microbial diversity when reducing antibiotics, whereas the second group showed a loss in microbial
components associated with bad health, and a gain in microbiota associated with aging. Therefore,
the previous correlation can be used to measure the difference between elderly that live in elderly
homes or rehabilitation centers and those who live by themselves in the long run [29]. Claesson et al.
supported these findings on the relation between diet, microbiota, and health status. Through analysis
of separated fecal microbiota composition, they showed that in 178 subjects of advanced age a change
in diet associated with that found when moving to a care facility generated a change in the composition
of intestinal bacteria significantly correlated with measures of frailty, comorbidity, nutritional status,
and inflammatory markers [15].
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The most noticeable changes in the intestinal microbiota are produced during the transition from
adult to elderly. In comparison to younger individuals, a decrease in microbial diversity is observed,
specifically in Bifidobacterium, Firmicutes, and Clostridium [15]. These changes in the microbiota
associated to age are a factor of high relevance in several diseases, such as chronic inflammation,
neurodegeneration, cognitive deterioration, frailty, and diabetes types 1 and 2 [30]. In regard to
extreme longevity, the microbiota of centenarians differs from that of elderly adults. Bacteroidetes
and Firmicutes dominate their intestinal microbiota, making up more than 93% of the overall bacteria
flora. However, comparing to younger adults, specific changes in the subgroups of Firmicutes are
observed: Clostridium is decreased, and Bacilli augmented. Moreover, the intestinal microbiota
of centenarians in enriched in Proteobacteria, a group containing bacteria recently redefined as
“pathobionts”, benign endogenous microbes which in dysbiosis can lead to pathologies [31,32].

Taken together, intestinal microbiota is subjected to constant changes throughout life and continues
to change in old age and is closely linked to diet and health status, suggesting the possibility that
microbial profiling may serve as a clinically useful biomarker in geriatric care. Predomination of
one type of bacteria, or the over proliferation of bad bacteria upon good bacteria will have negative
consequences. Thus, maintaining intestinal microbiota diversity seems to be a key point when seeking
geriatric health [33]. Figure 2 shows microbiota evolution through aging.

Figure 2. Intestinal microbiota changes through life.Green arrows signify increase. Red arrows
signify decrease.

3. The Influence of Nutrition on the Microbiota and Aging

In this paragraph, we will comment on the two diets that are the most associated with healthy
aging: the Mediterranean and the Oriental diets.

3.1. The Mediterranean Diet

The Mediterranean diet (MD) is characterized by a high daily consumption of fruits and vegetables,
whole grains and legumes, and a lower consumption of meat, fish, and lactose-rich products.
Additionally, it is also associated with olive oil as the major source of fats, and moderate intake
of red wine [34–36].

It has been shown that following an MD can have multiple benefits as it delays the appearance
of chronic diseases associated with age such as cancer, diabetes type 2, and neurodegenerative
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diseases [36–38]. Furthermore, recent data suggest that the MD promotes beneficial effects on the
intestinal microbiota, favoring the diversity of the colon microbiota by increasing Bacteroidetes
and Firmicutes and reducing Clostridium [37]. Another study carried out on 27 healthy subjects,
who were monitored for MD compounds, showed how MD eating habits modified the composition
and diversity of the microbiota. More specifically, they observed an increase in Bacteroidetes and
a higher Bacteroidetes/Firmicutes ratio. This modification of the different microbiota populations
has proven to exert anti-inflammatory effects. Accordingly, how MD can decrease the transcription
factor E2F1 in colon cancer cells in order to decrease the proliferation of these cells has been studied.
Additionally, it activates factors with protective effects against oxidative stress such as the transcription
factor NRF2 [39,40].

Other studies support the beneficial effects of MD on cardiovascular diseases [39,41–44]. In one of
these, low levels of triglycerides, high HDL cholesterol levels, and lower arterial pressures were found
in those following the MD in comparison to a control group consuming a low-fat diet [43]. In the
“Lyon Diet Study”, the risk of severe cardiovascular events was reduced by 76% in the MD group.
Additionally, a multicenter randomized study in Spain obtained similar results [44]. Moreover, how the
risk of several types of cancer is decreased has also been studied, although the underlying mechanisms
are still not clear [45,46]. This is reflected in the 605 patient cohort participating in the Lyon Heart
Study, where the cancer risk decreased by 61% in the MD group in comparison to the control group [47].
One of the components of the MD is hydroxityrosol, a compound present in olive oil with antioxidant
properties. It has been demonstrated that it reduces proliferation and induces apoptosis of certain
cancer cells in the colon [48,49], prostate [50], and pancreas [51]. Furthermore, a clinical trial performed
in Spain showed that the combination of the nutrients related to MD reduced pain and the inflammatory
marker C-reactive in patients with breast cancer [52,53]. Likewise, various studies have analyzed the
correlation between MD and diabetes type 2. MD has been seen to attenuate the augmentation of
postprandial glycemia, reduce high peaks of insulin secretion, as well as diminish hyperlipidemia in
patients with type 2 diabetes [54]. The PREDIMEM study “Prevention with the Mediterranean Diet”
found that a bigger adherence to MD was inversely associated with the incidence of type 2 diabetes,
which was reduced by 52% in the MD group compared to the control group [55]. In relation to
neurodegenerative diseases, a high adherence to MD has been associated with improved cognitive
function and lower risk of dementia [56–59]. However, many of these studies are observational, and can
therefore not display a cause–effect relation. Moreover, other studies confirm the improvement in
cognitive function in comparison to low-fat diet groups [47,60,61].

As we have previously described, MD reduces the risk of several diseases associated with aging.
Furthermore, many studies demonstrate that MD promotes changes in the intestinal microbiota
associated with healthy beneficial bacteria [34,37,39]. Consequently, the manipulation of the
microbiota through MD should improve or benefit the treatment of these diseases [62–65]. However,
the mechanisms through which MD promotes healthy changes on the intestinal microbiota are still not
completely known.

3.2. The Oriental Diet

The Oriental Diet (OD) is well known for its health benefits. It has been demonstrated that the
population following this diet has a longer lifespan, to the point where Japan has become one of
the countries with the highest life expectancy rate. In addition to the long lifespan, the diet is also
associated with a long health span. In the OD, one of the most common aliments is soy.

It is known that soy consumption has positive effects on the organism due to its ability to increase
intestinal bacteria diversity. Tamura et al. divided rats in three groups based on diet for a two week
period. The different diets were enriched either with casein protein, soy protein, or soy protein and
high fat. After studying the microbiota through genes of 16S rRNA of feces, they were able to see
how soy protein induced a bigger variety in intestinal bacteria, which is associated with a healthy
microflora. Specifically, they observed an increase in Bacteroidetes and Proteobacteria, as well as in
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Bifidobacterium and Enterococcus. On the other hand, they also addressed a decrease in Firmicutes
and Lactococcus [66].

Soy contains a variety of polyphenols, genistein being one of them. Of all groups of polyphenols
(stilbene, ligand, alcoholic polyphenols, etc.), genistein is an isoflavone, the structure of which is similar
to that of estrogen, and is therefore also classified as a phytoestrogen [67]. Genistein is found almost
exclusively in legumes, such as chickpeas and peas, and majorly in soy and its derivatives [68].

It has been observed that genistein consumption can have multiple benefits, within these the
promotion of cardiovascular health, and thereby flexibility of blood vessels and reduction in cholesterol
concentration [69]. As with many polyphenols, it is transformed and modified by the microbiota
to enable its actions in the organism. It interacts with estrogenic receptors to alleviate symptoms
associated with menopause, hot flashes, and osteoporosis, as well as exerting antiaromatase activity,
which is key in the protection against breast cancer [70]. Several studies performed on rats have shown
how the administration of genistein at early age counteracts dysbiosis in the intestinal microbiota
provoked by a high fat diet [71]. These data are supported by research by Zhou et al. where they
observed beneficial bacteria proliferation through perinatal supplementation [72]. López et al. also
found that genistein can regulate the intestinal microbiota by reducing metabolic endotoxemia and the
neuroinflammatory response to a high fat diet [73]. Additionally, genistein has antioxidative effects, as it
blocks the formation of free radicals, hydrogen peroxide, and superoxide anion, and by overexpressing
antioxidant enzymes [74]. Through these effects, it also has protective effects against ischemic stroke
and neuroprotective effects against Alzheimer Disease by reducing the hyperphosphorylation of Tau
protein [75,76]. Lastly, it has anti-inflammatory and antitumoral effects through its ability to inhibit key
enzymes in the appearance and progression of tumors. It also regulates the tumoral microenvironment,
causing a higher sensitivity to therapies by modulating the production of cytokines and chemokines,
and activating immune cells [77,78].

Another polyphenol present in soy is daidzein; similarly to genistein, it is modified and transformed
by the microbiota to equol, a compound with anti-inflammatory and anticarcinogenic properties.
This has been demonstrated in several studies where it has been shown how daidzein inhibits the
production of IL-2 and how the proliferation of tumoral cells in breast cancer is regulated by the
blockage of PI3K/AKT [79]. Furthermore, it has been determined that equol protects β-pancreatic cells
against streptozotocin-induced diabetes in rats [80].

Curcumin, a polyphenol found in turmeric root, is also abundantly present in OD. It has proven
to be capable of exerting anti-inflammatory and anti-tumor effects, among others [81,82]. Regarding its
role in the microbiota, it has been seen to directly modify it. Since its absorption and bioavailability is
low, it can be found in significant amounts in the gastrointestinal tract after its consumption. In fact,
curcumin administration considerably changed the relationship between beneficial and pathogenic
bacteria by increasing the abundance of Bifidobacteria and Lactobacili and reducing the loads of
Prevotellaceae, Choriobacteria, Enterobacteriaceae, and Enterococci [83].

Thereby, the OD reduces the risk of several diseases associated with aging. Additionally, numerous
studies have shown how following an OD has positive effects on the microbiota by increasing the
number of beneficial bacteria. However, as with the MD, the mechanisms by which this diet promotes
healthy changes in the intestinal microbiota are still not fully known.

3.3. Effects on the Microbiota by Compounds Present in Diet: Fiber, Fats, and Polyphenols

As we have previously described, Mediterranean and Oriental diets have modulatory effects on
intestinal microbiota. These diets include a wide variety of nutrients in balanced proportions that
promote gut bacteria diversification and thus a healthy microflora. While practically all compounds
we ingest through diet can have effects on the microbiota, in this review we will only focus on food
compounds that are similar in the two diets, which include a high consumption of polyphenols and
fibers, and a higher proportion of unsaturated fats (Table 1).
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Table 1. Summaries of the main effects of each compound on the intestinal bacteria and the health
consequences. Upward arrows signify increase. Downward arrows signify decrease.

Diet Compound Microbiota Modification Health Consequences

Fibers
↑Bifidobacterium
↑ Lactobacillus
↓ Pathogens

↓ Inflammation
↓ Hypertension
↓ Obesity

Saturated fats
↓ Bacteroides
↑ Firmicutes
↑ Proteobacteria

↑ Obesity
↑ Hypertension
↑ Atherosclerosis

Polyphenols
↑ Bifidobacterium
↓ Firmicutes
↓ Clostridium

↓ Inflammation
↑ Antioxidants

In the upcoming paragraphs, we will discuss in depth the beneficial effects of each one of these compounds.

3.3.1. Fibers

Diets rich in fibers such as, β-glucan, arabinoxylan, galactomannan, and pectines facilitate weight
control, decrease systemic inflammation, and are fundamental in the maintenance of intestinal health by
supplementing substrates for the health promoting bacteria (Bifidobacterium and Lactobacillus) [84].

Studies have shown that a diet rich in fiber generates beneficial effects for elderly adults, especially
on the cardiovascular system. Fiber-rich diets reduce the risks for cardiovascular disease, such as
obesity, diabetes, and hypertension. The inverse correlation between high consumption of fiber and
weight gain risk has been demonstrated [38]. Additionally, fiber seems to have a positive impact on
the composition of the intestinal microbiota, augmenting the number of beneficial bacteria, inhibiting
the growth of pathogens, and reducing atherogenic serum cholesterol in the microbiome. Furthermore,
it prohibits the intolerance to glucose by reducing postprandial hyperglycemia through the formation
of a viscous layer around the small intestine, thereby slowing down the chyme transition. This in
turn augments the thickness of the aqueous layer where solutes must pass to reach the enterocytic
membrane, causing a decrease in glucose, lipids, and amino acid absorption. As a result, less biliary
acids are absorbed, and in turn cholesterol levels are decreased, which employs the synthesis of new
biliary acids [85].

In this manner, a high consumption of soluble and insoluble fibers is associated with lower
risk of stroke, as shown in a study performed over 12 years [86]. Another study demonstrated
that the ingestion of total fiber, cereal fiber, and vegetable fiber was associated with a lower risk of
hypertension [87]. Not only that, a study about the association between ingested fiber in the diet per
1000 kcal and leucocyte telomere length showed that adults consuming high quantities of fiber had
longer telomeres, which suggests that biological aging was significatively lower [88].

In conclusion, a diet rich in fiber facilitates the presence of beneficial intestinal bacteria, and thereby
lowers the risk of diseases in elderly adults, leading to healthy aging.

3.3.2. Fats

Classic epidemiologic studies have demonstrated the relation between diets with a high content
of saturated fats, and a higher risk of age-related diseases [89,90].

Studies with animals have shown that a high fat diet can determine the microbiome composition
and affect the proportion of various families of bacteria in the intestine. In particular, rats that received
a high fat diet showed a lower number of Bacteroidetes and a higher number of Firmicutes and
Proteobacteria, which is a characteristic of obesity [91]. This change in the microbiota composition
could occur rapidly. For example, the change from a diet poor in saturated fats and rich in vegetal
polysaccharides to a diet high in fats and sugars changes the structure of the microbiota in one single
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day. Additionally, a diet high in saturated fats is related to increased risk of chronic diseases, such as
metabolic syndrome, hypertension, and atherosclerosis due to the alterations of the microbiota [92–94].

More importantly, if we compare humans with two different diets, it is clear that the microbiome
diversity in our intestines is affected by what we eat. An example of this is the proportion of
Bacteroidetes/Firmicutes which was much higher in African children compared to Italian, as they
follow a diet of less fats and sugars [95]. This is further confirmed in a study by Wan et al. where
they showed that healthy young adults consuming high quantities of fats had adverse effects on
the intestinal microbiota, fecal metabolites, and plasmatic proinflammatory factors derived from the
intestine, which could serve as potential factors to modify long term health [96].

In conclusion, it is clear that fiber has a protective effect in the elderly, especially at the cardiovascular
level, and can contribute to healthier biological aging, whereas a diet high in fats induces a dysbiosis
which can trigger metabolic alterations associated with chronic diseases and those related to age.
Additionally, it has also been shown to have protective effects in younger individuals.

3.3.3. Polyphenols

Polyphenols, which have been mentioned earlier in this review, can reach the intestinal microbiota
and thereby modify the molecule itself, the metabolism of the bacteria, and the intestinal flora population.
This seems to have beneficial effects, including anticarcinogen, anti-inflammatory, and antioxidant
properties [97].

For example, ellagitannins are polyphenols present in walnuts, pomegranates, and raspberries,
which, when in the intestine, are modified by the microbiota and transformed into different compounds.
Urolithin is one of the most widely studied products, and it has been demonstrated that it can be
absorbed through enterohepatic circulation and that it can be transported in blood, and thereby
be distributed to different tissues and exert diverse actions. It possesses anticancer effects through
the inhibition of the Wnt signalization pathway, which could have a protective effect against colon
cancer [98]. It has also been attributed anti-inflammatory properties as it inhibits the formation of
proinflammatory compounds, such as cyclooxygenase-2 (COX-2), prostaglandin synthase E (PGSE),
and prostaglandin E2 (PGE2) [99]. An important finding in this regard was made by Selma MV et al.
in 2014, when they discovered a new species of bacteria in the microbiota responsible for the
synthesis of urolithin from ellagic acid, which is formed in the stomach, that they denominated
Gordonibacter urolithinfaciens [100]. However, the metabolites obtained from polyphenols through diet
vary between individuals depending on the microbiota. In fact, certain individuals do not synthesize
urolithin at all after the ingestion of its precursors [100].

Other polyphenols, such as resveratrol and curcumin, exert specific changes on the intestinal
microflora. Concretely, in a study where rats were administrated these two polyphenols, they observed
alterations in the bacteria groups Bacteroidetes and Clostridium. This in turn provided metabolic
benefits in these individuals such as glycemic control [101].

On the other hand, there are polyphenols, such as quercetin, caffeic acid, and rutin, that affect
the fermentation balance between the principal groups of intestinal bacteria that influence health
by proliferating Bifidobacterium and diminishing Bacteroidetes and Firmicutes. Additionally, these
polyphenols stimulate the production of short chain fatty acids through these bacteria [102].

These findings indicate that there are specific populations of bacteria capable of synthesizing
final products such as urolithin and equol. The population of these bacteria in individuals is
heterogenous, meaning the bacteria population present in the microbiota in each individual is a
personal characteristic trait.

4. Conclusions

Life expectancy is increasing considerably, directing us towards a model of an aging society,
and it is therefore necessary to expand our knowledge on the effects of aging. Taking into account all
repercussions on the intestinal microbiota, to study the role of the microbiota is an interesting path,
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as well as the potential benefits that can be achieved through diet. Through dietary interventions many
diseases associated with age such as cardiovascular and neurodegenerative diseases, diabetes, chronic
inflammation, and cancer risk could be prevented.

Therefore, it is important to continue researching different nutritional approaches to fight
physiological damages that are produced in an organism by aging. In particular, chronic factors present
in advanced stages of life, such as inflammation and oxidative stress, must be considered, as these
factors can be diminished or augmented depending on the consumed diet.
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Abstract: Acute respiratory distress syndrome (ARDS) is a common and devastating syndrome that
contributes to serious morbidities and mortality in critically ill patients. No known pharmacologic
therapy is beneficial in the treatment of ARDS, and the only effective management is through
a protective lung strategy. Platelets play a crucial role in the pathogenesis of ARDS, and antiplatelet
therapy may be a potential medication for ARDS. In this review, we introduce the overall pathogenesis
of ARDS, and then focus on platelet-related mechanisms underlying the development of ARDS,
including platelet adhesion to the injured vessel wall, platelet-leukocyte-endothelium interactions,
platelet-related lipid mediators, and neutrophil extracellular traps. We further summarize antiplatelet
therapy, including aspirin, glycoprotein IIb/IIIa receptor antagonists, and P2Y12 inhibitors for
ARDS in experimental and clinical studies and a meta-analysis. Novel aspirin-derived agents,
aspirin-triggered lipoxin, and aspirin-triggered resolvin D1 are also described here. In this narrative
review, we summarize the current knowledge of the role of platelets in the pathogenesis of ARDS,
and the potential benefits of antiplatelet therapy for the prevention and treatment of ARDS.

Keywords: acute respiratory distress syndrome; antiplatelet; aspirin; therapy

1. Introduction

1.1. Definition and Epidemiology of ARDS

Acute respiratory distress syndrome (ARDS), or acute lung injury, is a devastating syndrome that
contributes to serious morbidities and mortality in critically ill patients. The definition of this syndrome
includes the acute onset of respiratory failure, bilateral infiltrates observed on chest radiographs,
hypoxemia with a PaO2/FiO2 ratio ≤ 300 mmHg with at least positive end-expiratory pressure of
5 cmH2O, and no evidence of left atrial hypertension [1,2]. A variety of clinical disorders are associated
with the development of ARDS, including direct lung injury, such as bacterial pneumonia, aspiration of
gastric contents, or indirect lung injury, such as sepsis, trauma, and transfusion of blood product [3].
The crude incidence of ARDS was around 15 to 80 per 100,000 people per year worldwide [4,5], and the
mortality rate is high (approaching 40%) [4]. The only effective management to date to improve the
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survival rate of this syndrome is a protective lung strategy, with lower tidal volume ventilation [6].
Although numerous promising therapies have been effective in the prevention of ARDS in experimental
models, the successful translation to clinical application is still lacking [7–9]. In addition, in those who
survive the illness, ARDS caused a substantial social burden, such as reduced exercise stamina and
health-related quality of life, and increased costs and use of health care services [4,10–15]. Therefore,
the discovery of medications to prevent the development of ARDS is crucial.

1.2. Pathogenesis of ARDS

The pathological features of ARDS are best described at three time points: acute, subacute,
and chronic phases [16–18]. The acute or exudative phase (the first 1–6 days) is characterized by the
influx of protein-rich edema fluid, accompanied by the accumulation of neutrophils, macrophages,
exosomes [19], and red blood cells (polymorphonuclear leukocyte [PMN] predominant) into the air spaces
as a consequence of the increased permeability of the alveolar–capillary barrier [20,21], as shown in Figure 1.
As a result of both endothelial and epithelial injury, denuding of the alveolar epithelium and prominent
hyaline membranes can be seen [3,22]. The robust inflammatory response is due to the release of
oxidants, proteases, and other potentially toxic agents from activated leukocytes [23,24]. In the air space,
alveolar macrophages secrete cytokines, interleukin (IL)-1, -6, -8, and -10, and tumor necrosis factor-α
(TNF-α), which act locally to stimulate chemotaxis and activate neutrophils. Macrophages also secrete
other cytokines, including IL-1, -6, and -10. IL-1 can also stimulate the production of extracellular matrix
by fibroblasts. Neutrophils can release oxidants, proteases, leukotrienes, and other pro-inflammatory
molecules, such as platelet-activating factor (PAF). An imbalance between pro-inflammatory and
anti-inflammatory mediators can be found in ARDS. A number of anti-inflammatory mediators are also
present in the alveolar milieu, including IL-1–receptor antagonist, club cell protein 16 [25], soluble tumor
necrosis factor receptor, autoantibodies against IL-8, and cytokines such as IL-10 and -11 [3]. In the
subacute or proliferative phase (the next 7–14 days), some edema has usually been reabsorbed, and is
often accompanied by interstitial fibrosis, a proliferation of type 2 alveolar cells, and the disruption of
capillary function, due to microvascular thrombus formation. Infiltration of fibroblasts and collagen
deposition may also be observed. Some experts view ARDS as a vascular microthombotic disease,
and its pathogenesis is based on a novel “two-path unifying theory” of hemostasis and “two-activation
theory of the endothelium”, promoting molecular pathogenesis [26]. Some patients have a rapid
resolution of the disorder [27], but others have progression to fibrotic lung injury, which is called the
chronic or fibrotic phase (usually after 14 days). In the chronic phase, there is a resolution of the acute
neutrophilic infiltrate with more mononuclear cells and alveolar macrophages in the alveoli, and often
more fibrosis, with ongoing evidence of alveolar epithelial repair [17].

Overall, dysregulated inflammation [28,29], the inappropriate accumulation and activity of
leukocytes and platelets [30], uncontrolled activation of coagulation pathways, and altered permeability
of alveolar endothelial and epithelial barriers are pathophysiological hallmarks of ARDS [3,31,32].
Of note, endotheliopathy activates two independent molecular pathways: inflammatory and
microthrombotic. The inflammatory pathway initiates inflammation, but the microthrombotic
pathway more seriously produces “microthrombi strings” composed of platelet- von Willebrand factor
multimer complexes, which become anchored on injured endothelial cells and causes disseminated
intravascular microthrombosis [26]. Activated neutrophils affect surrounding lung tissue via several
potentially pathogenic cellular mechanisms, including the release of lysosomal proteolytic enzymes [33],
the production of prostanoids [34], and the generation of highly reactive oxygen radicals and
intermediates [35]. All these mechanisms lead to tissue damage, increased permeability of the
alveolar-capillary barrier, and the formation of protein-rich lung edema [36].
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Figure 1. The pathological features of acute respiratory distress syndrome (ARDS) in the acute phase.
In the air space, alveolar macrophages secrete cytokines locally to stimulate chemotaxis and activate
neutrophils. Neutrophils can release oxidants, proteases, leukotrienes, and other pro-inflammatory
molecules, such as platelet-activating factor (PAF). PAF: platelet-activating factor; IL: interleukin; TNF:
tumor necrosis factor; LTs: leukotriene.

2. Mechanisms of Platelet in Lung Inflammation

2.1. The Role of Platelet in the ARDS

Platelets are anucleated fragments of bone marrow megakaryocytes of approximately 2–4 μm
in diameter, and contain glycogen, mitochondria, and at least three types of granules (dense core
granules, lysosomes, and α -granules). Following activation, platelets can secrete the content of the
granules, change their shape, and upregulate the expression of adhesion molecules including P-selectin,
platelet and endothelial cell adhesion molecule 1 (PECAM-1, also known as CD31), glycoprotein
(GP) IIb/IIIa (α IIbβ 3) integrin, fibronectin, and thrombospondin [37]. PECAM1 is a member of the
immunoglobulin superfamily of adhesion molecules localized at endothelial cell-cell junctions, and
contributes to the maintenance of vascular integrity in resting cells, as well as playing a role in the
restoration of vascular integrity following barrier disruption [38]. PECAM1 can be cleaved from
endothelial cells by a number of mechanisms, including shear stress, resulting in a secreted, shed form
of protein (sPECAM1) that is soluble, and can be released into circulation, exerting proinflammatory
effects. The upregulation of PECAM1 and/or reducing sPECAM1 through extracorporeal removal
or pharmacologic inhibition might be a novel therapeutic strategy in ARDS [39]. Platelets have
an increasingly recognized role in the inflammatory response, leading to the development of ARDS.
The possible mechanisms by which platelets contribute to ARDS include the activation of endothelial
cells by the release of pro-inflammatory mediators [40–46] and adherence of platelets to lung capillary
endothelial cells leading to the activation of attached leukocytes [47], as shown in Figure 2.

197



Biomedicines 2020, 8, 230

Figure 2. The role of platelets in acute respiratory distress syndrome. Platelets have an increasingly
recognized role in the inflammatory response leading to the development of ARDS. The possible
mechanisms by which platelets contribute to ARDS include the activation of endothelial cells by the
release of pro-inflammatory mediators and adherence of platelets to lung capillary endothelial cells
leading to activation of attached leukocytes.

2.2. Platelet Adhesion to the Injured Vessel Wall

Not only neutrophils, but also platelets, are shown to adhere to injured capillary endothelium
in the acute phase of ARDS. At sites of vascular injury and endothelial denudation, platelets adhere to
activated endothelial cells or in the subendothelial matrix [48] directly or indirectly. The direct binding of
platelets to extracellular collagen at sites of vascular injury is mediated via several GPs. Platelet surface
receptors GP Ia/IIa, GPIV, and GPVI interact directly with collagen, and platelet surface receptors GP
Ib/V/IX interact with von Willebrand factor [49]. Binding the GP Ib/IX/V complex to von Willebrand
factor initiates the activation of the integrin αIIbβ3 on platelets, resulting in platelet aggregates via
RGD-containing bridging molecules, such as fibrinogen, fibronectin, and thrombospondin [50–52].
In addition, the platelet receptor C-type lectin-like 2 (CLEC-2) has been shown to regulate vascular
integrity at sites of acute inflammation [53]. CLEC-2 expressed in platelets is required to limit neutrophil
recruitment, which, in turn, limits lung function decline in a mouse model of ARDS. In addition,
the expression of the CLEC-2 ligand podoplanin is required in hematopoietic cells to limit neutrophil
chemokine expression and, consequently, arterial oxygen saturation decline [54].

2.3. Platelet-Leukocyte-Endothelium Interactions

Platelet-neutrophil-endothelium interactions are involved in the lung inflammation of ARDS.
As shown in Figure 3, platelet adhesion to the intact endothelium is mediated by at least two different
types of adhesion molecules, selectins and integrins. GP IIb/IIIa (αIIbβ3 integrin) is an important
adhesion molecule in platelets that is responsible for mediating platelet aggregation and some
platelet-neutrophil-interactions. Injection of platelet-specific monoclonal antibodies against the GP
IIb/IIIa receptor in mice causes early signs of acute lung injury with increased cellularity in the lung
interstitium and rapid engorgement of alveolar septal vessels [55]. P-selectin, a type I membrane
protein, is stored in the α-granules of platelets and Weibel-Palade bodies of endothelial cells, from
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where it is rapidly expressed on the cell surface by a Ca2+-dependent translocation to the plasma
membrane [56]. Upon activation, platelets bind to endothelial cells by expressing P-selectin via GP Ibα
and P-selectin glycoprotein ligand-1 (PSGL-1). Following a conformational change, αIIbβ3 integrins
establish strong adhesion of platelets by binding to small bridging ligands, such as fibrinogen or
vitronectin, which interact with the endothelial adhesion molecules ανβ3 or intercellular adhesion
molecule 1 (ICAM-1) [57]. To attract the neutrophils, P-selectin mediates the initial binding (‘capturing”)
of platelets to leukocytes and leukocytes to endothelial cells. Following the adhesion of neutrophils to
platelets, neutrophils are activated through PSGL-1 [58], the triggering receptor expressed on myeloid
cells (TREM)-1 [59], lipid mediators, and chemokines presented by platelets. In an experimental study,
Zhao et al. showed that the blockade of PSGL-1 results in diminished alveolar neutrophil transmigration
in lipopolysaccharide (LPS)-induced acute lung injury in mice, indicating that platelets and their
interaction with neutrophils are requisite for the development of LPS-induced lung inflammation
and injury [60]. TREM-like transcript-1 (TLT-1) is a type-1 immunoglobulin domain receptor that
is stored in platelet α-granules and, upon platelet activation, translocate to the surface. TLT-1 uses
fibrinogen to govern the transition between inflammation and hemostasis, and facilitates controlled
leukocyte transmigration during the progression of ARDS [61]. Collectively, activated platelets play
a crucial role in host defense, influencing pulmonary neutrophil recruitment, and contribute to the
development of ARDS [40,62,63]. Upon activation, platelets can adhere to other platelets or leukocytes,
forming neutrophil platelet aggregates (NPAs) or monocyte-platelet aggregates (MPAs), and to exposed
endothelium at sites of inflammation [64]. The presence of circulating leukocyte platelet aggregates
(LPAs) is a sensitive indicator of platelet activation, and thrombus formation has been associated with
the severity of acute lung injury [65]. Furthermore, Ortiz-Muñoz et al. reported that the dynamic
formation of LPAs observed by using lung intravital microscopy sharply increased with acute lung
injury [66]. The measurement of LPA in patients with ARDS and other critical illnesses could be
a useful biomarker of inflammation, and could be measured serially, to assess therapeutic responses to
treatment with pro-resolving lipid mediators.

Figure 3. The role of specific adhesion molecules in the platelet-neutrophil interaction, adhesion to
endothelium, and platelet aggregation. Triggering receptor expressed on myeloid cells (TREM)-like
transcript-1: TLT-1; intercellular adhesion molecule-1: ICAM-1; P-selectin glycoprotein ligand 1:
PSGL-1; glycoprotein: GP; Platelet and endothelial cell adhesion molecule-1: PECAM-1.

2.4. Lipid Mediators and Platelet Aggregation

The aggregation of platelets at sites of lung injury to facilitate the recruitment of neutrophils to
the injured alveolus is an important mechanism in the development of ARDS [40]. Lipid mediators
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play a pivotal role in the aggregation of platelets and regulation of inflammation, and arachidonic
acid-derived products, such as thromboxane (TX) and leukotrienes (LTs), have been implicated as
pro-inflammatory mediators of ARDS [67]. For aggregation, platelets release arachidonic acid through
a membrane-bound lipase. Arachidonic acid is converted to TXA2 via a multistep process, which is
a powerful mediator of platelet aggregating response. Cyclooxygenase is the key enzyme responsible
for the synthesis of prostaglandins (PGs) and TXA2 in platelets. In addition, cyclooxygenase is involved
in oxidative stress-induced acute lung injury, suggesting a link between neutrophil-derived oxidative
stress and endothelial eicosanoid metabolism [68]. Aspirin has significant antiplatelet properties
through the inhibition of cyclooxygenase enzymes that prevent TXA2 production, therefore suppressing
platelet aggregation in animal models of acute lung injury [69].

Cytosolic phospholipase A2 (cPLA2) is a key enzyme for the production of inflammatory mediators,
such as TXs and LTs, which are generated from arachidonic acid by cyclooxygenase and 5-lipoxygenase,
respectively. Nagase et al. reported that the disruption of the gene encoding cPLA2 significantly
reduced pulmonary edema, PMN sequestration, and deterioration of the gas exchange in a murine
model of LPS-induced acute lung injury [70], indicating that the inhibition of cPLA2-initiated pathways
may provide a therapeutic approach to acute lung injury. On the contrary, cPLA2 could act with the
reactive oxygen species produced during intestinal ischemia-reperfusion, resulting in the exacerbation
of the inflammatory reaction in ARDS [71]. Platelet-activating factor (PAF), a potent phospholipid
activator and one of the lipid mediators of platelet aggregation, is also associated with the development
of ARDS [72]. The presence of G994T polymorphism in exon 9 of the plasma PAF acetylhydrolase gene
has a better survival rate in ARDS [73].

2.5. Neutrophil Extracellular Traps (NETs)

Sepsis syndrome is the primary etiology of ARDS and is associated with a 35–45% incidence
of ARDS development [74]. It has been hypothesized that endotoxemia and phagocytosis of
bacteria are involved in the pathogenesis of septic syndrome-associated ARDS [75]. Platelets express
toll-like receptors (TLRs), including TLR2 and TLR4, that recognize the common bacterial molecules
peptidoglycan and LPS, respectively [76]. Activated platelets, particularly in the context of LPS
stimulation, trigger the release of extracellular DNA traps (NETs), with proteolytic activity from
neutrophils, serving to capture and degrade microbes [76]. These NETs are capable of trapping
and killing extracellular pathogens in blood and tissues during infection [77]. However, NETs are
not only produced during severe infections, but have also been observed in various inflammatory
diseases [78–80]. Caudrillier et al. showed that platelet-induced NETs contribute to lung endothelial
injury, and that targeting NET formation with either aspirin or a GP IIb/IIIa inhibitor decreased
NET formation and lung injury in the experimental model of transfusion-related acute lung injury
(TRALI) [62]. Nitrostyrene derivatives (BNSDs) have been identified as inhibitors of phospholipase
and tyrosine kinase, antibacterial agents, and macrophage immune response regulators, and attenuate
LPS-mediated acute lung injury via the inhibition of neutrophil-platelet interactions and NET
release [81].

3. Antiplatelet Agents in Experimental Studies

3.1. Aspirin

Aspirin is a well-known, irreversible, noncompetitive inhibitor of arachidonic acid cyclooxygenase
metabolism and is commonly used in clinical practice. Preclinical studies have shown that aspirin
can prevent or treat ARDS by decreasing neutrophil activation and recruitment to the lung, TNF-α
expression in pulmonary intravascular macrophages, plasma TX B2 levels, and platelet sequestration
in the lungs [62,69,82–85]. Aspirin also reduces the severity of edema and vascular permeability
in oxidative stress-induced acute lung injury [68]. Looney et al. showed that treatment with aspirin
prevented lung injury and mortality, but blocking P-selectin or CD11b/CD18 pathways did not.
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These data suggest a 2-step mechanism of TRALI: priming hematopoietic cells, followed by vascular
deposition of activated neutrophils and platelets that then mediate severe lung injury [69]. In addition,
Bates et al. showed that delayed postoperative neutrophil apoptosis is significantly preserved in patients
taking 300 mg of aspirin on the day before surgery, indicating that aspirin may be able to ameliorate to
promote a resolution for persistent inflammation [86].

Another function of aspirin in treating acute lung injury is the acetylation of cyclooxygenase-2
(COX-2) that causes a conformational change, leading to the inhibition of prostanoid
synthesis [87]. The acetylation of COX-2 switches catalytic activity to convert arachidonic acid
to 15R-hydroxyeicosatetraenoic acid, which can be subsequently converted to 15(R)-epi-lipoxin A4
(15[R]-epi-LXA4), also known as aspirin-triggered lipoxin (ATL) [88]. Lipoxins are endogenous lipid
mediators generated during inflammation that can block inflammatory cell recruitment, inhibit cytokine
release, and decrease vascular permeability, which collectively are anti-inflammatory properties [89,90].
Ortiz-Muñoz et al. showed that aspirin treatment increased levels of ATL, and treatment with ATL
in both lipopolysaccharide and TRALI models protected the lung from acute lung injury [66]. In addition,
delayed neutrophil apoptosis is a prominent feature of ARDS [91], which results in prolonging the
period of lung injury and hypoxia. Aspirin has previously been shown to preserve neutrophil
apoptosis [86], and experimental evidence suggests that ATL restores neutrophil apoptosis and
enhances the resolution of alveolar inflammation [92].

Neutrophil recruitment to sites of lung injury may also be modulated through aspirin-triggered
anti-inflammatory mediators. In the case of aspirin treatment, aspirin-acetylated COX-2 generates
17R-HDHA, which, following sequential oxygenation by 5-lipoxygenase, results in the production of
17-epi-RvD1, also known as aspirin-triggered RvD1 (AT-RvD1). AT-RvD1 is the 17R epimer of RvD1 (7S,
8R, 17R-trihydroxy-4Z, 9E, 11E, 13Z,15E, 19Z-docosahexaenoic acid), which is more resistant to catalysis
than RvD1 [93]. Eickmeier et al. showed that AT-RvD1 inhibited neutrophil-platelet heterotypic
interactions by downregulating both P-selectin and its ligand CD24. AT-RvD1 also significantly
decreased levels of bronchoalveolar lavage fluid pro-inflammatory cytokines, including IL-1β, IL-6,
and TNF-α, and decreased nuclear factor-κB (NF-κB)-phosphorylated p65 nuclear translocation in an
acid-initiated lung injury model. This suggests that aspirin therapy might decrease the severity and
augment the resolution of ARDS [85]. Tang et al. demonstrated, for the first time, that AT-RvD1– and
p-RvD1-treated mice have significantly reduced lung inflammatory responses, including TNF-α, IL-6,
keratinocyte cell-derived chemokine, and macrophage inflammatory protein (MIP)-1α and reduced
lung injury after immunoglobulin G immune complex deposition, suggesting a new approach to
blocking immune complex-induced inflammation [94]. Our study also showed that pretreatment
with aspirin reduced NF-κB activation, active oxygen species expression, the number of macrophages,
neutrophil infiltration, and lung edema compared with hyperoxia-only treatment in NF-κB-luciferase
transgenic mice [95]. Cox et al. showed that AT-RvD1 treatment resulted in reduced oxidative stress,
increased glutathione production, and significantly decreased tissue inflammation, indicating that
AT-RvD1 is an effective therapy for prolonged hyperoxic exposure in this murine model [96]. A brief
summary of the aspirin effect is shown in Figure 4.

3.2. GP IIb/IIIa Antagonists

GP IIb/IIIa receptor inhibitors that mediate platelet-platelet binding through fibrinogen [97] are
currently used as a preventive medication for coronary artery disease after percutaneous coronary
intervention. Commercially available GP IIb/IIIa receptor inhibitors include abciximab, eptifibatide,
and tirofiban.

In a murine model of influenza A virus infections, GP IIb/IIIa antagonist, eptifibatide is shown to
protect mice from death caused by influenza viruses, by reducing aggregates of activated platelets [98].
Sharron showed that eptifibatide attenuates platelet granzyme B-mediated apoptosis and results in less
severe sepsis and extended survival in a murine model of abdominal sepsis [99], indicating that the
GP IIb/IIIa antagonist may be a target for the treatment of sepsis-related ARDS. Caudrillier et al. also
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showed that another GP IIb/IIIa antagonist, tirofiban, was shown to be effective in the treatment of
TRALI by decreasing soluble NET components [62].

Figure 4. Protective effects of aspirin against lung inflammation. Neutrophil recruitment to the sites of
lung injury may also be modulated through aspirin-triggered anti-inflammatory mediators.

3.3. P2Y12 Inhibitors

The P2Y12 protein, a chemoreceptor for adenosine diphosphate, is found mainly but not exclusively
on the surface of platelets and belongs to the Gi class of a group of G protein-coupled purinergic
receptors [100]. Commercially available P2Y12 inhibitors include clopidogrel, prasugrel, and ticagrelor,
mainly indicated for cardiovascular diseases. Several studies have shown that clopidogrel not only
diminishes the risk of atherothrombotic events, but also reduces the markers of systemic inflammation,
including C-reactive protein, soluble CD62P (P-selectin) and CD54, pro-inflammatory cytokines, and
platelet-leukocyte conjugates [101]. Harr et al. showed that rats pretreated with clopidogrel were
protected from trauma/hemorrhagic shock-related acute lung injury by reducing platelet activation
and aggregation, microthrombi formation, and leukocyte recruitment [102]. Le et al. also showed
that clopidogrel had a similar effect as the GP IIb/IIIa antagonist, to protect mice from death caused
in an experimental model of influenza virus A infection [98]. Tuinman et al. reported that clopidogrel
attenuates LPS-induced lung injury in mice, but its effect is inferior to high-dose aspirin [83].

For antiplatelet therapy to treat or prevent ARDS, there are several major differences between
animal experiments and human studies. First, the lung injury model of animal experiments cannot
fully comply with the process of human acute lung injury. Second, people who develop lung injury
usually have comorbidities, which can lead to different outcomes even with the same treatment.
Third, the therapeutic dose for animals, once used in humans, may be too high and cause side effects.
Fourth, there are too many causes for ARDS in the human body, which results in so-called heterogeneity.
For these reasons, it is quite difficult for a single drug to be successful in people with ARDS.
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4. Antiplatelet Agents in Clinical Studies

The human study regarding aspirin for treating or preventing ARDS was conducted around
20 years ago. As shown in Table 1, Erlich and colleagues performed a retrospective analysis of
161 patients from Olmsted County, Minnesota, to assess a potential association between prehospital
use of antiplatelet agents and the development of ARDS in at-risk patients. Antiplatelet agents
included aspirin, clopidogrel, and ticlopidine in their study. They showed that antiplatelet therapy was
associated with a reduced incidence of ARDS (12.7% vs 28.0%; OR, 0.37; 95% CI, 0.16–0.84; p = 0.02),
even after adjusting for confounding variables [103]. Meanwhile, O’Neal et al., from our laboratory,
conducted a secondary analysis of a prospective study with 575 patients in the validating acute lung
injury markers for diagnosis (VALID) cohort, and showed that concurrent statin and aspirin use, but not
aspirin alone, was associated with the reduced risk of ARDS [104]. However, this study was likely
underpowered to show an independent association between prehospital aspirin use and the reduced
risk of ARDS, given the large proportion of patients who were receiving both prehospital statin and
prehospital aspirin therapy. Later, Kor et al., from a group of lung injury prevention study investigators
(USCIITG–LIPS), performed a multicenter prospective observational study to evaluate the association
between prehospitalization aspirin therapy and incident acute lung injury in a heterogeneous cohort of
at-risk medical patients. In total, 3855 at-risk patients were enrolled from 22 hospitals over a 6-month
period in the United States and Turkey. Nine hundred seventy-six (25.3%) were receiving aspirin at the
time of hospitalization. Two hundred forty (6.2%) patients developed acute lung injury. After adjusting
for the propensity to receive aspirin therapy, they found that no statistically significant associations
between prehospitalization aspirin therapy and ARDS [105]. However, the overall incidence of ARDS
in their study was low (6.2%). To further characterize the possible benefit of prehospital aspirin use
in ARDS, we performed a new cross-sectional analysis of the entire prospectively collected VALID
cohort, with approximately 1149 critically ill patients (age ≥ 40) enrolled during a 6-year interval. Our
data showed that patients with prehospital aspirin had a significantly lower incidence of ARDS (27%
vs. 34%, p = 0.034). In a multivariable, propensity-adjusted analysis, including age, gender, race,
sepsis, and APACHE II, prehospital aspirin use was associated with a decreased risk of ARDS (OR 0.66,
95% CI 0.46–0.94) in the entire cohort, and a subgroup of 725 patients with sepsis (OR 0.60, 95% CI
0.41–0.90) [106]. In a prospective study of 202 patients with ARDS, aspirin therapy, given either before
or during the hospital stay, was associated with a reduction in ICU mortality (OR: 0.38, CI: 0.15–0.96,
p = 0.04) by using multivariate logistic regression analysis [107].

A group of the lung injury prevention study with aspirin (LIPS-A) conducted a multicenter,
double-blind, randomized clinical trial, testing whether early administration of aspirin would result
in a reduced incidence of ARDS in adult patients at high risk. Approximately 400 participants from
14 hospitals across the United States were enrolled [108]. The results showed that, among at-risk
patients presenting to the emergency department, the use of aspirin compared with placebo did not
reduce the risk of ARDS at 7 days [109]. However, there were several limitations in this study, including
an unexpectedly lower rate of ARDS, a large number of patients who used antiplatelets had been
excluded, the time from randomization to first drug administration was longer than anticipated at
study onset, and the aspirin dose chosen for this study was too low [109]. Furthermore, most studies
did not have a subgroup analysis. ARDS is caused by a variety of etiologies, and we do not know
whether aspirin is only beneficial for certain causes. Toner et al. suggested that aspirin can modulate
multiple pathogenic mechanisms implicated in the development of sepsis-related ARDS [110]. A bold
study that recruited healthy volunteers to receive either 75 or 1200 mg aspirin for 7 days prior to
LPS inhalation showed that aspirin reduced pulmonary neutrophilia and tissue-damaging neutrophil
proteases (matrix metalloproteinase (MMP)-8/-9), reduced bronchoalveolar lavage concentrations of
TNF-α, and reduced systemic and pulmonary TXB2 [45].
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5. Meta-Analysis of Clinical Studies

As shown in Table 2, Panka et al. selected 15 pre-clinical studies and eight clinical studies, and
showed that aspirin plays a beneficial role in ARDS prevention and treatment [44]. Yu et al. reviewed
six studies and showed aspirin could reduce the rate of ARDS/ALI (OR:0.71) but not the mortality [111].
Jin et al. reviewed seven studies and showed significantly lower odds of ARDS in the prehospital
antiplatelet therapy group, compared with subjects with no prehospital antiplatelet therapy (odds
ratio: 0.68) [112]. Mohananey et al. included 17 studies, and found that there was a significant
reduction in all-cause mortality in patients on antiplatelet therapy, compared to the control (OR: 0.83).
Both the incidence of ARDS (OR: 0.67) and the need for mechanical ventilation (OR: 0.74) were lower
in the antiplatelet group [113]. On the contrary, Wang et al. analyzed nine eligible studies, and found
that antiplatelet therapy did not significantly decrease hospital mortality in high-risk patients, and
an association with the incidence of ARDS remains unclear [43].

In summary, it is still unknown whether aspirin can be used to effectively prevent or treat ARDS.
This can be attributed to several factors. First, there is considerable heterogeneity in ARDS itself.
Several recent research directions are exploring whether different treatments can be given according to
different phenotypes of ARDS [114,115]. Therefore, future research should be based on ARDS patients
whose phenotype pathology is more aligned with the mechanisms of aspirin. Second, for previous
studies, the starting point of aspirin administration, the dose administered, and the duration of
administration are all very different. This is also one of the reasons for the inconsistency of the research
results. Therefore, whether future research can detect some biomarkers to track their drug response is
quite important. Third, even if the above two reasons are resolved, the mechanism of aspirin’s action is
only a part of the treatment or prevention of ARDS. Perhaps a cocktail therapy, which can combine
aspirin with certain medications, would be beneficial for the prevention or treatment of ARDS.

Table 2. Summary of meta-analysis of the effect of aspirin on ARDS.

Authors Enrolled Types
of Studies

Enrolled Study
Numbers

Medications Outcome Variables Results Between-Study
Heterogeneity

Conclusions

Panka et al.
[44]

1 RCT, 7 OS 8 Aspirin the risk of ARDS pooled OR was 0.59 Q = 2.44, I2 = 68% A beneficial role for Aspirin
in ARDS prevention and
treatment.

Yu et al.
[111]

1 RCT, 5 OS 6 Aspirin
1. the risk of

ARDS/ALI
2. mortality.

pooled OR was 0.71 I2 = 0%, P = 0.419 Aspirin could provide
protective effect on the rate
of ARDS/ALI, but it could
not reduce the mortality.

Jin et al.
[112]

7 OS 7 Antiplatelet agents
(aspirin 75 to 300 mg
daily), (clopidogrel,
75 mg daily), and
ticlo- pidine.

1. the risk of
ARDS/ALI

2. mortality.

pooled OR was 0.68 I2 = 34% Pre-hospital antiplatelet
therapy was associated
with a reduced rate of
ARDS but had no effect on
the mortality in the subjects
at high risk

Mohanney
et al. [113]

17 OS 17 Aspirin and other
antiplatelet agents 1. the risk of

ARDS/ALI
2. mortality.

pooled OR was 0.67 I2 = 25% Antiplatelet therapy had an
improved survival,
decreased incidence of
ARDS

Wang et al.
[43]

2 RCT, 7 OS 9 Aspirin and other
antiplatelet agents 1. the risk of

ARDS/ALI
2. mortality.

pool OR was 0.68
from OS; but no
significant
difference in RCT

I2 = 0.0%, p = 0.329
for RCT
I2 = 68.4%, p = 0.004
for OS

Whether antiplatelet
therapy is associated with a
decreased incidence of
ARDS in patients at a high
risk of developing the
condition remains unclear.

6. Conclusions

In summary, platelets play a crucial role in the pathogenesis of ARDS in a number of
experimental studies, and antiplatelet therapy exerts a potential therapeutic benefit for ARDS
in clinical studies. The main effects of antiplatelet therapy to reduce the severity of ARDS are
possibly based on four directions: (1) reducing platelet adhesion to the injured vessel wall; (2) inhibiting
platelet-leukocyte-endothelium interactions; (3) modulating lipid mediator related platelet aggregation,
and (4) inhibiting NETs formation. Several observational studies have shown that aspirin is protective
against the development of ARDS, and a large multicenter, double-blinded, randomized study showed
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no beneficial effect of aspirin on the development of ARDS. Future research should be based on ARDS
patients whose phenotype pathology is more aligned with the mechanisms of antiplatelet therapy,
and specific biomarkers should be developed to track their drug response.
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Abstract: Diabetic kidney disease (DKD) is a worldwide public health problem. It is the leading
cause of end-stage renal disease and is associated with increased mortality from cardiovascular
complications. The tight interactions between redox imbalance and the development of DKD are
becoming increasingly evident. Numerous cascades, including the polyol and hexosamine pathways
have been implicated in the oxidative stress of diabetes patients. However, the precise molecular
mechanism by which oxidative stress affects the progression of DKD remains to be elucidated. Given
the limited therapeutic options for DKD, it is essential to understand how oxidants and antioxidants
are controlled in diabetes and how oxidative stress impacts the progression of renal damage. This
review aims to provide an overview of the current status of knowledge regarding the pathological
roles of oxidative stress in DKD. Finally, we summarize recent therapeutic approaches to preventing
DKD with a focus on the anti-oxidative effects of newly developed anti-hyperglycemic agents.

Keywords: diabetic kidney disease; oxidative stress; redox imbalance

1. Introduction

The current diabetes pandemic has emerged as a global health burden. Despite accumulating
evidence supporting the prevention of obesity and related metabolic disorders, the number of diabetic
patients is rapidly increasing, particularly in middle- and low-income countries [1]. According to the
estimates of the International Diabetes Federation, diabetes affects 425 million people globally, and the
number is expected to increase to more than 600 million in 2045 [2].

It is a major concern that diabetes is associated with the development of micro and macrovascular
complications. Diabetic kidney disease (DKD) is the leading cause of end-stage renal disease and is
therefore a critical issue for healthcare systems [3–5]. The reason for the diabetes pandemic can be
explained, at least in part, by the aging of the population and the increase in obese subjects. DKD
is characterized by functional and structural abnormalities in the glomeruli, including glomerular
hyperfiltration, mesangial expansion, the thickening of the glomerular basement membrane, and
podocyte loss. These changes ultimately result in the glomerulosclerosis associated with albuminuria
and a decline in the glomerular filtration rate (GFR). Numerous studies have assessed the link between
albuminuria and the cardiovascular risk in patients with DKD and have demonstrated that albuminuria
is not only a hallmark of DKD, but also an independent risk factor for cardiovascular death. The
detrimental interaction between diabetic renal injury and coronary heart disease is termed reno-cardiac
syndrome [6]. Indeed, in the UK Prospective Diabetes Study (UKPDS), annual cardiovascular mortality
rates were found to increase to 3%, 4.6%, and 19.2% with the progression to microalbuminuria,
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macroalbuminuria, and renal failure, respectively [7]. Importantly, cardiovascular events were the most
common cause of death in all stages of DKD. It is therefore essential to establish effective therapeutic
strategies against DKD. To this end, a detailed understanding of the molecular basis that drives DKD
is required.

Emerging evidence suggests that DKD is associated with multiple metabolic disorders
(e.g., hyperglycemia, hypertension, and dyslipidemia), hemodynamic changes, activation of the
renin-angiotensin system (RAS), and inflammation [8]. While there is no doubt that multifactorial
intervention for these abnormalities is necessary for the prevention of DKD acceleration [9,10], the
current standards of care do not eliminate the risk of DKD. Given the limited therapeutic options for
inhibiting DKD, there has been an ongoing effort to elucidate the biological mechanisms responsible
for renal injury and to develop novel drugs.

There is a growing appreciation of the roles of oxidative cellular injury caused by free radicals in
the process of diabetic vascular complications. Oxidative stress is defined as an imbalance between
the formation of highly reactive molecules and the antioxidant mechanism. Reactive oxygen species
(ROS) are chemicals, such as superoxide anion (O2-), hydroxyl radical (OH), and hydrogen peroxide
(H2O2), which are generated in cells. Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
is the most important source of superoxide anion and is upregulated in the kidney in diabetes [11].
Consistent with this data, superoxide is increased in the diabetic kidneys and in renal cells incubated
under high glucose conditions. Moreover, excess free fatty acids, mainly derived from the obese state,
induce the generation of ROS through oxidative phosphorylation in mitochondria. Another possible
reason for the oxidative stress in diabetes is decreased antioxidants. As a result, excess ROS can damage
DNA, protein, and lipids, making them nonfunctional. These findings highlight the importance of
oxidative stress in the mechanisms that facilitate renal injury in the context of diabetes. We herein
review the roles of oxidative stress in diabetic renal damage and finally describe medicines that have
the potential to inhibit the renal ROS production in patients with DKD.

2. Oxidative Stress in Diabetes and DKD

Elevated ROS is considered to be a causal link between high glucose conditions and DKD
progression. The various possible sources for the overproduction of ROS in diabetes include (Figure 1):
(1) Activation of the polyol pathway leading to the accumulation of sorbitol and fructose, NADPH
redox imbalances, and changes in signal transduction; (2) The increased flux of the hexosamine
pathway; (3) Increased protein kinase C (PKC) activity and subsequent cascades of stress; (4) The
non-enzymatic glycation of proteins generating advanced glycation end-products (AGEs); and (5)
Activation of the small GTPase Rho and its target, Rho-kinase (ROCK).
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Figure 1. In the setting of diabetes, excess glucose activates several pathways including the
polyol pathway, hexosamine pathway, as well as signals that lead to activation of Rho-kinase
(ROCK), PKC and generation of AGEs. All of these activation results in oxidant/antioxidant
imbalance that proceeds to DKD. AR, aldose reductase; SDH, sorbitol dehydrogenase; GFAT,
glutamine:fructose-6-phosphate aminotransferase; glucosamine-6-P, glucosamine-6-phosphate;
UDP-GlcNAc, uridine diphosphate-N-acetyl glucosamine; DAG, diacylglycerol; PKC, protein kinase C;
AGEs, advanced glycation end-products.

2.1. The Polyol Pathway

Among the various pathways, the polyol pathway plays an important role in the development
of DKD. It has been suggested that the polyol pathway generates not only osmotic stress, but also
hyperglycemic oxidative stress in renal tissue. Under homeostatic conditions, cellular glucose is
predominantly oxidized into glucose-6-phosphate and enters the glycolytic pathway to generate energy
in the form of ATP. In states such as diabetes, however, the flux of glucose through the polyol pathway
is increased.

In the polyol pathway, glucose is converted to sorbitol by aldose reductase (AR), the first and
rate-limiting enzyme of this pathway, with the aid of its cofactor NADPH. AR has been detected in a
number of tissues, including tissue of the liver, skeletal muscle, heart, eyes, neuron, and kidney. It has
been extensively studied for a potential role in diabetic vascular complications including DKD [12]. In
physiological settings, AR breaks down the toxic aldehyde products produced by lipid peroxidation,
such as 4-hydroxyl-nonenal (HNE) and its glutathione conjugates (GSH-NHE) into inactive alcohols.
Whereas the catalytic action of AR to mediate glucose reduction is negligible under euglycemic
conditions, this enzyme is activated in diabetes. Not only in diabetic rodents, but the activity of
AR is also increased in renal glomeruli in people with diabetes [13]. Supporting these findings, the
accumulation of sorbitol has been demonstrated in glomerular mesangial cells incubated under high
glucose conditions [14], which can induce cellular osmotic stress and damage diabetic glomeruli [15].
The fact that AR inhibitor treatment can prevent the development of DKD highlights the significance
of the polyol pathway in the biology of DKD. For example, epalrestat, an inhibitor of AR, can attenuate
albuminuria, podocyte foot process fusion, and interstitial fibrosis in type 2 diabetic db/db mice [16].
Moreover, AR-deficient mice are resistant to the progression of diabetic kidney injury [17]. In these
mice, glomerular hypertrophy, extracellular matrix accumulation, and the overproduction of collagen
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4 were inhibited in comparison to wild type mice. The increase in urinary albumin excretion was also
prevented in the AR-null mice. In contrast to this experimental evidence, AR inhibitors only have a
partial effect in preventing DKD in patients [18]. The incongruity between animal and human data
may be due to the short length of clinical trials and variable potency of AR inhibitors.

As the second step in the polyol pathway, sorbitol is oxidized to fructose by sorbitol dehydrogenase
(SDH), with its co-factor nicotinamide adenine dinucleotide (NAD). As such, the increased polyol
flux leads to an increase in the NADH/NAD ratio. Since NAD is an important factor in many
enzyme-catalyzed reactions, other metabolic pathways are also affected. The sirtuin signaling pathway
is a major pathway affected by the reduction of NAD. Mammalian sirtuin is a NAD-dependent protein
deacetylase with various functions in energy homeostasis, cell survival, and DNA repair [19]. As
a consequence, decreased NAD levels eventually lead to the over-acetylation of proteins. Thus,
supplementation with NAD precursors or analogues can serve as an effective therapeutic intervention
for recovering sirtuin activity and preventing diseases, including diabetes and DKD [20,21]. Moreover,
an NADH/NAD redox imbalance can reduce the availability of NADPH for regenerating antioxidant
GSH. Importantly, NADH is used as a substrate for NADH oxidase to generate superoxide anions and
this occurs in diabetes. Moreover, excess NADH also inhibits glycolysis and the subsequent Krebs
cycle, which provides more glucose in the polyol pathway.

2.2. The Hexosamine Pathway

It is now clear that the increased flux of fructose-6-phosphate (fructose-6-P) into the hexosamine
pathway also contributes to oxidative stress in the context of diabetes. Under normoglycemic
conditions, most of the glucose is metabolized through the glycolysis pathway, and only 2–5% enters
the hexosamine pathway and a small amount of fructose-6-P is produced [22]. However, under
hyperglycemic conditions, excess fructose-6-P is derived from this pathway to provide a substrate for
glutamine:fructose-6-phosphate aminotransferase (GFAT), the rate limiting enzyme of the hexosamine
pathway. GFAT mediates the conversion of fructose-6-P to glucosamine-6-phosphate (glucosamine-6-P),
and the consequent uridine diphosphate-N-acetyl glucosamine (UDP-GlcNAc).

UDP-GlcNAc is used for the production of glycosyl chains of proteins and lipids. Specific
cytoplasmic and nuclear proteins are modified post-translationally by UDP-GlcNAc, and
over-modification leads to pathologic changes in the gene expression. For example, transcriptional
factors, such as specificity protein 1 (SP1), are modulated by UDP-GlcNAc [23] which leads to the
induction of transforming growth factor β1 (TGF-β1) and plasminogen activator inhibitor-1 (PAI-1).
Both of these factors contribute to the accumulation of extracellular matrix and diabetic glomerular
sclerosis [24]. Consistent with these data, it has been reported that the inhibition of GFAT attenuates the
hyperglycemia-induced increases of TGF-β1 in mesangial cells [25]. UDP-GlcNAc also stimulates the
production of ROS and pro-apoptotic caspase-3 activity, which contribute to mesangial cell damage [26].

Importantly, the overexpression of GFAT results in the elevation of nuclear factor κB (NF-κB)
promotor activity in mesangial cells [27], and excess UDP-GlcNAc provokes oxidative renal cell damage
by upregulating the expression of tumor necrosis factor α (TNF-α). Given the well-established link
between inflammation and oxidative stress [28], it is reasonable to suggest that the excess glucose
flux through the hexosamine pathway leads to redox imbalance, at least in part, via the inflammatory
response. Taken together, the activated hexosamine pathway is a piece of one machinery that diabetes
leads to oxidative renal damage. Although recent investigations have expanded our knowledge
regarding the molecular mechanisms of the hexosamine pathway, its pathological role in patients
remains to be established.
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2.3. The PKC Pathway

In the setting of diabetes, the increased flux of dihydroxyacetone phosphate (DHAP) to
glycerol-3-phosphate leads to the generation of diacylglycerol (DAG), a physiological activator
of PKC. PKC phosphorylates subunits of NADPH oxidase, which has been recognized to contribute to
the production of ROS. The denouement of elevated PKC signaling is the activation of MAPK signaling
and inducible nitric oxide synthase, culminating in structural and functional derangements. Indeed,
the PKC-mediated oxidant production elicits endothelial dysfunction and apoptosis. By blocking PKC,
the metabolic signaling cascade is interrupted and the production of ROS is reduced. Inhibiting the
formation of DAG is one of the options for regulating the PKC signaling pathway.

PKC consists of a family of at least 12 members. PKC-α, PKC-β, PKC-δ, PKC-ε, and PKC-ζ are
detected in the glomeruli [29]. PKC plays a pivotal role in renal dysfunction under diabetic conditions.
It has been demonstrated that PKC isoforms are activated in diabetic glomeruli and mesangial cells
cultured in high glucose media, which contribute to mesangial expansion as well as thickening of
the glomerular basement membrane. The importance of PKC-β in DKD has been demonstrated in a
loss-of-function study in mice. The amelioration of histological abnormalities and TGF-β1 induction
was achieved in PKC-β knockout mice [30]. The urinary excretion of 8-hydroxydeoxyguanosine
(8-OHdG) and isoprostane—parameters of oxidative stress—in PKC-β-deficient diabetic mice were
reduced in comparison to wild-type mice. Mechanistically, the activity of NADPH oxidase and the
mRNA expression levels of p47phox, Nox2, and Nox4 were attenuated in these mice. These findings,
coupled with the work of others, have led to the increasing appreciation that PKC-β is an essential
determinant of the ROS production.

2.4. The AGE-RAGE Pathway

Another important pathway whereby glucose can activate oxidative stress is AGE signaling.
AGEs are generated exogenously and endogenously through non-enzymatic reactions of amino acids,
proteins, glucose, and metabolites (e.g., glycolaldehyde, glyceraldehyde, glyoxal, methylglyoxal,
3-deoxyglucosone, and fructose) [31]. The receptor for AGE (RAGE) is a multi-ligand cell surface
receptor that can be induced under diabetic conditions. The AGE-RAGE system is one of the
major pathways involved in the onset and progression of diabetic vascular complications, including
neuropathy, retinopathy, and nephropathy. The flux of glucose through the polyol pathway would
increase the formation of toxic AGE compounds, ultimately leading to the production of free radicals,
and a decrease in nitric oxide and taurine. Therefore, there is crosstalk between AR-dependent and
-independent mechanisms of oxidative stress, which makes it difficult to understand the relative
contributions of each. AGEs are known to accumulate intracellularly, which stimulates various
signaling pathways, including the inflammatory response. Accumulated AGEs specifically stimulate
the production of inflammatory cytokines and adhesion molecules via regulation of transcriptional
factor NF-κB, as well as the PKC pathway. The proposed mechanisms by which AGEs interfere with
these functions include the disruption of molecular confirmation and the reduction of the degradation
capacity by its deposition or activation of RAGE.

In renal mesangial cells, type 4 collagen is upregulated by exposure to AGEs. However, this
induction was prevented by the anti-RAGE ribozyme, suggesting that the AGE-mediated induction of
the expression of type 4 collagen is dependent on RAGE. It has indeed been reported that diabetic mice
that overexpress human RAGE in vascular cells exhibited kidney enlargement, glomerular hypertrophy
with mesangial expansion and increased urinary albumin excretion [32]. Moreover, these phenotypes
were prevented by the administration of an AGE inhibitor, indicating that the AGE-RAGE signal is an
effective target for overcoming DKD. Other studies have evaluated the effects of the specific inhibition
of RAGE with DNA aptamer and demonstrated that RAGE-aptamer attenuates the development of
experimental DKD by inhibiting oxidative stress [33,34].
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2.5. ROCK Signaling

The small GTP-binding protein Rho and its downstream target Rho-associated coiled-coil
containing protein kinase (Rho-kinase, ROCK) are implicated in a variety of cellular processes,
including cell proliferation, contraction, and migration. ROCK signaling is activated by glucose,
cytokines, and ROS [35–37]. Initial insights linking ROCK to diabetic vascular complications were
gleaned from our studies identifying ROCK as a critical molecule of the pathological changes of
the microvasculature and large blood vessels. For instance, the inhibition of ROCK results in the
attenuation of albuminuria, glomerular hypertrophy, and macrophage infiltration in mouse models of
diabetes [24,38]. Furthermore, the beneficial effects of ROCK inhibition are observed in the diabetic
retina and neuron. Yokota et al. showed that enhanced expression of retinal vascular endothelial growth
factor (VEGF) was attenuated by the treatment with ROCK inhibitor in streptozotocin-induced diabetic
rat [39]. ROCK blockade also restores normal motor nerve conduction velocity in diabetic rats by
mediating proper localization of adhesion-related molecules in myelinating Schwann cells [40]. Another
study in endothelial cells demonstrated that ROCK acts as a key player in vascular inflammation [41].

ROCK has two isoforms (ROCK1 and ROCK2) that share 65% sequence homology, but have
different activation machinery. Genetic deletion models of ROCK1 and ROCK2 revealed distinctive
roles in the regulation of cellular function. For instance, ROCK1 knockout modes demonstrate
impaired closure of eyelid and umbilical ring [42], whereas ROCK2 deletion leads to intrauterine
growth retardation [43]. Takeda et al. showed the strong contribution of endothelial ROCK2 to the
induction of adhesion molecules and chemokines via NF-κB activation [37]. In addition, Nagai et al.
reported ROCK2-mediated fibrotic reactions in mesangial cells [36]. Taken together, these findings raise
the possibility that ROCK isoform-specific therapeutic approach may be effective for the prevention of
diabetic vascular complications.

We provided evidence implicating ROCK as an essential regulator of the redox balance and the
progression of DKD [44]. In the streptozotocin-induced diabetic rat, renal Nox4 (a catalytic subunit
of NADPH oxidase) and urinary 8-OHdG were increased, suggesting oxidative stress in the diabetic
kidney. Of note, ROCK inhibitor attenuated the renal Nox4 expression and the urinary increase of
8-OHdG. Moreover, ROCK regulates the mesangial production of inflammatory cytokines through the
mechanism of NF-κB [45]. Whereas some experiments have identified the direct regulation of ROCK
in either IκBα degradation or p65 phosphorylation, a mechanism through which ROCK is involved in
the nuclear import of p65, without affecting either IκBα degradation or the phosphorylation of p65,
has also been documented [38]. Collectively, these findings suggest a direct or inflammation-mediated
effect of ROCK on oxidative stress in the diabetic kidney.

3. ROS-Mediated Stress Signaling in DKD

As described above, ROS is produced under diabetic conditions. In addition to its direct effects
on cellular protein and DNA, ROS activates several signaling cascades that are implicated in the
histological and functional changes in DKD.

3.1. NF-κB and AP-1

Experimental work over the past decade has revealed the mechanistic basis of the interplay
between inflammation and oxidative stress. The inflammatory signal is mainly orchestrated by
transcriptional factor NF-κB, which consists of a heterodimer of the Rel family proteins: p65 and p50.
Under physiological conditions, NF-κB is sequestered in the cytoplasm by IκB family proteins, the
best characterized of which is IκBα. The phosphorylation of IκBα results in its ubiquitination and
subsequent proteasomal degradation, which results in the exposure of its nuclear localization signal.
The following recognition of NF-κB by karyopherin β directs it to the nuclear pore complex, thus
allowing for entry into the nucleus. The coactivator p300 generates a complex with p65/p50 dimer to
stabilize the chromatin structure for efficient transcription.
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Increased renal NF-κB levels are detected in the kidneys of diabetic experimental models, which
activate glomerular and tubular cells to induce renal injury [35,45]. Downstream targets of NF-κB
include adhesion molecules and pro-inflammatory cytokines (e.g., interleukin 6, TNF-α), which all
drive oxidative stress and the development of DKD. In addition to the role as downstream events
of NF-κB activation, ROS activates NF-κB signaling [46]. For instance, H2O2 stimulates NF-κB to
produce an array of inflammatory mediators. In turn, these activate the further production of ROS.
Activating protein 1 (AP-1) is another major redox-sensitive transcriptional factor. ROS activates c-Fos
and c-Jun, both of which are components of AP-1. Similar to NF-κB, glucose and oxidative stress
activate AP-1-mediated inflammatory signaling, which will contribute to the formation of the vicious
inflammation-oxidative stress cycle. Further clinical trial and mechanistic investigations are required
in order to validate the role of AP-1 in the pathogenesis of DKD.

3.2. JAK-STAT

Janus kinase/signal transducer and activator of transcription (JAK-STAT) is activated by
extracellular ligands, such as cytokines, chemokines, and growth factors to induce a number of
cellular responses. ROS has also been shown to activate the JAK-STAT pathway under excessive
glucose levels and is associated with glomerular expansion [47]. For example, H2O2 stimulates the
activity of JAK family members, JAK2 and tyrosine kinase 2 (TYK2) [48].

The fundamental role of the JAK-STAT signal is originally established in lymphoid cells. However,
this signal also has definitive roles in renal cells (i.e., glomerular mesangial cells, podocytes, and tubular
epithelial cells) [49]. The overexpression of podocyte JAK2 results in the worsening of renal injury in
mouse models of DKD [50]. As a bridge to clinical translation, the activation of JAK-STAT signaling
is observed in the kidney of DKD patients. A transcriptomic investigation performed in glomerular
samples obtained from subjects with DKD has shown that all downstream targets of JAK-STAT were
highly expressed in the glomeruli of patients in comparison to healthy subjects. Notably, the degree of
gene induction of the JAK-STAT pathway was tightly and inversely correlated with the decline in GFR.
Moreover, Baricitinib, an inhibitor of the JAK family of protein tyrosine kinases that selectively inhibits
JAK1 and JAK2, attenuates albuminuria in diabetic patients. As such, inhibiting oxidative stress may
have the potential to block JAK-STAT signaling and the progression of DKD.

3.3. Nrf2-Keap1

The antioxidant defense mechanism (e.g., superoxide dismutase, glutathione reductase,
glutathione peroxidase, and GSH) is essential for scavenging of ROS. However, this system is
impaired in diabetes [51]. The defense response is mainly regulated by nuclear factor erythroid
2-related factor 2 (Nrf2), which governs the expression of antioxidants and detoxification enzymes. The
cytosolic inhibitor Kelch-like ECH-associated protein 1 (Keap1) acts as a “sensor” for cellular oxidative
stress. Keap1 is proposed to mediate Nrf2 activity via its capacity to inhibit Nrf2 nuclear translocation.

The upregulation of Nrf2-Keap1-dependent antioxidants attenuates renal oxidative overload.
Notably, activation of Nrf2 improves histological findings in the glomerulus of streptozotocin-induced
diabetic mice by attenuating oxidative stress, the expression of TGF-β1, and the production of
extracellular matrix [52]. In addition, Nrf2 inhibits glucose-induced mesangial hypertrophy. Although
the Nrf2 activator known as bardoxolone has been demonstrated to be reno-protective in patients with
DKD, significant increase of heart failure was reported in the bardoxolone–treated group [53–55]. A
clinical trial excluding high-risk patients is ongoing in Japan [56]. Moreover, bardoxolone is currently
being studied in patients with Alport syndrome enrolled in the United States, Europe, Japan, and
Australia. The potential to prevent or delay kidney function decline will be evaluated in these studies.
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4. Targeting Oxidative Stress for the Prevention of DKD

Therapeutic options for the management of DKD are currently limited to systemic intervention
for diabetes-related metabolic changes (i.e., hyperglycemia, hypertension, and dyslipidemia). Given
the importance of oxidative stress for many of the pathological aspects of kidney injury, the redox
imbalance could be a potential therapeutic target for the prevention of renal failure in diabetic patients.
Several studies have shown that the inhibition of oxidative stress can prevent metabolic dysfunction,
fibrotic signals, and proteinuria. Agents that are already in use in clinical practice such as statins,
metformin, and thiazolidinediones have been demonstrated to suppress oxidative stress by inhibiting
NADPH oxidase [57,58]. In addition to these drugs, recent clinical trials have established compelling
evidence of beneficial cardiorenal outcomes of sodium glucose co-transporter 2 (SGLT2) inhibitors
and glucagon-like peptide-1 (GLP-1) receptor agonists, beyond their glucose-lowering effect. The
regulation of oxidative stress is one of the assumed mechanisms of the beneficial effects of these agents.

4.1. SGLT2 Inhibitors

SGLT2 inhibitors are a novel class of anti-hyperglycemic agents that are being used increasingly
frequently for the management of diabetes. This drug blocks SGLT2 at the renal proximal tubule,
leading to the limitation of glucose reabsorption of filtered glucose, which in turn results in glycosuria
and blood glucose reduction. This effect is independent of the action of insulin. In addition to its
glucose-lowering action, SGLT2 inhibitors induce natriuresis, thereby causing a reduction of blood
pressure, improvement of glomerular hyperfiltration and albuminuria, at least in part, by activating
tubuloglomerular feedback [59].

The Food and Drug Administration mandate the assessment of the cardiovascular safety of all
novel hypoglycemic agents prior to seeking approval. The secondary outcome analyses in these
trials have demonstrated the potential of SGLT2 inhibitors to reduce the risks of DKD and end-stage
renal disease. Empagliflozin has been shown to improve renal composite outcomes (i.e., doubling of
creatinine, renal replacement therapy, or renal death) in patients with type 2 diabetes [60]. Similar
results were reported in trials with canagliflozin. The Canagliflozin and Renal Endpoints in Diabetes
with Established Nephropathy Clinical Evaluation (CREDENCE) trial was conducted to investigate the
efficacy and safety of canagliflozin for attenuating clinically important cardiorenal outcomes in patients
with DKD [61]. Importantly, the CREDENCE trial was restricted to patients who were already taking
the maximum tolerated dose of an angiotensin-converting enzyme inhibitor or angiotensin receptor
blocker. A significant reduction was observed in the relative risk of the renal composite outcomes in
subjects treated with canagliflozin. In addition to the renal benefits, the rates of cardiovascular death,
myocardial infarction, or stroke and hospitalization for heart failure were lower in the canagliflozin
group. Remarkably, there was no increase in the rates of amputation or bone fracture. Based on these
large clinical trials, SGLT2 inhibitors are recommended for high-risk DKD patients with an estimated
GFR of >30 mL/min/1.73 m2 or urinary albumin excretion >30 mg/g creatinine (particularly >300 mg/g
creatinine), to reduce the risk of DKD progression [3,62].

Decreased GSH levels and elevated oxidized glutathione (GSSG) levels are detected in the renal
cortex of type 2 diabetic mice. Tanaka et al. showed that ipragliflozin treatment ameliorated albuminuria,
glomerular expansion with the improvement of this redox imbalance [63]. The administration
of empagliflozin also attenuated renal fibrosis, inflammation, as well as elevation of 8-OHdG in
streptozotocin-induced diabetic mice [64]. Furthermore, the glucose-induced ROS generation was
suppressed by siRNA against SGLT2 in tubular cells [65].

The basic mechanism to explain the effects on oxidative stress may involve anti-inflammatory
actions of SGLT2 inhibitors [59]. Diabetic patients treated with canagliflozin showed lower plasma
levels of TNF receptor and interleukin 6 in comparison to glimepiride group [66]. Animal studies also
suggested anti-inflammatory actions of SGLT2 inhibitors. For example, empagliflozin significantly
reduced mRNA levels of inflammatory mediators, such as monocyte chemoattractant protein 1 and
interleukin 6 [67]. Additionally, SGLT2 inhibitors have been shown to modulate energy metabolism by
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inducing energy loss, fat utilization, and the browning of white adipose tissue [68]. Therefore, the
beneficial effects of SGLT2 inhibitors on renal oxidative stress are partly mediated by weight loss, the
improvement of insulin resistance, and the reduction of adipose tissue inflammation.

4.2. GLP-1 Receptor Agonists

GLP-1 is a gut-derived hormone secreted from intestinal L-cells upon meal ingestion that was
originally found to mediate glucose handling by regulating the pancreatic islet cell activity, food
intake, and gastrointestinal function. In addition to pancreatic β cells, the GLP-1 receptor is detected
in renal tubular cells and the kidney vessels. Activation of GLP-1 receptor stimulates adenylate
cyclase to drive the production of cAMP and protein kinase A (PKA) activation, primary effectors of
GLP-1-mediated insulin secretion. Findings from small clinical studies as well as large cardiovascular
safety trials with GLP-1 receptor agonists suggest its renoprotective effects, mainly in patients with
macroalbuminuria [69–71]. However, no change was observed in renal hard endpoints, possibly
due to low the incidence of renal death. It is reasonable to suggest that the beneficial actions of
GLP-1 receptor agonists are partly through effects on body weight and associated risk factors for
DKD. Similarly to SGLT2 inhibitors, natriuresis is induced by the GLP-1-mediated inhibition of the
sodium-hydrogen exchanger 3, which is located at the brush border of the renal proximal tubule. In
addition, GLP-1 receptor agonists improve dyslipidemia by reducing the production and secretion of
intestinal chylomicrons. However, given the finding that beneficial effects of GLP-1 receptor agonists
on albuminuria were observed even after adjustment for HbA1c and other traditional metabolic
abnormalities, it is plausible that direct actions contributed to their effects on albuminuria.

Studies have shown that cAMP and PKA signaling are linked to the anti-oxidative response.
GLP-1-mediated cAMP elevation demonstrates anti-oxidative effects by inhibiting AGE-RAGE
signaling [72]. Therefore, it is likely that GLP-1 receptor agonists are protective against renal oxidative
stress, independently of blood glucose levels. Indeed, disruption of the GLP-1 receptor in mice
resulted in the progression of DKD with the elevation of renal NADPH and superoxide. Conversely,
liraglutide suppressed these inductions through the actions on cAMP and PKA activity [73]. Of note,
these improvements have been observed without major alterations in glucose metabolism, further
supporting the hypothesis of direct renal effects of GLP-1 receptor agonists.

5. Conclusions and Future Perspectives

Given the high mortality of DKD and increased healthcare costs, kidney protection is a critical
issue in the management of diabetes. There is now satisfactory evidence to illustrate the causal link
between oxidative stress and the progression of DKD. When considered alongside the fact that it is still
difficult to diagnose at an early stage due to a lack of reliable biomarkers, serum or urinary oxidative
stress markers may be useful for making a diagnosis of DKD, especially with the combination of urinary
albumin levels. Whether redox imbalance is either a trigger or consequence of DKD progression is
still debated. However, it is conceivable that it is both. Experimental studies using gene deletion
models of specific enzymes or kinases have greatly expanded our understanding of oxidative stress. In
addition to traditional antioxidants such as vitamin C and E, clinical and experimental data support
the possibility that novel classes of anti-hyperglycemic agents have beneficial effects on oxidative
stress and the renal outcome. In particular, SGLT2 inhibitors and GLP-1 receptor agonists are potential
pharmaceuticals that could reduce renal oxidative stress through direct or indirect actions. A robust
understanding of the mechanism underlying these agents’ renal benefits will be required to facilitate
the establishment of novel therapeutic strategies against DKD.
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